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Highlight
This review synthesizes recent discoveries of how SMAX1-LIKE proteins control different

aspects of plant development and responses to the environment.

Abstract

SUPPRESSOR OF MAX2 1 (SMAX1) and SMAX1-LIKE (SMXL) proteins comprise a family of
plant growth regulators that includes downstream targets of the karrikin (KAR)/KAI2 ligand (KL)
and strigolactone (SL) signaling pathways. Following the perception of KAR/KL or SL signals by
o/B hydrolases, some types of SMXL proteins are polyubiquitinated by an E3 ubiquitin ligase
complex containing the F-box protein MORE AXILLARY GROWTH2 (MAX2)/DWARF3 (D3),
and proteolyzed. Because SMXL proteins interact with TOPLESS (TPL) and TPL-related (TPR)
transcriptional corepressors, SMXL degradation initiates changes in gene expression. This
simplified model of SMXL regulation and function in plants must now be revised in light of recent
discoveries. It has become apparent that SMXL abundance is not regulated by KAR/KL or SL
alone, and that some SMXL proteins are not regulated by MAX2/D3 at all. Therefore, SMXL
proteins should be considered signaling hubs that integrate multiple cues. Here we review the
current knowledge of how SMXL proteins impose transcriptional regulation of plant development
and environmental responses. SMXL proteins can bind DNA directly and interact with
transcriptional regulators from several protein families. Multiple mechanisms of downstream
genetic control by SMXL proteins have been identified recently that do not involve the
recruitment of TPL/TPR, expanding the paradigm of SMXL function.

Keywords: gene regulation, hormone signaling, plant development, transcription,

strigolactones, karrikins
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Introduction

SMXL proteins have diverse roles in plants

SUPPRESSOR OF MAX2 1 (SMAX1)-LIKE (SMXL) proteins are transcriptional regulators that
control many aspects of plant development and responses to the environment. The SMXL
family in flowering plants comprises four clades termed aSMAX1 (angiosperm SMAX1),
SMXL39, aSMXL4 (angiosperm SMXL4), and SMXL78 (Walker et al., 2019) (Figure 1). The
functions of aSMAX1 clade proteins (e.g. SMAX1 and SMXL2 in Arabidopsis thaliana) in various
species include regulation of seed germination, seedling photomorphogenesis, mesocotyl
elongation in darkness, root hair density and elongation, abiotic stress tolerance (e.g. drought),
immune responses, and the capacity for beneficial symbiotic interactions between roots and
arbuscular mycorrhizal fungi (Stanga et al., 2013, 2016; Villaécija-Aguilar et al., 2019, Preprint,
2022; Bunsick et al., 2020; Carbonnel et al., 2020a; Choi et al., 2020; Villaécija-Aguilar and
Gutjahr, 2020; Zheng et al., 2020, 2023; Bursch et al., 2021; Feng et al., 2022; Kim et al., 2022;
Li et al., 2022b; Meng et al., 2022; Kamran et al., 2024). The SMXL39 and aSMXL4 clades
(e.g., respectively, SMXL3; SMXL4 and SMXL5 in Arabidopsis) control phloem development,
which also impacts primary root elongation (Wallner et al., 2017, 2020, Preprint, 2023; Cho et
al., 2018; Hardtke, 2023). Finally, the SMXL78 clade (e.g. SMXL6, SMXL7, and SMXL8 in
Arabidopsis, and DWARF53 (D53) in grasses) regulates shoot branching or tillering, lateral and
adventitious root growth, cambial growth, drought tolerance, herbivore defense, and putatively
most, if not all, other strigolactone-associated traits such as senescence (Snowden et al., 2005;
Agusti et al., 2011; Kohlen et al., 2012; Rasmussen et al., 2012; Jiang et al., 2013; Zhou et al.,
2013; Yamada et al., 2014; Soundappan et al., 2015; Ueda and Kusaba, 2015; Wang et al.,
2015; Waters et al., 2017; Li et al.,, 2020a,b; Yang et al., 2020a; Lian et al., 2023). SMXL
proteins are found in all land plants, but there are fewer types of SMXL proteins in bryophytes,

lycophytes, monilophytes, and gymnosperms than in angiosperms (Walker et al., 2019).

SMXL proteins are signaling hubs regulated by multiple factors

SMXL proteins have received substantial attention for their role as downstream targets of
strigolactone and karrikin/KAI2 ligand signaling. Strigolactones (SLs) are carotenoid-derived
plant hormones that are perceived by the [1/8 hydrolase DWARF14 (D14)/DECREASED
APICAL DOMINANCE2 (DAD2) (Hamiaux et al., 2012; Yao et al., 2016). Upon activation - an

unresolved event that occurs during SL binding or hydrolysis - D14 interacts with the F-box
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protein MORE AXILLARY GROWTH2 (MAX2)/DWARF3 (D3) and SMXL78 clade proteins.
MAX2 participates in a SCF-type (Skp1, Cullin, F-box) E3 ubiquitin ligase complex that
polyubiquitinates SMXL78 proteins, which are then rapidly degraded by the 26S proteasome
(Stirnberg et al., 2007; Zhao et al, 2014; Waters et al., 2017). This putatively initiates

downstream responses through the relief of transcriptional repression by SMXL proteins.

A very similar mechanism mediates perception of karrikins (KARs), a class of plant growth
regulators identified in smoke from burning plant material (Waters and Nelson, 2022). KAR, or
more likely a karrikin metabolite, are perceived by KARRIKIN INSENSITIVE2
(KAI2)/HYPOSENSITIVE TO LIGHT (HTL), which is a homolog of D14. This causes KAI2 to
interact with MAX2 and aSMAX1 clade proteins, targeting them for polyubiquitination and
degradation (Khosla et al., 2020; Wang et al., 2020b; Zheng et al., 2020). Several
conformations of this signaling complex have been captured through cryogenic electron
microscopy, revealing dynamic protein-protein interactions that underlie the SMAX1
ubiquitination process (Arold et al., 2024). In addition to KAR metabolite(s), KAI2 is thought to
perceive an endogenous signal, KAI2 ligand (KL), that remains undiscovered (Waters and
Nelson, 2022). Proteins in the SMXL78 clade are specifically regulated by D14-SCF"** (Jiang
et al., 2013; Zhou et al., 2013; Soundappan et al., 2015; Wang et al., 2015). In contrast,
regulation of aSMAX1 clade proteins is primarily mediated by KAI2-SCF™**?| but, in cases
where exogenous SLs are applied or endogenous SLs are adequately high, aSMAX1 clade
proteins may also be targeted by D14-SCF"**2 (Khosla et al., 2020; Wang et al., 2020b; Li et
al., 2022a)

This signaling relationship makes it tempting to think of SMXL proteins as repressors of SL or
KAR/KL responses and much of the literature in this field, including our own work, has promoted
this idea. However, in light of new evidence, we assert that it is now more accurate to think of
SMXL proteins as growth regulating hubs that integrate multiple signals. This concept is
analogous to the function of DELLA proteins, which were initially considered repressors of
gibberellin responses but are now known to integrate several signaling cues (Peng et al., 1999;
Daviere and Achard, 2016; Van De Velde et al., 2017; Briones-Moreno et al., 2023).

One reason for this viewpoint is that SMXL protein stability is not only regulated by KAR/KL and
SL signaling. In Arabidopsis seedlings, the abundance of SMAX1-GFP fusion protein declines
under warm (28°C) temperatures (Park et al., 2022). SMAX1-GFP abundance also declines in
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seedlings within a few hours of transfer to darkness in a mostly proteasome-independent
manner (Kim et al., 2022). In younger Arabidopsis seedlings, however, an opposite effect of
light has been observed; eYFP-SMAX1 is detectable in dark but not light growth conditions
(Hountalas et al., 2024). A SMAX1 reporter also declines in Arabidopsis seedlings during
osmotic stress, although this is putatively via SL signaling (Li et al., 2022a). The abundance of
SMXL78 clade proteins (e.g. D53) is reduced by nitrate treatment relative to an ammonium
control, and SL-induced degradation of D53 is inhibited by sucrose (Sun et al., 2021 a; Patil et
al.,, 2022). How cues such as temperature, light, and nutrient abundance influence SMXL

stability is not yet understood, but it does not necessarily involve SCF"**2,

A second reason to avoid thinking of SMXL proteins as KAR/KL or SL signaling repressors is
that MAX2-dependent signaling is not the only way that SMXL proteins are regulated in plants.
For example, two other ubiquitin ligases have recently been reported to target SMXL78 clade
proteins (Lian et al., 2023; An et al., 2024). In Arabidopsis, DDB1-BINDING WD-REPEAT
DOMAIN HYPERSENSITIVE TO ABA DEFICIENT1 (DWA1) confers substrate specificity to a
Cullin4 (CUL4)-type E3 ubiquitin ligase. DWA1 was identified as a candidate interactor in yeast
two-hybrid screens of an Arabidopsis cDNA library with SMXL6, SMXL7, and SMXL8 bait
proteins. These interactions were validated by pull-down assays and bimolecular fluorescence
complementation (BiFC) assays in vivo. In vitro experiments suggested that degradation of
SMXL6, SMXL7, and SMXLS8 is reduced in dwaT protein extracts, and translational reporters of
these proteins accumulated to higher levels in dwa? roots than in wild-type. Furthermore, the
smxl6,7,8 triple mutant had opposite and epistatic effects to dwa? on drought tolerance (Lian et
al., 2023).

Altogether, this supports the existence of at least two E3 ligase-mediated mechanisms for the
regulation of SMXL78 clade protein abundance. It remains to be determined whether the DWA1
and MAX2 mechanisms operate in overlapping or independent spatiotemporal contexts. It will
also be useful to investigate how DWA1-mediated targeting of SMXL78 clade proteins is
controlled; for example, is DWA1 expression regulated by a specific signal or is there post-
translational regulation of DWA1-SMXL interactions? Notably, D14 is slowly degraded after SL
perception by MAX2-dependent and MAX2-independent mechanism(s) (Chevalier et al., 2014;
Sanchez Martin-Fontecha et al., 2024). Perhaps DWA1 contributes to MAX2-independent
degradation of D14 that is in complex with SMXL78 clade proteins. However, this would not

explain the putative proteasome-independent mechanism for D14 turnover (Sanchez Martin-
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Fontecha et al., 2024). An unidentified mechanism for MAX2-independent turnover of SMAX1
has been suggested (Khosla et al., 2020). It will be intriguing to determine whether DWA1
facilitates this.

In apple (Malus x domestica), the E3 ubiquitin ligase PROTEOLYSIS1 (MdPRT1) physically
interacts with MdSMXLS, targeting it for polyubiquitination and proteasomal degradation (An et
al., 2024). Because MdPRT1 expression is induced within 30 minutes of treatment with a SL
analog, this provides an alternative mechanism to D14-SCF"**? for SL control of MdSMXL8
abundance. At this time, it is unclear whether MdPRT1 acts independently or cooperatively with
MdMAX2 to trigger MASMXL8 degradation (An et al., 2024).

FMAX2 at

It is further noteworthy that some SMXL proteins are not targeted for degradation by SC
all. The SMXL39 and aSMXL4 clade proteins are distinguished from other angiosperm SMXL
proteins by the lack of a well-conserved Arg-Gly-Lys-Thr (RGKT) motif (also referred to as a
phosphate-binding loop, or P-loop motif) in the C-terminal D2 domain (Walker et al., 2019). The
first mutant allele of D53, a gain-of-function mutation discovered in rice, showed insensitivity to
SL that arose from deletion of the RGKT motif. This rendered the d53 mutant protein resistant to
SL-induced degradation (Jiang et al., 2013; Zhou et al., 2013). Supporting what was observed in
rice, similar RGKT deletions have stabilized aSMAX1 and SMXL78 clade proteins from
Arabidopsis, Lotus japonicus, pea (Pisum sativum), and maize (Zea mays), as well as the SMXL
protein in the bryophyte Marchantia polymorpha (Soundappan et al., 2015; Wang et al., 2015,
2020b; Liang et al., 2016; Carbonnel et al., 2020a; Khosla et al., 2020; Kerr et al., 2021; Liu et
al., 2021; Mizuno et al., 2021). The RGKT motif, in particular the Arg residue, helps stabilize the
ASK1-MAX2-ShHTL7/KAI2-SMAX1 signaling complex through ionic and hydrogen bonds with
MAX2 residues (Arold et al., 2024). Therefore, SMXL39 and aSMXL4 clade proteins are

expected to be unaffected by SCF“A*

. Indeed, none of these proteins are targeted for
degradation following SL or KAR treatment in Arabidopsis (Wallner et al., 2017). In addition to
being untethered from regulation by MAX2, the stabilized SMXL39 and aSMXL4 clade proteins
may influence MAX2-dependent signaling of other SMXL proteins. For example, SMXL5
attenuates SL responses by reducing SL-induced degradation of SMXL7 (Li et al., 2024). The
mechanism of SMXL7 protection by SMXL5 remains uncertain, but this aspect of SMXL5
function appears to be dependent on an Ethylene-responsive element binding factor-associated
Amphiphilic Repression (EAR) motif and may relate to the formation of heteromeric SMXL

complexes (Li et al., 2024).
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Other, MAX2-independent mechanisms regulate the abundance of aSMXL4 clade proteins. One
mechanism, which was shown in Arabidopsis and tomato, involves translational repression by
JULGI zinc-finger proteins that bind to the 5 UTRs of SMXL4 and SMXL5 transcripts (Cho et
al., 2018; Nam et al., 2022). Another potential mechanism involves post-transcriptional gene
silencing. In Arabidopsis, the DICER-LIKE (DCL) family ribonucleases DCL4 and DCL2 process
putatively aberrant SMXL4 and SMXL5 transcripts through the RNA quality control pathway (Wu
et al., 2017). Normally DCL4 activity predominates, generating 21-nt siRNAs that induce
cleavage of complementary target mRNAs but do not have a substantial effect on SMXL4/5
transcript abundance. In the absence of DCL4, however, DCL2 activity produces 22-nt siRNAs
that are more effective at stimulating transitive post-transcriptional gene silencing, in which
many secondary siBNAs are produced from a transcript targeted by a primary siRNA.
Amplification of these siRNAs leads to gene silencing, in this case of SMXL4 and SMXL5, rather
than RNA decay. At the moment, it is unclear whether this DCL2-based mechanism is used to
regulate SMXL4/5 expression, such as during viral infections or other stress responses, or
whether it is only revealed by genetic defects in RNA processing (Wu et al., 2017).

In summary, a variety of mechanisms regulate SMXL protein abundance, not just KAR/KL and
SL signaling via SCF™**2. Although not discussed here, regulation of SMXL transcription is also
a potential way for different signaling pathways to modulate SMXL activity; for example, tissue-
specific differences in SMXL expression have been observed in Arabidopsis (Stanga et al.,
2013; Wallner et al., 2017). Because SMXL proteins integrate multiple environmental and
developmental signals in the control of plant growth, we argue that they should no longer be
described as repressors of KAR/KL and SL responses. For the remainder of this review, we turn

our attention to how SMXL proteins control plant growth and development.

Main text

SMXL proteins are direct and indirect regulators of transcription

SMXL proteins are distantly related to ClpB HSP100 proteins, a class of AAA+ ATPases that
have chaperonin activity in bacteria, protozoa, fungi, and plants (Kedzierska-Mieszkowska and
Zolkiewski, 2021). SMXL and HSP100 proteins share a similar domain organization consisting

of a double Clp N-terminal domain (N), an ATPase domain (D1), a middle domain (M), and a



199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232

second ATPase domain (D2) (Temmerman et al., 2022). The SMXL D1 and M domains have
been found to mediate interactions with D14 or KAI2, while the D2 domain helps stabilize the
tripartite receptor-SMXL-MAX2 complex, contains the above-mentioned RGKT motif, and
putatively mediates SMXL-SMXL interactions (Shabek et al., 2018; Khosla et al., 2020; Liu et
al., 2021). Recent structural evidence provided by cryogenic electron microscopy supports the
role of the D2 domain in stabilizing interactions with KAI2 and/or MAX2. Unexpectedly, the N
domain also contributes to the signaling complex through interactions with MAX2 and the Skp1
component of the SCF E3 ubiquitin ligase complex (Arold et al., 2024). The D1 and M domains
were not resolved through this approach, however, so the nature of any potential direct
associations with D14 or KAI2 remain unknown. The Walker A and B motifs, which mediate
nucleotide-binding and -hydrolysis in NTPases (Gottesman et al., 1990; Schirmer et al., 1996),
of the SMXL D1 and D2 ATPase domains are not well conserved. ATPase activity has been
reported at least for Arabidopsis SMXL4 (Yang et al., 2015), however, there is no evidence yet

that SMXL proteins, which are specific to land plants, have chaperonin functions.

Instead, SMXL proteins are likely to act as transcriptional regulators, for example as repressors
that bind DNA directly and/or as corepressors that interact with DNA indirectly via partner
proteins. This hypothesis initially arose from the observation that an EAR motif in the D2 domain
is conserved in all types of SMXL proteins (Jiang et al., 2013; Zhou et al., 2013; Soundappan et
al., 2015; Wang et al., 2015; Walker et al., 2019). EAR motifs are well-known as mediators of
protein-protein interactions with TOPLESS (TPL) and TOPLESS-RELATED (TPR)
transcriptional corepressors from the Groucho/Tup1 family (Long et al., 2006; Causier et al.,
2012; Ke et al., 2015). Consistent with this, SMXL proteins from rice and Arabidopsis interact
with multiple TPL/TPR proteins in an EAR-dependent manner in vivo as well as in vitro and in
heterologous assays (e.g. yeast two-hybrid) (Jiang et al., 2013; Soundappan et al., 2015; Wang
et al., 2015; Ma et al.,, 2017). TPL/TPR proteins can repress transcription in multiple ways,
including forming complexes with histones, binding to Mediator subunits, and recruiting histone
deacetylases (Long et al., 2006; Ma et al., 2017; Collins et al., 2019; Leydon et al., 2021). Much,
although far from all, of SMXL functions in plant development and regulation of downstream
gene expression are dependent on the EAR motif (Liang et al., 2016; Wang et al., 2020g;
Chang et al., 2024b; Li et al., 2024). Consistent with this, histone deacetylases influence some
plant responses to racemic GR24 (rac-GR24), a synthetic dual agonist of KAI2 and D14
(Temmerman et al., 2023). This implies that the corepressor functions conferred by interacting

TPL/TPR proteins are important components of SMXL activity. However, it should also be
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considered that TPL/TPR proteins may have a structural role that affects SMXL activity by
facilitating the formation or stabilization of SMXL-SMXL protein complexes (Ma et al., 2017;
Temmerman et al., 2022; Li et al., 2024).

Further evidence that SMXL proteins are transcriptional regulators comes from observations
that SMXL proteins interact with transcription factors, which will be detailed below, and that,
surprisingly, SMXL proteins can bind DNA directly. SMXL6 from Arabidopsis was first shown to
bind its own promoter directly as well as the promoters of SMXL7 and SMXL8. SMXL6
recognizes the DNA motif 5’-ATAACAA-3’ and/or its reverse complement (Wang et al., 2020a).
Similarly, Arabidopsis SMAX1 binds its own promoter, putatively by recognizing the same motif
(Xu et al., 2023). However, in many cases this motif may be insufficient for SMAX1-binding, as
SMAX1 does not associate with SMXL6, SMXL7, or SMXL8 promoters in vitro (Xu et al., 2023).
Other proteins may influence SMXL affinity or specificity during DNA-binding in vivo. The
ATAACAA motif is also bound by SMXL78 clade proteins in cotton (Gossypium hirsutum),
suggesting a conserved DNA recognition sequence, although SMXL transcriptional
autoregulation appears to be absent (Sun et al., 2024). It is notable that this particular motif is
not always involved in SMXL DNA-binding interactions; for example, SMXL78 clade proteins
putatively bind directly to the promoters of SnRK2.3 and SnRK2.6, which lack an ATAACAA
motif (Lian et al., 2023).

These studies cumulatively suggest that SMXL proteins regulate gene expression through the
recruitment of TPL/TPR corepressors to genomic loci through direct and indirect interactions
with DNA. However, a substantial proportion of genes are regulated, by SMAX1 in Arabidopsis
seedlings for example, in an EAR motif-independent manner (Chang et al., 2024b). Multiple
mechanisms for EAR motif-independent regulation of gene expression can be imagined, such
as competitive binding of SMXL proteins to transcriptional regulator proteins and/or cis-

regulatory DNA sequences.

An example of the former idea is found in interactions between SMXL proteins and light
signaling proteins, which will be discussed further below. In Arabidopsis, aSMAX1 clade
proteins interact with the transcription factors PHYTOCHROME INTERACTING FACTOR4
(PIF4) and PIF5, but do not directly influence their transcriptional activity (Chang et al., 2024b).
Instead, SMAX1 and SMXL2 stabilize PIF4 and PIF5 proteins by protecting them from
degradation induced by the red and far-red light photoreceptor phytochrome B (phyB). SMAX1
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and SMXL2 physically interact with phyB protein as well as the PIF proteins, which interferes
with protein-protein interactions between phyB and PIF4 or PIF5 (Park et al., 2022; Chang et al.,
2024b).

Similarly, SMXL78 clade proteins in cotton bind and protect the DELLA protein SLENDER
RICE1 (GhSLR1) from gibberellic acid (GA)-induced degradation. This occurs through
competitive protein-protein interactions that inhibit association of the F-box protein
GIBBERELLIN INSENSITIVE DWARF2 (GID2) with GhSLR1 (Sun et al., 2024). D53 also binds
SLR1 and protects it from SL-induced degradation in rice by interfering with D14-SLR1
interactions (Sun et al., 2023). The ability of SMXL proteins to modulate the stability or
availability of their protein interaction partners could help to explain how SLs and KARs can
influence the abundance of PIN-FORMED (PIN) auxin efflux carriers independently of
transcriptional changes or de novo protein synthesis (Shinohara et al., 2013; Hamon-Josse et
al., 2022).

Finally, another way in which SMXL protein-protein interactions can influence gene expression
is by preventing transcriptional regulators from binding their DNA targets. This mode of
regulation has been observed in D53 interactions with the transcription factor GROWTH-
REGULATING FACTOR4 (GRF4) in rice, and in GhSMXL7 interactions with the transcription
factor GhHOXS3 in cotton (Sun et al., 2023, 2024).

What genes are regulated by SMXL proteins?

Many studies have investigated the genome-wide transcriptional changes that occur in
response to perturbation of KAR/KL and SL signaling in a diverse range of plant species, tissue
types, and environmental conditions. This approach ideally has the potential to reveal gene
regulatory networks that are regulated by SMXL proteins, providing clues to how downstream
responses occur. While interpreting or designing such experiments, however, it is critical to
consider the specificity of the chemical treatments and genetic backgrounds that are used (Box
1). The size and composition of differentially expressed gene sets (DEGs) that have been
reported in studies of KAR/KL and SL responses vary widely. These differences may be due to
the nature of the transcript profiling method, the analytical methods and criteria for differential
expression, the duration and concentration of chemical treatments, the environmental conditions

under which plants were grown, the time of day at harvest, and the tissues that were surveyed.
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A major difficulty lies in distinguishing the direct targets of SMXL regulation from downstream
layers of a transcriptional cascade. High-resolution, short-term time-courses of transcriptional
responses to KAR/KL or SL analogs can help identify early response genes that are putatively
more likely to be direct SMXL targets (Yin et al., 2023; Chang et al., 2024b; Humphreys et al.,
2024), but even then the initial abundance, turnover rate, and synthesis rate of transcripts will
influence when significant changes in expression can be detected for a given gene.
Furthermore, it is possible that some direct SMXL targets may have an altered expression
potential that only becomes apparent with the inclusion of additional stimuli (i.e. SMXL proteins
may gate or potentiate gene expression). For example, changes in chromatin after rac-GR24
treatment are not always associated with differential expression (Humphreys et al., 2024). Only
a few studies, which were conducted in Arabidopsis, have used ChIP-seq (chromatin
immunoprecipitation sequencing) to examine the direct binding of SMXL proteins to DNA, or
ATAC-seq (assay for transposase-accessible chromatin with sequencing) to profile changes to
chromatin accessibility following rac-GR24 treatment or in smx/ mutant backgrounds (Wang et
al., 2020a; Wallner et al., 2023; Humphreys et al., 2024). These approaches, however, provide
important complementary data that can help resolve the limitations of transcriptome analyses for
identifying the genomic targets of SMXL proteins. Comparisons of putative SMXL targets to
TPL/TPR chromatin targets may also prove useful for understanding the EAR-motif mediated
aspect of gene regulation by this family (Griebel et al., 2023).

Several genes are frequently used as markers of SL and KAR/KL signaling, including
BRANCHED1 (BRC1/TCP18), Aux/IAA genes, D14-LIKE2 (DLK2), KARRIKIN UPREGULATED
F-BOX1 (KUF1), B-BOX DOMAIN PROTEIN20 (BBX20)/SALT TOLERANCE HOMOLOG7
(STH?)/bzr1-1D SUPPRESSORT1 (BZS1), and SMXL genes themselves. Notably, SMXL-
regulated genes in Arabidopsis are distinguished by EAR motif-dependent regulation (e.g.
KUF1, BRC1, SMXL6) and EAR motif-independent regulation (e.g. IAA29) (Wang et al., 2020a;
Chang et al., 2024b). To identify additional robust transcriptional markers of SL and KAR/KL
response, we performed a meta-analysis of DEGs reported in 10 transcriptomic studies of
Arabidopsis (Table S1). We also compared these DEGs to a genome-wide analysis of SMXL6
binding sites (Wang et al., 2020a). In Table 1, we list several of the DEGs most frequently
observed across these studies, which may be useful as additional molecular readouts of

KAR/KL and SL signaling, regardless of whether they are regulated by SMXL proteins directly.

10
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How is gene expression regulated by SMXL proteins?

Chromatin remodeling is one way in which SMXL proteins influence gene expression. An ATAC-
seq analysis of rac-GR24-treated Arabidopsis protoplasts, conducted over a time course of 5 to
45 minutes, revealed 1447 differentially accessible regions associated with 1298 genes
(Humphreys et al., 2024). Both increased and decreased chromatin accessibility were observed.
The SWITCH/SUCROSE NON-FERMENTABLE (SWI/SNF) chromatin remodeling ATPase
SPLAYED (SYD) is critical for this response, as it was found to be required for 97% of the rac-
GR24-induced changes in chromatin accessibility. 339 of the differentially accessible genes also
showed differential expression within a three-hour time course of rac-GR24 treatment (among
3669 differentially expressed genes), usually after the appearance of nearby chromatin changes
at an earlier time point. This indicates that chromatin remodeling precedes transcriptional
responses to rac-GR24 for many genes, but in many other cases chromatin changes are not
required or may have a non-immediate, priming effect on gene expression (Humphreys et al.,
2024).

Histone deacetylases also influence some responses to rac-GR24, such as germination in
Arabidopsis (Temmerman et al., 2023). However, it is not yet clear if this occurs through
deacetylation of histones, which causes chromatin compaction and transcriptional repression, or
deacetylation of TPL/TPR proteins. This posttranslational modification weakens the association
of TPL/TPR with NOVEL INTERACTOR OF JAZ (NINJA) during jasmonate signaling
repression, suggesting that other TPL/TPR protein-protein interactions might also be affected
(An et al., 2022; Temmerman et al., 2023).

Further evidence for the role of chromatin remodeling in SMXL function comes from the
discovery that OBERON3 (OBE3) works with SMXL3, SMXL4, and SMXL5 during phloem
development (Wallner et al., 2023). OBERON proteins contain plant homeodomain (PHD) finger
motifs that have been associated with binding epigenetically modified histone H3 tails and
recruiting chromatin remodeling complexes (Mouriz et al., 2015). SMXL5 and OBES physically
interact and are co-localized in nuclear subdomains of phloem cells. While other OBE proteins
can interact with SMXL5, genetic analysis demonstrating synthetic enhancement among obe3
and smx/ mutants has pinpointed OBE3 as the critical partner of SMXL3/4/5. ATAC-seq

experiments comparing phloem and non-phloem cells from wild-type, smx/5, smx/4 smxI5, and
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smxl/5 obe3 plants further demonstrated that SMXL3/4/5 and OBES3 cooperate to establish
phloem-specific chromatin signatures (Wallner et al., 2023).

These studies exemplify how SMXL proteins can collaborate with chromatin modifiers to
execute their developmental functions. However, epigenetic regulation is only one component of
how SMXL proteins work. Another important component comes from interactions between
SMXL proteins and transcriptional regulators, which add specificity to SMXL regulation of gene

expression.

What are the downstream signaling partners of SMXL proteins?

To better understand how SMXL proteins work, there has been substantial interest in identifying
proteins that interact with SMXLs or act during the early phases of signal transduction following
SMXL degradation. Many proteins that might interact with SMXLs or other components of
SCFY"2 signaling complexes have been identified through immunoprecipitation/affinity
purification-mass spectrometry (IP-MS or AP-MS) or yeast two-hybrid screens (Struk et al.,
2018, 2021; Fan et al., 2023; Lian et al., 2023; Wallner et al., 2023; Yuan et al., 2023; An et al.,
2024; Chang et al., 2024a,b; Sun et al., 2024). A number of transcription factors that may be
important in downstream responses to rac-GR24 have also been identified through constructing
gene regulatory networks from coexpression analysis of transcriptome time-courses (Yin et al.,
2023; Humphreys et al., 2024). Most of these potential signaling relationships have not yet been
evaluated, however. Below, we highlight several of the currently established signaling partners
that mediate transcriptional regulation by SMXL proteins (Table 2).

DELLA proteins

Several SMXL protein interactions with DELLA proteins have been identified, suggesting a
mechanism for integrating signals such as KAR, SL, GA, and light during germination, seedling
establishment, and other developmental processes (Kim et al., 2022; Xu et al., 2023). In
Arabidopsis, SMAX1 interacts with the DELLA proteins RGA, GAIl, RGL1, RGL3, while
conflicting results have been observed for potential SMAX1-RGL2 interactions. These protein-
protein interactions involve the N-domain and putatively another domain of SMAX1 and, based
on RGL1, the N-terminal DELLA domain of DELLA proteins (Kim et al., 2022; Xu et al., 2023;
Chang et al., 2024 a). Interactions between SMXL78 clade proteins and DELLA proteins have
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been demonstrated in rice, apple, and cotton (Sun et al., 2023, 2024; An et al., 2024). Similarly,
in Arabidopsis, SMXL7 may interact with RGL1 and RGL3 (Chang et al., 2024a).

DELLA proteins are signaling hubs that interact with a wide range of transcription factors (TFs).
Yeast two-hybrid assays using N-terminally truncated versions of RGA and GAI as baits showed
that RGA and GAI interact with at least 244 and 243 TFs, respectively, that belong to 51
different TF families (Lantzouni et al., 2020). Therefore, SMXL-DELLA interactions may have

multiple consequences.

First, SMXL proteins may affect DELLA abundance. Low nitrogen availability promotes SL
biosynthesis, which in turn activates D14-SCF”-mediated degradation of both OsD53 and
OsSLR1 (Sun et al., 2014, 2023). But, OsD53 appears to have a protective effect by interfering
with OsD14-OsSLR1 interactions (Nakamura et al, 2013; Sun et al., 2023). A similar
mechanism of DELLA protection occurs in cotton (Sun et al, 2024). In Arabidopsis, SL-
deficiency appears to have a weak effect on increasing RGA abundance (Lantzouni et al.,
2017). In contrast, the absence or KAR-triggered degradation of aSMAX1 clade proteins in
Arabidopsis leads to increased RGA protein accumulation in the nucleus, implying that SMAX1
and SMXL2 destabilize DELLAs (Kim et al., 2022).

A second possibility is that SMXL-DELLA interactions either interfere with or stabilize SMXL-TF
or DELLA-TF interactions. Surprisingly, 19 of 29 potential SMAX1-interacting TFs identified by
yeast two-hybrid (excluding DELLA proteins) also interact with either RGA or GAI (Lantzouni et
al., 2020; Chang et al., 2024a). It may be that SMAX1 and DELLA proteins compete for
interaction with these TFs and/or cooperatively bind to some TFs. As one example, in apple,
MdRGL2a interferes with interactions between MdSMXL8 and MdAGL9. Because MdSMXL8
normally inhibits the transcriptional activity of MAAGL9, this SMXL-DELLA interaction has the
effect of increasing MAAGL9-regulated transcription (An et al., 2024).

Third, SMXL-DELLA interactions may affect the transcriptional regulatory activity of either
protein partner. For example, coexpression of SMAX1 and protein interaction-capable RGL1 or
RGL3 enhances the transcriptional suppression activity of SMAX1 on synthetic and
GIBBERELLIN 3-OXIDASE 2 (GA30x2) promoters (Xu et al., 2023).
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It is noteworthy that, despite extensive evidence for SMXL-DELLA interactions, KAR/KL and SL
do not have consistently similar effects as GA in either development or gene expression. For
example, KAR/KL and GA signaling both promote Arabidopsis seed germination, but in
seedlings have opposite effects on hypocotyl elongation (Nelson et al., 2009, 2010; Bunsick et
al., 2020). Treatment of Arabidopsis seedlings with rac-GR24 and/or GA has largely additive
effects on gene expression with relatively few cases of synergism (Lantzouni et al., 2017).
Therefore, other protein partners are undoubtedly important in adding specificity to SMXL and
DELLA functions.

SPL proteins

Interactions between SMXL proteins and SQUAMOSA PROMOTER BINDING PROTEIN
(SBP)-LIKE (SPL) family transcription factors were first reported in bread wheat (Triticum
aestivum) and rice, providing important insights into the regulation of aboveground plant
architecture by SL signaling (Liu et al., 2017; Song et al., 2017). In bread wheat, TaSPL3 and
TaSPL17 are transcriptional activators of TEOSINTE BRANCHED1/BRANCHED1
(TaTB1/TaBRC1) and BARREN STALK1 (TaBA1/TabHLH67), which regulate tillering and
spikelet formation. Physical interaction of TaD53, a SMXL78 clade protein, with TaSPL3 and
TaSPL17 causes suppression of TaTB1 and TaBA1 expression. This provides a way to regulate
shoot architecture that is complementary to miR156-mediated cleavage of TaSPL3 and
TaSPL17 transcripts (Liu et al.,, 2017). Concurrent work in rice showed that OsD53 interacts
with IDEAL PLANT ARCHITECTURE1 (OsIPA1)/OsSPL14, suppressing the ability of OsIPA1 to
activate expression of OsTB1/OsBRC1/FINE CULM1 (OsFC1) while not interfering with its
DNA-binding activity (Song et al., 2017). Again, the OsD53-based mechanism to suppress
OslIPA1 activity complements the miR156-induced cleavage of Os/PA1 transcripts. Interestingly,
OsIPA1 can also bind to the OsD53 promoter, forming a negative feedback loop by which
OsD53 controls its own expression. OsD53 also interacts with OsSPL17, a homolog of OsIPA1,
and suppresses its transcriptional activation activity (Sun et al., 2021a). By suppressing
OsSPL14 and OsSPL17 activity, OsD53 reduces expression of the auxin efflux carrier PIN-
FORMED1b (OsPIN1b), which in turn inhibits root elongation.

A similar mechanism is found in maize (Zea mays) and Arabidopsis (Xie et al., 2020; Liu et al.,
2021). ZmD583 interacts with maize homologs of IPA1, UNBRANCHED3 (ZmUB3) and TASSEL
SHEATH4 (ZmTSH4), repressing their transcriptional activity on ZmTB1. A dominant, SL-

insensitive Zmd53 mutant transgene causes increased tillering, reduced stature, and reduced
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tassel branch number (Liu et al., 2021). In Arabidopsis, AtSPL9 and AtSPL15, homologs of
OslIPA1, interact with SMXL78 clade proteins (Xie et al., 2020). As observed in rice, this
interaction does not interfere with the DNA-binding activity of the SPL proteins but does inhibit
their ability to activate BRC1 transcription. That being said, analysis of Arabidopsis spl9 spl15
double mutants has led to differing conclusions about the importance of these genes for
branching control (Schwarz et al., 2008; Bennett et al.,, 2016). While Schwarz et al. (2008)
reported enhanced branching, Bennett et al. (2016) observed only minor effects on shoot
branching in spl9 sp/15 mutants. The source of this significant discrepancy is unknown, but
might be due to differences in growth conditions (e.g. light, temperature, or nutrient availability)

or the method of branching assessment.

Phytochrome B and PIF proteins

The SL and KAR/KL signaling pathways are closely intertwined with light signaling in plants. For
example, in Arabidopsis, under shade conditions PHYTOCHROME-INTERACTING FACTOR
(PIF) proteins accumulate and repress miR156 expression. This leads to increased SPL
abundance, which provides a way to integrate light quality and SL signaling in the control of
shoot architecture as described above (Xie et al, 2017). KAR/KL signaling mutants in
Arabidopsis have altered photomorphogenesis and many genes controlled by this pathway are
also light-regulated (Shen et al., 2007; Nelson et al., 2010, 2011; Sun and Ni, 2011; Waters et
al., 2012; Stanga et al., 2013, 2016; Lee et al., 2018; Sepulveda et al., 2022; Hountalas et al.,
2024). Light is not required for a number of transcriptional responses to KAR/KL signaling, and
overexpression of KAI2 or the loss of SMAX1 and SMXL2 can bypass a light requirement during
Arabidopsis seed germination (Nelson et al., 2010; Hountalas et al., 2024). However, light is
nonetheless important for many gene expression changes and developmental responses to
KARs or rac-GR24 during germination and seedling growth in Arabidopsis (Nelson et al., 2009,
2010). Furthermore, Arabidopsis mutants in photoreceptor genes or the transcription factor
ELONGATED HYPOCOTYL5 (HY5) show impaired developmental responses to KARs and rac-
GR24 (Nelson et al., 2010; Jia et al., 2014; Park et al., 2022; Chang et al., 2024b). KAR and
rac-GR24 regulate the abundance, subcellular localization, and/or activity of HY5,
CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1), and BBX20 proteins in Arabidopsis.
Although there is strong genetic support for HY5, COP1, and BBX20 acting downstream of
SMAX1 and SMXL2, there is no evidence that they interact with SMXL proteins directly
(Tsuchiya et al., 2010; Jia et al., 2014; Wei et al., 2016; Bursch et al., 2021).
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Instead, SMAX1 and SMXL2 physically interact with phyB protein in Arabidopsis, presumably
via the SMXL N-terminal domain (Park et al., 2022; Chang et al., 2024b). IP-MS analysis also
identified SMAX1 and SMXL2 interactions with PIF4 and PIF5, which were further supported by
coimmunoprecipitation and pull-down assays (Chang et al., 2024b). Although other groups have
not observed interactions between SMAX1 and PIF4 in yeast two-hybrid assays, the weight of
biochemical and genetic evidence strongly favors this interaction (Park et al., 2022; Chang et
al., 2024a). The presence of SMAX1 or SMXL2 weakens protein-protein interactions between
phyB and PIF4 or PIF5, which could be due to competitive SMXL-phyB interactions, SMXL-PIF
interactions, or both (Chang et al., 2024b). In seedlings grown under red light, the disruption of
phyB-PIF4/5 interactions by SMAX1 and SMXL2 increases the stability of PIF4 and PIF5
proteins (Chang et al., 2024b). Conversely, the loss of SMAX1 and SMXL2, either through
mutation or KAI2-mediated degradation, reduces PIF4 and PIF5 stability (Chang et al., 2024b).
Under white light, however, no obvious effect of smax7 on PIF4 abundance or PIF4 DNA-
binding activity was observed at 23°C, or at a 28°C temperature that stimulates SMAX1
degradation and thermomorphogenic growth via phyB (Park et al., 2022). Regardless, in both
light conditions SMAX1 stimulates the transcriptional activity of PIF4. Genetic support for this
model comes from observations that overexpression of a constitutively active phyB mutant
protein mostly counteracts kai2 and max2 effects on Arabidopsis seedling elongation, and pif4
and pif4 pif5 mutations mostly suppress kai2 (Park et al., 2022; Chang et al., 2024a). However,
smax1 phyB seedlings as well as smax1 smxI2 seedlings that overexpress PIF4 and PIF5 show
intermediate hypocotyl elongation phenotypes that suggest the convergence of two pathways
rather than epistatic interactions within a single pathway (Chang et al., 2024b). Importantly,
some downstream responses regulated by SMAX1 and SMXL2, such as cotyledonary petiole
angle and the expression of many genes, are dependent on PIF4 and PIF5 (Chang et al.,
2024b). These responses do not require the SMXL EAR motif, suggesting that they are
mediated through competitive protein-protein interactions instead of through transcriptional
cosuppression by TPL/TPR.

BES1 and BZR1 proteins

Brassinosteroids (BRs) are essential steroid hormones that regulate plant growth, development,
and stress responses (Sun et al., 2010; Yu et al., 2011; Nolan et al., 2020). BR signaling is
primarily mediated by the transcription factors BRASSINAZOLE RESISTANT 1 (BZR1) and
bri1-EMS-SUPPRESSOR 1 (BES1/BZR2), which act as positive regulators of BR-responsive
gene expression (He et al.,, 2002; Yin et al., 2002; Zhao et al., 2002; Kim et al., 2009). The
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activity of BZR1 and BES1 is modulated by phosphorylation, which affects their DNA-binding
affinity and nuclear accumulation (Zhao et al., 2002; Kim and Wang, 2010; Wang et al., 2021).
The first suggestion of crosstalk between SL and BR signaling pathways emerged from a study
of the gain-of-function bes1-D mutant in Arabidopsis, which exhibits enhanced branching (Wang
et al., 2013). BES1 was initially proposed to be a MAX2-interacting protein that is targeted for
degradation by D14-SCF™**2 (Wang et al, 2013), but further genetic analysis of BEST
contradicted this conclusion (Bennett et al., 2016). Later work suggested instead that BES1
physically interacts with SMX78 clade proteins in Arabidopsis (Hu et al, 2020). Similarly,
OsBZR1 and OsD583 interact together, as well as with DWARF AND LOW TILLERING (OsDLT)
and REDUCED LEAF ANGLE1 (OsRLA1), to regulate tillering in rice (Fang et al., 2020).

Substantial overlap has been observed in differential gene expression among Atd14, SMXL7-D
(a SL-insensitive, gain-of-function SMXL7 allele), and bes1-D mutant plants in Arabidopsis (Hu
et al., 2020). The shared transcriptional changes could simply reflect developmental similarities
among these mutants, all of which show excess axillary branching. However, the bes1-D shoot
branching phenotype is abolished by the addition of smx/6,7,8 mutations, suggesting instead
that bes1-D effects are dependent on SMXL function. Supporting the idea that BES1 and SMXL
proteins cooperate to regulate transcription, BES1 can bind the promoter of BRC1 but has little
or no effect on its expression. Coexpression of bes?-D and SMXL7-D, however, causes
stronger suppression of BRCT expression in transient assays than SMXL7-D alone.
Contradicting the idea of cooperative action, disruption of BR signaling or application of BR,
which influences BES1 phosphorylation and stability, has no effect on BRC1 expression in
Arabidopsis (Hu et al., 2020). Thus, the functional nature of SMXL and BES1/BZR1 interactions

will require further clarification.

JAZ proteins

JASMONATE ZIM-DOMAIN (JAZ) proteins act as transcriptional repressors in the jasmonate
(JA) signaling pathway (Pauwels and Goossens, 2011). JAZ proteins bind a variety of
transcription factors, for example MYC proteins, and regulate gene expression by inhibiting
DNA-binding, recruiting TPL/TPR proteins via an EAR motif, or through interactions with the
EAR motif-containing NINJA protein, which recruits TPL/TPR (Pauwels and Goossens, 2011).
JAZ proteins are rapidly targeted for polyubiquitination and degradation by the E3 ubiquitin

FCOH

ligase SC in the presence of JA-lle, a bioactive conjugate of jasmonic acid and isoleucine.
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Thus in many ways, the functions and regulation of JAZ and SMXL proteins are analogous
(Blazquez et al., 2020).

In Nicotiana attenuata, the SMXL78 clade proteins NaSMXL6 and NaSMXL7 interact with
several members of the JAZ family (Li et al., 2020a). SMXL proteins reduce NaJAZb function
and increase the transcriptional activity of NaMYC2 when SL is low in two ways. First,
NaSMXL6 and NaSMXL7 promote the degradation of NaJAZb. Second, they interfere with
NaJAZb-NaMYC2 interactions through competitive binding of NaJAZb. This leads to increased
accumulation of anthocyanin, phenolamides, and auxin, as well as decreased nicotine

concentrations that make plants more susceptible to insect herbivory (Li et al., 2020a).

WRKY6 protein

In apple (Malus domestica Borkh.), as seen for SMXL78 clade proteins in many other plants,
MdSMXL?7 inhibits the expression of MdBRC1 (Fan et al., 2023). However, MASMXL7 does not
do so through direct interaction with the MdBRC1 promoter, implying that regulation of MdBRC1
expression occurs via a partner protein. Yeast two-hybrid screening of a cDNA library from
apple with an MdSMXL7 bait identified the transcription factor MdAWRKY6 as an interacting
protein. MdAWRKY6 binds to the promoter of MdBRC1 and inhibits its transcription. The
presence of MdSMXL7 enhances the repression of MdBRC1 expression by MdWRKYG6,
presumably due to their protein-protein interactions. Therefore, one of the downstream
consequences of SL-induced degradation of MASMXL7 is increased MdBRC1 expression,
which in turn leads to increased expression of MdGH3.1 (an auxin-amino acid conjugating
enzyme) and decreased adventitious root formation (Fan et al., 2023). This mechanism may
reveal how SLs inhibit adventitious root formation in other species such as Arabidopsis, pea,
and tomato (Kohlen et al., 2012; Rasmussen et al., 2012).

GRF4 protein

Enhancing nitrogen use efficiency in crops will require a comprehensive understanding of the
regulatory mechanisms that integrate growth, nitrogen (N) assimilation, and carbon fixation. In
rice, the transcription factor GROWTH-REGULATING FACTOR4 (OsGRF4) and the DELLA
protein OsSLR1 have antagonistic effects on these processes; OsGRF4 promotes nutrient
acquisition and growth, while OsSLR1 inhibits it (Li et al., 2018). The SMXL78 clade protein D53
directly interacts with OsGRF4 and inhibits its binding to DNA, while OsSLR1 interacts with
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OsGRF4 to block its association with a transcriptional co-activator, OsGIF (GRF-interacting
factor) (Li et al,, 2018; Sun et al., 2023). Under low N conditions, SL biosynthesis increases,
triggering OsD53 degradation via D14-SCF™®. Rac-GR24 also promotes OsSLR1 degradation in
a D14-dependent manner that is independent of GA perception. Therefore, SL perception
relieves repression of OsGRF4 activity in two ways: by allowing OsGRF4 to bind to its DNA
targets and to its co-activator OsGIF.

Complicating matters, OsD14 and OsD53 can each interact with OsSLR1, but the presence of
OsD53 appears to interfere with OsD14-OsSLR1 interactions, helping to protect OsSLR1 from
SL-induced degradation (Sun et al., 2023). It is not clear whether this might be due to OsD53-
OsD14 or 0OsD53-OsSLR1 interactions, or both, being stronger than OsD14-OsSLR1
interactions. In any case, this suggests the two modes of action are synergistic; SL-induced
depletion of D53 putatively increases the SL-induced degradation of SLR1. A two-phase
process might explain the different rates of D53 and SLR1 degradation. Rac-GR24 triggers D53
degradation within several minutes, while rac-GR24-induced degradation of SLR1 proceeds
more slowly, typically requiring several hours (Jiang et al., 2013; Zhou et al., 2013; Bennett et
al., 2016; Struk et al., 2018).

Further investigation will be needed to determine whether a similar mechanism is used in other
plants. Putative interactions between SMAX1 and SMXL2 with AtGRF7 and AtGRF9 in
Arabidopsis have been identified through IP-MS assays (Chang et al., 2024b). However, in
another study, interactions between SMAX1 or SMXL7 with Arabidopsis GRF family proteins
were not detected by yeast two-hybrid assays (Chang et al., 2024 a).

AGL9 protein

SLs play a significant role in regulating anthocyanin biosynthesis across various plant species
(Li et al., 2020b; Wang et al., 2020a). In apple, ELONGATED HYPOCOTYL5 (MdHY5) is a
central regulator of anthocyanin biosynthesis that is also transcriptionally upregulated by the SL
analog GR245PS (Shin et al., 2013; Gangappa and Botto, 2016; An et al., 2017, 2024; Xu, 2020).
The transcription factor AGAMOUS-LIKE MADS-BOX 9 (MdAGL9) was found to bind to the
MdHY5 promoter directly and activate MdHY5 expression following SL treatment (An et al.,
2024). MdSMXL8 was then discovered through IP-MS to be a physical interactor of MAAGLS9.
MdSMXL8 binds to MAAGL9 and inhibits its transcriptional activity (Sun et al., 2021b; An et al.,
2024). This inhibition can be relieved through SL-induced degradation of MASMXLS8 via the E3

19



621
622
623
624
625

626

627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651

ubiquitin ligase MdPRT1 (n.b. the presumed contribution of MdD14-SCF"™A*2 t5 MdSMXL8
degradation has not been tested) and through competitive binding of MASMXL8 to MdRGL2a
that interferes with MdSMXL8-MdAGL9 association (An et al., 2024). This regulatory module
illustrates an intricate mechanism to integrate light, SL, and GA signaling in the control of

anthocyanin biosynthesis.

KNAT5 and OFP1 proteins

In Arabidopsis, SMXL4, also known as HEAT SHOCK PROTEIN-RELATED (AtHSPR), is
expressed in plant vascular tissues, where it affects the size of plant organs, abiotic stress
tolerance, and phloem development (Zhang et al., 2014; Yang et al., 2015, 2016; Wallner et al.,
2017). One important aspect of AtHSPR/SMXL4 function is the regulation of GA homeostasis,
which in turn affects primary root growth, flowering time, and seed set. AtHSPR/SMXL4
interferes with the activity of KNOTTED1-LIKE HOMEOBOX GENE 5 (KNAT5) and OVATE
FAMILY PROTEIN 1 (OFP1), transcription factors that repress the GA biosynthesis gene
GIBBERELLIN 20 OXIDASE 1 (GA200ox1), through physical interactions (Yang et al., 2020b;
Yuan et al., 2023). KNAT5 belongs to the KNOTTED-LIKE TALE HOMEOBOX CLASS I
(KNOX2) family in Arabidopsis, which regulates root growth (Burglin, 1997; Truernit and
Haseloff, 2007; Meng et al., 2020). These nuclear-localized homeodomain proteins interact with
OFPs to determine DNA binding affinity and specificity (Bellaoui et al., 2001; Hackbusch et al.,
2005; Kanrar et al., 2006). OFP1, found in the nucleus and cortical cytoskeleton, inhibits cell
elongation partly by suppressing GA200x1 expression (Wang et al., 2007; Zhang et al., 2018).
Interaction between AtHSPR/SMXL4 and both KNAT5 and OFP1 occurs via the region encoded
by the first exon of AtHSPR/SMXL4, which includes the N domain and part of the D1 domain
(Yang et al., 2020b; Yuan et al., 2023; Chang et al., 2024a). There is strong genetic support for
this interaction. Epistasis tests indicate that KNAT5 and OFP1 act downstream of
AtHSPR/SMXL4 in controlling primary root length. KNAT5 and OFP1 overexpression mimics the
Athspr phenotype, while knat5 and ofp1 mutants resemble AfHSPR overexpression lines.
Moreover, AtHSPR overexpression counteracts the suppression of GA20ox1 promoter activity
by KNAT5 and OFP1 (Yuan et al, 2023). Notably, the positive regulation of GA200x1
expression by AtHSPR is contrary to the corepressor model of SMXL function, instead
suggesting that AtHSPR might prevent KNAT5 and OFP1 from binding to their DNA targets.
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The molecular basis of specific SMXL roles in plants

A major unresolved question about SMXL proteins is how the different types acquired their
unique functions in plant growth, development, and physiology. Among bryophytes, SMXL
proteins vary in their form, quantity, and regulation (Lopez-Obando et al., 2016, 2018, 2021;
Mizuno et al., 2021; Kodama et al., 2022; Guillory et al., 2024). Some degree of functional
conservation is present among bryophyte and angiosperm SMXL proteins, as demonstrated by
the partial to full rescue of some smx/ mutants with SMXL transgenes from other species
(Guillory et al., 2024). Likewise, some KAI2 or D14 proteins are able to function in long-
separated species, implying that receptor interactions with MAX2 and/or SMXL proteins have
been at least partially conserved (Drummond et al., 2011; Liu et al., 2014; Conn and Nelson,
2015; Waters et al., 2015; Zheng et al., 2016; Carbonnel et al., 2020b; Sun et al., 2020; Hu et
al., 2021; Lopez-Obando et al., 2021; Guercio et al., 2022; Kodama et al., 2022; White et al.,
2022; Komatsu et al., 2023).

The SMXL family in angiosperms is particularly interesting due to the diversification of SMXL
types that far exceeds that seen in other extant plant lineages. Key to understanding the
evolutionary process that led to this diversification is identifying the molecular basis of SMXL
“output” specificity in angiosperms. In a recent preprint, we reported that the N domain is a
critical component of output control. Promoter-swapping experiments demonstrated that SMAX1
cannot replace the function of SMXL7, and SMXL7 only replicates SMAX1 function partially
(Chang et al., 2024a). This echoes work showing that SMXL5 misexpression cannot rescue
smax1 smxI2 or smxl6,7,8 mutants, although SMAX71 and SMXL?7 can partially rescue a smxl/4,5
mutant (Li et al., 2024). Therefore differential expression is not the basis of unique SMXL
functions. Chimeric proteins consisting of swapped domains between SMAX1 and SMXL7
demonstrated that the N domain of SMAX1 confers control of germination and hypocotyl
elongation and likewise the N domain of SMXL7 confers control of axillary branching.
Furthermore, fusing the N domain of SMAX1 to a synthetic EAR motif, SRDX, replicates the
function of the full-length protein, but not its regulation by SCF***2-dependent signaling (Chang
et al., 2024a). The SMAX1 N domain alone was not able to rescue smax1 smx/2, however,
which conflicts with the idea that the SMAX1 EAR motif is not necessary for regulation of
hypocotyl growth in Arabidopsis (Chang et al., 2024a,b). In a yeast two-hybrid screen of 158

transcription factors/regulators from Arabidopsis, 33 candidate interactors of SMAX1 or SMXL7
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were identified (Chang et al., 2024a). Almost all of these candidate interactions involved the

SMXL N domain, supporting the importance of this domain for downstream control.

A more refined analysis of the SMXL N domain may yield specificity-determining residues that
distinguish the functions of aSMAX1 and SMXL78 clade proteins. This will provide insights into
SMXL evolution in angiosperms and facilitate genetic engineering of SMXL outputs. Some of
the candidate SMXL-interacting transcription factors, for instance many proteins in the TCP
(TEOSINTE BRANCHED 1/CYCLOIDEA/PROLIFERATING CELL FACTOR 1) transcription
factor family, may also provide new leads for deepening our understanding of how SMXL

proteins control different aspects of plant growth and development.

Conclusion

In summary, SMXL proteins are signaling hubs that control downstream transcriptional
responses through at least five mechanisms: 1) directly binding to DNA and recruiting
corepressor proteins (e.g. TPL/TPR), 2) indirectly binding to DNA through association with
transcription factors and recruiting corepressor proteins, 3) interfering with the DNA-binding
activity of associated transcription factors, 4) sequestering transcriptional regulators from other
protein interactors, and 5) increasing or decreasing the protein stability of associated
transcriptional regulators (Figure 2). While the EAR motif-mediated model of transcriptional
regulation by SMXL proteins which received so much initial attention remains important, it is
now apparent that SMXL protein-protein interactions that modulate the abundance of
transcriptional regulators, their activity, or their availability for regulatory protein complexes are
also highly relevant. Substantial progress has been made in identifying several downstream
signaling partners of SMXL proteins from a diverse set of transcription factor families, and more
partners likely await discovery. Likewise, SL and KAR/KL-induced degradation of SMXL

proteins via SCFY**@

is a prominent feature in the regulation of many, but not all, SMXL
proteins. The simplified models of how SMXL proteins work and how they are regulated that
have been built over the past decade must necessarily become more complex to accommodate

emerging discoveries of signaling integration with other pathways.
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Tables

Table 1. Candidate transcriptional markers of KAR/KL and SL response

Simplified
Combination
a

Combination

AGlI

Primary
Gene
Symbol

SMAX1 EAR
motif
dependance

Arabidopsis
Tissues used in
the assays and
references

SL and KL

| kai2 and
I d14

AT1G64380

ERF61

Independent

AT3G52310

ABCGz7

Independent

AT3G59880

Hypothetical
protein

AT3G60420

Phosphoglycer
ate mutase
family protein

AT5G60280

LECRK-1.8

Seedling aerial part
(Abdelrahman et al.
2023), rosette leave
(Li et al. 2017; Li et
al. 2020)

n

SL

1 rac-GR24
and
| d14

AT1G03445

BSU1

AT1G03940

HXXXD-type
acyl-
transferase
family protein

AT1G07550

LRR kinase
family protein

AT1G13510

Hypothetical
protein

AT1G24470

KCR2

Independent

AT1G68050

ADOS/FKF1

AT1G68250

Hypothetical
protein

AT1G80555

Isocitrate/isopr
opylmalate
dehydrogenas
e family protein

AT2G05510

Glycine-rich
protein family

AT2G16190

Hypothetical
protein

Whole seedling (Yin
et al. 2023; Wang et
al. 2020), rosette
leaves (Li et al.
2020)
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AT2G19970

CAP52

AT2G22750

bHLH DNA-
binding
superfamily
protein

AT2G32860

BGLU33

AT2G40130

SMXL8

Independent

AT2G43010

PIF4

Independent

AT2G43860

Pectin lyase-
like
superfamily
protein

AT2G44340

vQ18

AT2G47560

ATL64

Independent

AT3G11180

JOX1

AT3G18550

BRC1/TCP18

SMXL6 EAR
dependant

AT3G46270

Receptor like
kinase protein

AT3G46330

MEE39

Dependant

AT3G46400

LRR kinase
family protein

AT3G53232

RTFL1

Independent

AT4G04990

Serine/arginine
repetitive
matrix-like
protein

AT4G12550

AlIR1

AT4G15393

CYP702A5

Dependant

AT4G19690

IRTH

AT4G28940

Phosphorylase
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superfamily
protein

AT4G31940

CYP82C4

AT5G06570

CXE15

AT5G07480

KUOX1

AT5G10040

HUP9

AT5G18600

ROXY10

Receptor-like
protein kinase-

ATSG41290 related family
protein
AT5G45340 | CYP707A3 Independent
Disease
AT5G49140 | resistance
protein
Copper
AT5G52720 | transport
protein family
myb-like
AT5G56840 transcr/pt/gn
factor family
protein
AT5G64620 |ATC/VIC2
AT2G28570 | YPothetical Seedling aerial part
KL and | kai2 and protein (Abdelrahman et al.
AT3G24420 | DLK2 Dependant 2023), rosette leaves
SMAXTISMXLZ | 1 smaxtsmxi2 (Li et al. 2017;Feng
AT3G52310|ABCG27 Independent et al 2023)
AT3G18550|BRC1/TCP18 SMXL6 EAR
dependant Whole seedling (Yin
sL and 1 rac-GR24 1\ r4Go1760 | BGLU4T et al. 2023; Wang et
SMXL6/7/8 and al. 2020), rosette
1 smxI6/7/8 |AT4G34410|ERF109 Independent leaves (Yang et al
2020)
AT5G06570 (CXE15
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AT5G15960 |KIN1

myb-like
transcription
factor family
protein

AT5G56840

Table 1. Candidate transcriptional markers of KAR/KL and SL response. RNA-seq and
Microarray data on differentially expressed genes (DEGs) sourced from the table “showing
RNA-seqg/microarray pooling sources and plant conditions and tissues” were pooled from mutant
and chemically dosed lines vs control lines of Arabidopsis thaliana comparison and filtered for
genes with a 1.5 log2 fold change difference from control conditions, and having a corrected p-
value of 0.05 or lower. This list was then put into a large array combining information from
multiple sources describing up and down regulation under comparisons to control conditions.
Combinations of up regulation or down regulation under particular mutant background or dose
conditions are described in the combination column and genes that show up in these conditions
are listed in the AGI column in the same row as the combinations listed. Additionally,
information on if the gene is potentially EAR motif dependent based on a
pSMAX1::SMAX1mEAR/smax1 smxl/2 background, in which the EAR motif of SMAX1 is
mutated, is noted in the SMAX1-EAR dependence column based on data from (Chang et al.,
2024a). If genes stay differentially expressed in the mutant background, then it can be assumed
that they might be transcriptionally regulated in a SMAX1-EAR motif dependent manner. If
genes stay DEGs in smax1 smx/2 background and are rescued to WT levels of expression by
the pSMAX1::SMAX1mEAR/smax1 smxl/2 background, it can be assumed that these genes are

transcriptionally independent of the SMAX1-EAR domain, otherwise genes are left blank if not

regulated by SMAX1/SMXL2. In the table, | and t symbols indicate downregulation and

upregulation of genes, respectively, and rac-GR24 treatment indicates 5 UM of rac-GR24 was

treated for 2, 4, or 32 hours.
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Table 2. List of reported SMXL-interacting proteins

SMXL Interactor(s) Functions Experimental evidence
and reference(s)

AtSMXL6 AtSMAX1 Y2H (Zheng et al., 2021)

DELLA

OsD53 OsSLR1 Alter TR stability Y2H, BiFC and SLC (Sun
et al., 2023)

MdSMXL8.2 MdRGL2a Alter TR regulation | Y2H, BiFC, pull-down,
ubiquitination assay and
Co-IP (An et al., 2024)

AtSMAX1 AtRGL1/3, AtRGA, | Alter TR regulation Y2H (Kim et al., 2022; Xu

AtGAI et al.,, 2023; Chang et al.,

2024a), Co-IP, and Pull-
down (Kim et al., 2022; Xu
et al., 2023)
BiFC (Xu et al., 2023)

AtSMAX1 AtRGL2 Y2H, Co-IP and Pull-down
(Kim et al., 2022; Xu et al.,
2023)
BiFC (Xu et al., 2023)

AtSMXL2 AtRGL1/3, AtRGA, Y2H (Kim et al., 2022)

AtGAI
AtSMXL7 AtRGL1/3 Y2H (Chang et al., 2024 a)

Shoot architecture and nitrogen responses

OsD53 OsGRF4 Alter binding to DNA | Y2H, BiFC, pull-down and
and TR regulation Co-IP (Sun et al., 2023)
AtSMAX1, AtGRF7/9 IP-MS (Chang et al.,
AtSMXL2 2024b)
*Y2H did not show the
interactions (Chang et al.,
2024a)
AtSMXL6/7/8 AtSPL9/15 Y2H, SLC, pull-down and
BiFC (Xie et al., 2020)
OsD53 OsIPA1/SPL14, Alter TR regulation Y2H, BiFC, and Co-IP
OsSPL17 (Xie et (Song et al., 2017; Sun et
al., 2020) al., 2021a)
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Pull-down (Song et al.,
2017)
TaD53 TaSPL3/17 Alter TR regulation | BiFC, SLC, and Y2H (Liu
etal., 2017)
OsD53 OsBZR1 Alter TR regulation BiFC, Co-IP, and pull-down
(Fang et al., 2020)
OsDLT BiFC and pull-down (Fang
et al., 2020)
OsRLA1
AtSMXL6/7/8 AtBES1 BiFC and pull-down (Hu et
al., 2020)
ZmD53 ZmUB3 Y2H, pull-down, and BiFC
(Liu et al., 2021)
ZmTSH44
Light signaling
AtSMAX1 AtphyB Alter TR regulation | Y2H and Co-IP (Park et al.,
2022)
AtPIF3 Y2H (Chang et al., 2024 a)
AtPIF4/5 Alter TR regulation IP-MS, pull-down, and Co-

IP (Chang et al., 2024b)
*Y2H did not show the
SMAX1-PIF4/5 interactions
(Park et al., 2022; Chang
etal., 2024a)

Root growth and

phloem developmen

t

AtSMXL4/HSPR

AtKNATS/ATHA1

Alter TR regulation

AtOFP1

Alter TR binding to
DNA

Y2H and pull-down (Yang
et al., 2020b)

Y2H, BiFC, and genetic
epistasis test (Yuan et al.,
2023)

AtSMXL5

AtOBE3

Y2H screening, Y2H, Co-
IP, nuclear subdomain co-
localization, and FRET-
FLIM (Wallner et al., 2023)

AtOBE2

Y2H (Wallner et al., 2023)
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TCP

AtSMAX1 AtTCP5/7/8/9/10/13/ Y2H (Chang et al., 2024 a)
14/16/17/18/19/21
AtSMXL7 AtTCP7/8/9/10/13/ Y2H (Chang et al., 2024 a)
14/16/18/19
Defense responses and anthocyanin regulation
NaSMXL6 NaJAZa/b/d/| Alter TR regulation | Y2H and Co-IP* (Li et al.,
and stability 2020a)
. (*Co-IP only performed for
NaSMXL7 NaJAZa/b/d/elj NaJAZb and NaSMXL6/7
interactions)
MdSMXL7 MdWRKY6 Y2H screening, Y2H, BiFC,
pull-down and SLC (Fan et
al., 2023)
MdbHLH93 Y2H (Fan et al., 2023)
MdRR23
MdSMXL8 MdPRT1 Alter stability of Y2H, BiFC, pull-down,
MdSMXL8 ubiquitination assay, and
Co-IP (An et al., 2024)
MdJAGL9 Alter TR regulation Y2H, pull-down, BiFC, and
Co-IP (An et al., 2024)
Miscellaneous
AtSMXL6/7/8 AtDWA1 Alter stability of Y2H, pull-down, and BiFC

AtSMXL6/7/8

(Lian et al., 2023)

SLC, Split Luciferase Complementation assay; Y2H, Yeast Two-hybrid; BiFC, Bimolecular

fluorescence

complementation;

Co-IP,

Co-Immunoprecipitation;

FRET-FLIM,

Forster’s

resonance energy transfer and Fluorescence lifetime microscopy; TR, Transcriptional regulator;
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Boxes

BOX 1 - The difficulty of defining strigolactone- and karrikin-responsive genes

Caution must be exercised when labeling genes as “SL-responsive” or “KAR/KL-responsive,” or
as targets of a particular SMXL protein type, because many experiments have used chemical
treatments or genetic backgrounds that are not sufficiently specific. Incorrect labeling of SL
responses has been and continues to be a frequent problem for studies that use racemic GR24
(rac-GR24), which was initially developed as a synthetic analog of SLs (Johnson et al., 1981).
Rac-GR24 is commonly used because of its simpler synthesis, lower cost, and wider
commercial availability compared to naturally occurring SLs. It was eventually recognized,
however, that rac-GR24 is not a true, specific SL analog. Instead, it activates both KAR/KL and
SL receptors (Scaffidi et al., 2014). This is because rac-GR24 is a mixture of (+)-GR24 (also
known as GR24°°%), which mimics the structure and stereochemistry of the natural SL 5-

deoxystrigol, and its enantiomer (-)-GR24 (also known as GR24°"°PS)

. The methyl butenolide
“D-ring” of GR24°"°PS has a 2’S configuration that has not been observed in any plant SLs,
which all have 2’R configured D-rings. Unexpectedly, this compound activates KAI2 and, to a

45DS

lesser extent, D14. In contrast, GR2 is an agonist of D14 specifically, at least in Arabidopsis

(Scaffidi et al., 2014). In some other species, such as Nicotiana benthamiana or root parasitic

45P% and natural SLs are not

plants in the Orobanchaceae, however, even responses to GR2
exclusively mediated by D14 (Nelson, 2021; Li et al, 2022a). KARs are also potentially
problematic; while KARs so far appear to signal specifically through KAI2 and not D14, the
putative metabolism of KARs into bioactive ligands by plants implies that the timing and intensity
of KAR responses may differ from those of a direct KAI2 agonist like GR24°™°"S (Waters and
Nelson, 2022; Chang et al., 2024b). In addition, selective responses to different KARs occur
across species and can even vary within different organs of a single species (Nelson et al.,
2009; Carbonnel et al., 2020b; Sun et al., 2020; Martinez et al., 2022; Waters and Nelson,

2022).

Genetic mutants, if carefully considered, can help to clarify KAR/KL and SL signaling specificity.
Here it is important to remember that max2 or d3 mutants have defects in KAR/KL signaling as
well as SL signaling (Nelson et al., 2011; Soundappan et al, 2015). Another point of
consideration is that even D14-mediated transcriptional responses are not solely due to

degradation of SMXL78 clade proteins. Because D14 can crosstalk to target aSMAX1 proteins
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when exogenous SL is supplied, transcriptional responses to D14-specific agonists, even in a
kai2 mutant background, are likely to arise from a combination of aSMAX1 and SMXL78
degradation (Wang et al., 2020b; Li et al., 2022a).

Therefore, the use of purified SL or GR24 stereoisomers, SL-deficient mutants, and/or SL- or
KAR/KL-insensitive mutants (e.g. d714 and kai2, respectively) are best practices to accurately
define transcriptional responses to SLs or KAR/KL, but might still be misleading. The

44DO

development of more specific agonists of D14 and KAI2, such as GR2 and desmethyl-

GR24, is an area of ongoing research (Wang et al., 2020a; Yao et al., 2021).
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Figure Legends

Figure 1. The four types of SMXL proteins in angiosperms.

Simplified phylogeny of SMXL proteins in mosses, lycophytes, gymnosperms, and angiosperms,
adapted from Walker et al., 2019 (Walker et al., 2019). Gymnosperms and angiosperms share
SMAX1 and SMXL4 clades. SMXL39 and SMXL78 clades are specific to angiosperms. In
Arabidopsis, SMAX1 and SMXL2 represent the aSMAX1 clade, SMXL3 represents the SMXL39
clade (SMXL9 was lost), SMXL4 and SMXL5 represent the aSMXL4 clade, and SMXLS6,
SMXL7, and SMXL8 represent the SMXL78 clade. In rice, SMAX1 represents the aSMAX1
clade and D53 represents the SMXL78 clade; other SMXL proteins in rice have not been
characterized. SMXL39 and aSMXL4 clade proteins lack an RGKT motif that is critical for
SCFY*2.mediated degradation in other SMXL proteins.

Figure 2. Mechanisms of SMXL protein function.

SMXL proteins use at least five mechanisms to regulate gene expression, which are not
necessarily mutually exclusive. These mechanisms can be divided into those that recruit
transcriptional corepressors and/or chromatin remodelers to DNA and those that involve SMXL
protein-protein interactions with transcriptional regulators (e.g. sequestration). The models
shown in iii), iv), and v), which respectively illustrate SMXL preventing a transcriptional regulator
(TR) from binding its DNA targets, relieving repression of a TR through competitive-binding that
disrupts another regulatory complex, and protecting a TR from degradation, are not the only

possibilities for these protein interaction-based modes of action.
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