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To cope with abiotic environmental stress, plants rapidly change their gene expression
transcriptionally and post-transcriptionally, the latter by translational suppression of
selected proteins and the assembly of cytoplasmic stress granules (SGs) that sequester
mMRNA transcripts. RNA-binding proteins (RBPs) are the major players in these post-
transcriptional processes, which control RNA processing in the nucleus, their export
from the nucleus, and overall RNA metabolism in the cytoplasm. Because of their
diverse modular domain structures, various RBP types dynamically co-assemble with
their targeted RNAs and interacting proteins to form SGs, a process that finely regulates
stress-responsive gene expression. This review summarizes recent findings on the
involvement of RBPs in adapting plants to various abiotic stresses via modulation of
specific gene expression events and SG formation. The relationship of these processes
with the stress hormone abscisic acid (ABA) is discussed.

Keywords: RNA-binding proteins, stress granules (SGs), RNA metabolism, stress response, post-transcriptional
gene regulation

INTRODUCTION

A major molecular response by plants to environmental stress is the rapid reprogramming of gene
expression, which impacts the proteome and cellular metabolism to achieve an equilibrium between
growth, development and survival (Glisovic et al., 2008; Zhang et al., 2020). Growing evidence from
global transcript profiling studies and the discovery of RNA granules, especially stress granules
(SGs), have brought about the importance of post-transcriptional gene regulation into sharper
focus during the plant’s adaptation to stress (Buchan et al., 2013; Bach-Pages et al., 2020). Post-
transcriptional gene regulation largely relies on RNA-binding proteins (RBPs). RBPs recognize and
bind to specific target RNAs to modulate the activity and fate of RNA transcripts (Marondedze,
2020). The association of RBPs with RNAs may begin as early as transcription in the nucleus
and persist until RNA degradation in the cytoplasm. The spatio-temporal binding of RBPs with
target RNAs occurs at various stages of RNA metabolism to dynamically regulate specific processes
such as splicing, processing, transport, localization and decay. Some RBPs possess DNA-melting or
RNase activities and thus function as RNA chaperones to facilitate or suppress RNAs from forming
functional or deleterious secondary or tertiary conformational structures. The properly structured
RNAs, together with specific RNA sequences, may further act as a binding signal to recruit other
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RBPs, which collectively mediates the precise control of RNA
processing, RNA transport, and gene expression. With such
critical roles by RBPs, plants can modulate the abundance of
individual RNAs, and thus finely tune translational control of
protein expression to rapidly respond and adapt to plant stress
as described in several reviews (Kwak et al., 2016; Marondedze,
2020; Muthusamy et al.,, 2021). To obtain a more precise view
of post-transcriptional gene regulation during plant stress, we
review here the recent advances on the functions of RBPs in
modulating specific gene expression and the formation of stress
granules during plant adaptation to abiotic stress induced by salt,
drought, heat and cold as well as that mediated by oxidation,
hypoxia and flooding. Lastly, the interplay between RBPs and
stress hormone abscisic acid (ABA) will be discussed.

PLANT RNA-BINDING PROTEINS AND
ABIOTIC STRESS RESPONSE

RNA-binding proteins are highly conserved proteins in
eukaryotes and diverse in their ability to interact with RNAs
to regulate post-transcriptional events. RBPs are typically
characterized by the presence of one or more RNA binding
domains (RBDs). These include the RNA recognition motif
(RRM), K homology (KH) domain (Lorkovi¢ and Brarta,
2002), zinc finger domain (mainly C-x8-C-x5-C-x3-H type)
(Kim Y.O. et al, 2007; Kim et al., 2010b), double-stranded
RNA binding domain (DS-RBD) (Masliah et al., 2013), cold
shock domain (CSD) (Sasaki and Imai, 2011), Pumilio/FBF
(PUF) domain (Tam et al, 2010), and the DEAD/DEAH
boxes (Asp-Glu-Ala-Asp/His motif) highly conserved in RNA
helicases (Owttrim, 2006). Among these domains, the RNA
recognition motif (RRM) is the most abundant domain/motif
among RNA-binding proteins (Nakaminami et al, 2012)
as exemplified in the Arabidopsis genome where 197 out of
800 RBPs contain RRM motifs (Lorkovi¢ and Brarta, 2002).
The predominant role of RBDs involves RNA recognition
and protein-protein interactions, leading to the formation of
heterogeneous ribonucleoprotein (RNP) complexes (Maris et al.,
2005). In addition to RNA binding domains, most RBPs contain
auxiliary domains or motifs at the N- or C-terminal region,
which many serve as protein interacting regions. These include
the glycine-rich region, arginine-rich domain, arginine-glycine
(RGG), arginine/aspartic acid (RD)-repeats, and serine-arginine
(SR) repeats (Nagai et al., 1995; Alba and Pages, 1998). According
to their structural and binding specificity, RNA-binding proteins
are also classified as glycine-rich RNA-binding proteins (GR-RBP,
also named as GRP), zinc finger glycine-rich proteins (RZ), cold
shock domain proteins (CSDP), DEAD-box RNA helicases (RH),
chloroplast RNA splicing and ribosome maturation domain
proteins (CRM), S1 domain-containing proteins (SDP), and
pentatricopeptide repeat proteins (PPR) (Lee and Kang, 2020).
The diverse structures of RBPs suggest a variety of functions
among the various RBP families (Lee and Kang, 2016). In this
review, we focus on the functional roles of the abovementioned
typical RBPs, including GR-RBPs, RZs, CSDPs, RHs, SRs, PPRs,
TZFs, SDPs, and CRMs as well as several known classic proteins,

including Tudor-SN and RBPs containing RRM, RBD, and RGG
RNA binding domains.

The application of high-resolution multi-omics techniques
have identified an increasing number of RBPs as crucial factors
in regulating plant stress response. In a recent label-free mass
spectrometry study in Arabidopsis (Marondedze et al., 2019), 567
proteins with potential RNA-binding activity are highly enriched
in drought stress-induced samples, suggesting that plants utilize
RBPs as a pervasive regulatory response during plant stress. As
shown in Table 1 and Figure 1, RBPs are involved in abiotic stress
conditions under salt, drought, cold, heat, hypoxia, flooding and
oxidative stress, and play a comprehensive function in stress
responding processes.

A well-known abiotic stress associated RBP is GR-RBP.
GR-RBPs belong to group IV of glycine-rich proteins (GRPs)
superfamily, whose members possess a glycine-rich region at the
C-terminal and RRM at the N-terminal end (Mangeon et al.,
2010; Ortega-Amaro et al., 2014). Multiple lines of evidence
suggest GR-RBPs are strongly associated with temperature stress.
In Arabidopsis, AtGRP2 and AtGRP7 promote seed germination
and seedling growth at low temperature (Cao et al., 2006; Kim J.S.
etal., 2007; Schmidt et al., 2010; Kwak et al., 2011). Interestingly,
AtGRP7 increases the viability of Escherichia coli under cold
shock (Kim et al., 2010a). In rice, OsGRP1, OsGRP4 and OsGRP6
accelerate seed germination and seedling growth under cold
stress and can rescue Arabidopsis grp7 knockout plants under
cold conditions (Kim et al., 2010a). The expression of LpGRP1
mRNAs was significantly increased in root, crown and leaf tissues
of a perennial ryegrass under freezing treatment (Shinozuka et al.,
2006). A cucumber mitochondrial-located CsGR-RBP3, when
down-regulated, significantly aggravated chilling injury while its
overexpression conferred Arabidopsis a high survival rate under
low temperature (Wang et al., 2018). In addition to cold stress,
the Arabidopsis AtGRP2, AtGRP4, and AtGRP7 (Kwak et al,
2005; Cao et al., 2006) and LbGRP1 from Limonium bicolor
(Wang et al., 2012) were also reported to be involved in salt and
osmotic stresses.

Although the involvement of GR-RBP in plant stress response
can be traced back to the discovery of a glycine rich protein
from maize induced by drought in 1988 (Gomez et al., 1988)
and AtGRP5 (previously named M16) response to flooding
stress in 1995 (Sachetto-Martins et al., 1995), the functional
role of GR-RBPs under these stress conditions is still unclear.
In the case of AtGRP7, transcriptome analysis showed that
overexpression of AtGRP7 alters the expression of stress-related
plant defensins and pathogenesis-related proteins (Streitner et al.,
2010). Experimental evidence suggests that AtGRP7 has DNA
melting activity and enhance RNase activity (Kim J.S. et al,
2007), which may prevent the formation of adverse RNA
secondary structures likely stabilized at low temperatures, thus
enabling them to be efficiently processed, exported, or translated
(Sahi et al., 2007; Lorkovi¢, 2009). The role of AtGRP7 as a
shuttle protein to promote mRNA export from the nucleus to
the cytoplasm may further contribute to post-transcriptional
regulation under cold stress (Kim et al., 2008). Those studies
suggest that GR-RBPs may function as RNA chaperone under
stress response (Kim et al, 2010b; Xu et al, 2014). The
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TABLE 1 | Plant RBPs involved in abiotic stress response and SG formation.

RBP types  Domain(s)’ RBPs? Location®  Abiotic Stress (+ /s)* ABA® SGs® Functions and References
description in stress
GR-RBPs GR, RRM AtGRP1 Nc, Cy Salt(+) - - - Wang et al., 2012
AtGRP2 Nc, Cy Drought(—); Cold(+) - - - Flores and
Sachetto-Martins,
2007; Kim Y.O. et al.,
2007; Yang et al., 2014;
Ciuzan et al., 2015
AtGRP4 Nc, Cy Salt(—); Drought(—); — — Function as RNA Kwak et al., 2005,
Cold(+);Heat(—); chaperone to assist folding ~ 2011; Kim Y.O. et al.,
Oxidative(—) of RNA structure 2007
AtGRP7 Nc, Cy Drought(+); Cold(+); — — Nuclear export of mMRNA Cao et al., 2006; Kim
Heat(+);Oxidative(+) transcripts; Regulate J.S. et al.,, 2007; Kim
stomatal opening and et al., 2008, 2010g;
closing in the guard cells Schmidt et al., 2010;
under abiotic stresses Kwak et al., 2011;
AtGRP8 Nc, Cy Cold(+); Oxidative(—) — — — Schmidt et al., 2010
AtRBDG2,4 Nc, Cy Heat(+) - J(+)  Participate in SG formation ~ Zhu et al., 2022
OsGRP1,4,6 Nc, Cy Cold(+) - - Function as RNA Kim et al., 2010a
chaperone
OsGRP3 Nc, Cy Drought(+) JH) — Function as RNA Shim et al., 2021
chaperone
NtGRP1 Nc, Cy Salt(+); Drought(+); V) - — Lee et al., 2009; Khan
Cold(+); Heat(+); etal., 2013
Flooding(+)
NtGRP1a, Nc, Cy Salt(—); Drought(+); X - Function as a negative Molina et al., 1997;
1b,2,3 Cold(+); Heat(+); modulator of gene Nomata et al., 2004;
Flooding(+) expression by binding to Shinozuka et al., 2006;
DNA or RNA in bulk Khan et al., 2013; Long
et al., 2013; Kwak
etal., 2016; Wang
et al., 2018; Huang
etal, 2019
EsCOR20 — Cold(+) - - Hybridize to RNAs Horvath and Olson,
1998
LbGRP1 Nc, Cy Salt(+) - - Restrict the entry of Nat Wang et al., 2012
reduce potassium loss
under salt stress
LpGRP1 Nc, Cy Cold(+) V) — Involved in pre-mRNA Shinozuka et al., 2006
processing
MsGRP Cm, Cw Salt(+); Drought(+) V) - - Long et al., 2013
NgRBP Nc, Cy - V) - - Huang et al., 2019
CsGR-RBP3 Mt Drought(+); Cold(+) V(=) — Modulated antioxidant Wang et al., 2018
enzymes
CsGRP7-a Nc, Cy Salt(—); Cold(+) - - - Kwak et al., 2016
HVGRP2, 3 Nc, Cy Cold(+) — — — Molina et al., 1997
PpGRP3 Mt Cold(+) - - Associate with Nomata et al., 2004
post-transcriptional
processing of mitochondrial
RNA
Rz ZF, RRM, GR AtRZ-1a Nc, Cy Cold(+); Salt(—); V(=) — Modulate the expression of ~ Kim J.S. et al., 2007;
AtRZ-1b Drought(—) — genes involved in reactive Kim et al., 2010b
Cold(+) oxygen species
homeostasis and functions
Function as RNA
chaperone
OsRz2 Nc, Ch Cold(+) - - Function as RNA Kim et al., 2010b
chaperone to regulate
mMRNA export from the
nucleus
BrRz1,2,3 Nc Salt(+); Drought(+); V() - Function as RNA Park et al., 2017

Cold(+)

chaperone

(Continued)
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TABLE 1 | (Continued)

RBP types  Domain(s)’ RBPs? Location®  Abiotic Stress (+ /s)* ABA® SGs® Functions and References
description in stress
TaRZz2, 3 Nc Salt(+); Drought(—); — — — Xu et al., 2014
Cold(+)
CSDP CSD, ZF, GR AtCSDP 1 — Drought(—); Cold(—) — — Function as RNA Park et al., 2009
chaperone; Prefer binding
to poly(G) and poly(A)
sequence
AtCSDP 2 — Salt(+) - — Strong binding to poly(U) Park et al., 2009
AtCSDP3 — Drought(—); Cold(+) — — - Park et al., 2009
OsCSDP1,2 - Cold(+) - — - Chaikam and Karlson,
2008
BrCSDP3 Nc, Ch Salt(+); Drought(+); V) — — Choi et al., 2015
Cold(+)
RH DEAD-box OsRH58 Ch Salt(+); Drought(+); V(=) - Modulate the expressions Nawaz and Kang, 2019
Cold(—); Heat(+) of stress responsive genes
AtRH50 Ch Cold(+) - - associated with plastid Paieri et al., 2018
gene expression
AtRH9,25 - Salt(—); Drought(—) - — - Kim et al., 2008
AtRH3 Ch Salt(+); Drought(+); - - Function as RNA Gu et al., 2014
Cold(+) chaperone; Involve in intron
splicing, ribosome
biogenesis
OsTCD33 Ch Cold(+) - - Modulate the expression of ~ Wang et al., 2020
cold responsive gene
BrRH22 Ch Salt(+);Drought(+); V) — Function as RNA Nawaz et al., 2018
Cold(+); Heat(+); UV(—) chaperone; affect
translation of chloroplast
transcripts.
AtRH17 - Salt(+) - - - Nguyen et al., 2018
AtRH7 - Cold(+) - — Participate in pre-rBNA Huang et al., 2016
processing
AtSTRST, 2 Nc Salt(—); V=) — Attenuate the expression of ~ Kant et al., 2007
Heat(—);Osmotic (—) stress-responsive
transcriptional activators
AtLOS4 Nc Heat(+) V(=) — Regulate RNA export Gong et al., 2005
AtDHH1/DDX6 Cy Hypoxia(+) — J/(+)  Physically associate with Chantarachot et al.,
both PBs and SGs; 2020
mediate translation
inhibition and mRNA
degradation
SIDEAD31 — Salt(+); Drought(+) - - Modulating the expressions ~ Zhu et al., 2015
of stress responsive genes
OsTCD10 Ch Cold(+) — - Recognizing single Wu et al., 2016
stranded RNA sequences
SR RRM, RS AtSR45a-1a, — Salt(—) — — Participate in alternative Lietal, 2021
1b splicing and mRNA
maturation
BrSR45a - Drought(+) - - Participate in alternative Muthusamy et al., 2020
splicing of drought-stress
response genes
PPR PPR AtSOAR1 Nc, Cy Salt(+); Drought(+); V=) — Recognize single-stranded Jiang et al., 2015
Cold(+) RNA targets
AtPGN (PPR) Mt Salt(+) V(=) — Recognize single-stranded Laluk et al., 2011
RNA targets
GmPPR4 - Drought(+) - - Function in RNA splicing, Suetal., 2019
stabilization, and
translational activation
AtPPR96,40 — Salt(+) — — — Liu et al., 2016
(Continued)
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TABLE 1 | (Continued)

RBP types Domain(s)’ RBPs? Location®  Abiotic Stress (+ /s)* ABA® SGs® Functions and description  References
in stress
TZF TZF AtTZF1 Nc, Cy Salt(+); Heat(+); V() N Associate with both SGs and ~ Pomeranz M. et al.,
Hypoxia(—) PBs; AtTZF1shuttle between 2010, Pomeranz M.C.
nucleus and cytoplasmic etal., 2010; Lin et al.,
PBs under normal condition, 2011; Bogamuwa and
but predominantly target to Jang, 2014;
SG-like foci during heat Bogamuwa and Jang,
stress 2016; Han et al., 2021
AtTZF2,3 Nc, Cy Salt(+); Heat(+); - N
Hypoxia(—)
AtTZF4,7,8 Cy Salt(+); Hypoxia(—) — N
AtTZF5 Cy Heat(—) — N
AtTZF6 Cy Salt(+) - N
AtTZF10,11 Cy Salt(+); Hypoxia(+) - J
OsTZF1 — Salt(+); Drought(+) V() N Associate with both SGs and ~ Jan et al., 2013
PBs; regulate the expression
of genes related to stress,
reactive oxygen species
homeostasis, and metal
homeostasis.
G3BP NTF, RRM, AtG3BP1 Cy Cold(+); Heat(+); X N All AtG3BPs interact with Zimmermann et al.,
RGG Oxidative(—); High each other, and interact with 2004; Abulfaraj et al.,
Light(+) AtUBP-24 in SG-like 2018, 2021; Reuper
granules. et al., 2021
AtG3BP2 Cy Cold(+); Heat(—); x v
Oxidative(—)
AtG3BP3 Cy Cold(+); High Light(+) ~ (+)
AtG3BP4 Cy Heat(+); Oxidative(—) X N
AtG3BP5 Cy Cold(+) V() v
AtG3BP6 Cy, Nc Cold(—); Heat(+); X N
Oxidative(—)
AtG3BP7 Cy Cold(+); Oxidative(—); X N
High Light(+)
AtG3BP8 Oxidative(—) X N
SDP SDP AtSRRP1 Ch V) - Function as RNA chaperone;  Gu et al., 2015
splicing of trnL intron and
processing of 5S rRNA in
chloroplast
AtRPS5 Ch Cold(+) - Participate in processing of Zhang et al., 2016
16S rRBNA in chloroplast
AtSDP Ch Salt(+);Heat(+); UV(+); x — Participate in processing of Dinh et al., 2019
Cold(+); Drought(x) 16S, 23S, 4.5S, and 5S
rRNAs in chloroplast
CRM CRM AtCFM4 Ch Salt(+); Cold(+) V() — Function as RNA chaperone;  Lee et al., 2014
Participate in processing of
16S and 23S rRNA
processing in chloroplast;
AtCFM9 Mt Salt(+);Drought (+) V) — Participate in splicing of Lee et al., 2019
mitochondrial genes
Others RRM AtCBP20 - Drought(—) V=) - Interact with CBP80 Papp et al., 2004
AISRG1 - Salt(+);0smotic (+) — - Regulate the expression of Saad et al., 2018
tROS-scavenging genes and
stress-responsive
transcription factors
OsDEG10 — Salt(+); Cold(+); High V) - — Park et al., 2009
Light(+)
OsRBD1 Nc Salt(+); Drought(+) — - Interacts with OsSRO1a to Sharma et al., 2016

regulate stress and hormonal
response

(Continued)

Frontiers in Plant Science | www.frontiersin.org

June 2022 | Volume 13 | Article 882596


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Yan et al.

RBPs in Stress and SGs

TABLE 1 | (Continued)

RBP types Domain(s)' RBPs? Location® Abiotic Stress (£ /s)* ABA® SGs® Functions and description in References
stress
(At)cpRNP29; Ch V=) — Participate in chloroplast RNA Raab et al., 2006
AtCSP41B metabolism
AtUBP1a Nc, Cy Hypoxia(s) — N Modulate SG formation; Sorenson and
associate with selective Bailey-Serres, 2014
mRNAs and protect
stress-related mRNAs from
degradation during heat stress;
Links SGs with PBs possibly
via interaction with PB marker
DCPA
AtUBP1b Nc, Cy Salt(s); Heat(s) V) Vv - Weber et al., 2008
AtUBP1c Nc, Cy Hypoxia(s) V) N - Sorenson and
Bailey-Serres, 2014;
Nguyen et al., 2016,
2017
AtUBA2a, Nc - V) v/ Reorganize in the nuclear Lambermon et al.,
AtUBA1a speckles under ABA and 2002; Riera et al.,
stress; Interact with UBP1; 2006; Bove et al., 2008
regulate pre-mRNA splicing;
AtRBP45,47 Nc, Cy Heat(s) - 4 Interacts with poly(A)* RNA Lorkovi¢ et al., 2000;
and regulates pre-mRNA Weber et al., 2008; Yan
maturation in nucleus; key et al., 2014;
component of SGs; RBP47 Gutierrez-Beltran et al.,
interacts with UBP1, PABPs 2015; Hemal and
and 2/,3'-cAMP during SG Martin, 2017; Kosmacz
formation, and recruits etal., 2018, 2019
angustifolia protein (AN) to
assemble SGs under stress
conditions.
PUF AtAPUM5 Nc Salt(+); Drought(+) V) — Regulates gene expression Huh and Paek, 2014
through direct binding to
3'UTRs
Tudor, SN AtTudor-SN Cy Salt(+); Heat(s) V) N Component of SGs; Dit Frey et al., 2010;
Co-localize with RBP47 in SGs;  Yan et al., 2014;
function as docking platform for ~ Gutierrez-Beltran et al.,
SG formation; Associate with 2016, 2021
both SGs and PBs.
ZF AtSRPA1 Nc Salt(—); Cold(—) V(=) - Bindsto AB/2 3'UTR and Xu et al., 2017
regulate its expression;
Regulates the expression of
ABA signaling-related genes.
MIF4G AtABH1 Nc Drought(—) V(=) — Modulate of ABA-related Hugouvieux et al., 2001
stomatal closing and cytosolic
calcium level
LSM AtSAD1 - Drought(—) V(=) — Regulation of ABA signaling Xiong et al., 2001
genes
dsRBD AtHYLA — Drought(—) V(=) — — Lu and Fedoroff, 2000
RGG AtRGGA Cy Drought(+) V) - - Ambrosone et al., 2010
HAT, TPR, AtSTA1 Nc Cold(+) V) — Participate in pre-mRNA Lee et al., 2006
PRP1, UBQ splicing and mRNA turnover
PABC AtPABP2,8 Cy Heat(s); Hypoxia(s) - Vv Localize to SGs and show Weber et al., 2008;

similar kinetics as elF4E in SGs;
Interact with RBP47.

Sorenson and
Bailey-Serres, 2014

" Description of domains: RRM, recognition RNA motif: GR, glycine-rich; CSD, cold shock domain; PPR, pentatricopeptide repeat; PUF, pumilio/fem-3 binding factors;
dsRBD, double-stranded RNA (dsRNA)-binding domain; TPR, tetratricopeptide repeat (TPR); TZF, tandem zinc-finger motifs; SDF, S1 domain-containing protein; CRM,
chloroplast RNA splicing and ribosome maturation; HAT, Half-A-TPR (HAT);, UBQ, ubiquitin; ZF, zinc-finger; SN, staphylococcal nuclease-like domain; LSM, Sm-like; RGG,
arginine-glycine rich; CRM, Chloroplast RNA splicing and ribosome maturation; SDR, S1 domain-containing;, PABC, poly(A)-binding protein C-terminal domain.
2Description of species: At, Arabidopsis thaliana; Os, Oryza sativa; Nt, Nicotiana tabacum; Cs, Cucumis sativus; Br, Brassica napus; SI, Solanum lycopersicum; Cs,
Cucumis sativus; Ta, Triticum aestivum,; Gm, Glycine max; Lb, Limonium bicolor; Lp, Lolium perenne; Ms, Medicago sativa, Hv, Hordeum vulgare; Ng, Nicotiana glutinosa;
Pp, Physcomitrella patens; Es, Euphorbia esula.

3Description of Location: Nc, nucleus; Cy, cytoplasm; Cw, cell wall; Cm, cell membrane; Ch, chloroplast; Mt, mitochondria.

4Description of response to abiotic stress: +, positive regulation; —, negative regulation; s, stress granule related.

5Relationship between RBP and ABA: J(+), induced by ABA; \/(—), repressed by ABA; x, no response to ABA.

Sinteraction with SGs: J/means the protein localizes in SGs or participates in SG formation.

—, unknown or not detected.

Frontiers in Plant Science | www.frontiersin.org 6 June 2022 | Volume 13 | Article 882596


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Yan et al.

RBPs in Stress and SGs

modular structure of GRPs likely directly contributes to these
functions. While the N-terminal RRM is responsible for the
nucleic acid-binding and RNA chaperone activities of AtGRP7,
this region also confers higher growth-stimulating activity than
its C-terminal region in E. coli under cold stress (Kim J.S.
et al,, 2007), suggesting the crucial role of the N-terminal region
in cold response.

Zinc finger glycine-rich proteins (RZs) are another type
of group IV GRPs, which contain a CCHC-type zinc finger
domain instead of RRM. The Arabidopsis genome contains
three RZ genes; AtRZ-la, AtRZ-1b, and AtRZIl-c (Lorkovi¢
and Brarta, 2002; Kim Y.O. et al., 2007). Similar to GR-RBPs,
loss of AtRZ-1 function affects seed germination and seedling
growth at low temperature, while its overexpression enhances
freezing resistance in Arabidopsis (Kim et al., 2005). Different
from the case under cold stress, however, AtRZ-1a plays a
negative role under salt or dehydration stress conditions as its
overexpression retards germination and seedling growth under
these stress conditions (Kim Y.O. et al., 2007). Proteomic analysis
of a overexpression line in comparison with wild-type showed
that AtRZ-1a modulates the expression of several germination-
responsive genes (Kim Y.O. et al., 2007) including those related
to reactive oxygen species homeostasis that are closely connected
with the plant abiotic stress response. In rice, RZs may also
function as RNA chaperone under cold stress (Kim et al., 2010a).
While expression of the three rice RZ genes remain unchanged
under salt and dehydration stress, their expression is up-regulated
under cold stress. Interestingly, of the three rice RZs, only
OsRZ2 could rescue cold-sensitive Arabidopsis grp7 knockout
plants from cold and freezing damage. Biochemical and cellular
studies show that OsRZ2 possesses DNA-melting activity and
transcription anti-termination activity, and complements the
defect in mRNA export from the nucleus to the cytoplasm in grp7
mutant. These findings suggest that the function of OsRZ2 as a
RNA chaperone may contribute to cold resistance.

Another representative cold responding RBPs belong to the
cold shock domain proteins (CSDPs) family. Similar to the cold
shock protein (CSP) in prokaryotes, the plant CSDPs contain a
cold shock domain (CSD). The CSD is highly conserved nucleic
acid binding domain with the dual capability in binding DNA
and single-stranded RNA (Hunger et al,, 2006). In addition
to the CSD domain, plant CSDPs usually possess additional
glycine-rich regions interspersed with multiple CCHC-type zinc
finger at the C-terminus (Chaikam and Karlson, 2008). Although
the properties of bacterial CSPs have been well established,
the functions of plant CSDPs have yet to be fully resolved.
Recent studies suggest that some CSDPs such as the Arabidopsis
AtCSDP1 and AtCSDP3 (Kim et al., 2009), the cabbage BrCSDP3
(Choi et al,, 2015), and the wheat and rice CSDPs perform as
RNA chaperones (Kim J.S. et al., 2007) enabling RNAs to attain
a functionally active state in vivo. This can be accomplished by
promoting or preventing RNA-RNA interactions and eliminating
non-functional conformational structures (Rajkowitsch et al.,
2007), which can impact the molecular fate of RNA and thus
help plants prevent or overcome cellular stress damage under
adverse conditions. In Arabidopsis, expression of AtCSDPI1 and
AtCSDP3 is induced by cold stress (Kim et al., 2009). Mutant

AtCSDP3 display increased plant sensitivity to low temperature,
while overexpression of AtCSDP3 enhances plant tolerance to
cold stress (Kim et al., 2009). AtCSDP2 possesses nucleic acid
melting activity (Sasaki et al., 2007) and is able to complement
the cold sensitive E. coli BX04, a quadruple deletion mutant of
cold shock domain proteins. In rice, OsCSDP1 and OsCSDP2
play a similar role and have the ability to bind nucleic acid as well
(Chaikam and Karlson, 2008). Notably, different from GRPs that
prefer to bind poly(U) sequence, AtCSDP1 binds preferentially to
single-stranded DNA and G-rich RNAs (Kim J.S. et al., 2007).

C-terminal CCHC-type zinc fingers in CSDPs are reported to
be essential for nucleic acid-binding and RNA chaperone activity.
A CSDP gene lacking the C-terminal zinc fingers is unable to
fully recover growth of bacterial BX04 cells. Conversely, the
C-terminal region of AtCSDP comprising seven zinc fingers has a
stronger growth-stimulating activity than the N-terminal region
under cold stress (Kim J.S. et al., 2007).

Another prominent candidate for RNA chaperone activity
under stress condition is the DEAD-box RNA helicases. RNA
helicases (RHs) are ATP-dependent enzymes, which unwind
double-strand RNAs and participate in multiple steps of RNA
metabolism (Cruz et al., 1999; Tanner and Linder, 2001; Lorsch,
2002). As its name implies, DEAD-box RNA helicases usually
contain the amino acids Asp-Glu-Ala-Asp (DEAD) box, which
comprise the largest subgroup of RNA helicases. Several DEAD-
box RNA helicases are found to participate under various
stress conditions. The nucleus-located DEAD-box RNA helicase
from Arabidopsis, previously named LOS4 (low expression of
osmotically responsive genes 4) (Gong et al., 2005), is highly
enriched at the nuclear rim. Mutant LOS4 have reduced content
of poly(A)™ RNAs at high temperature, suggesting that LOS4
may function as essential factor to regulate RNA export under
heat stress. The rice OsRH42 is tightly coupled to temperature
stress with a specific location in nuclear speckles to support
pre-mRNA splicing at low temperature (Lu et al.,, 2019). DH1
from the halophyte Apocynum venetum, a typical helicase that
unwinds DNA and RNA, is involved in the response of plants to
salinity stress (Liu et al., 2008). Cold-induced rice TCD33 with
the DEAD-box RNA helicase domain is believed to be involved
in chloroplast ribosome assembly and has been shown to affect
chloroplast biogenesis under cold stress (Wang et al., 2020).
In addition, chloroplast localized AtRH3, OsRH58 and BrRH22
contribute to structural rearrangement of target mRNA through
their RNA chaperone activity, thus influencing chloroplast
mRNA translation for subsequent efficient translation control
under stress (Gu et al., 2014; Nawaz et al., 2018; Nawaz and Kang,
2019). The ectopic expression of the rice OsRH58 or cabbage
BrRH22 confers increased tolerance of Arabidopsis to cold stress
presumably by stimulating the translation of chloroplast mRNAs
such as POR, RBCL, CLPB3, PSBA, and PETA transcripts (Nawaz
etal., 2018; Nawaz and Kang, 2019).

The association of chloroplast-located RHs with stress
response readily supports the involvement of organelle-located
RBPs in acclimating plants to environmental stress. Other
organellar RBPs possessing S1 RNA-binding domain (SDP),
chloroplast RNA splicing and ribosome maturation (CRM)
domain, or pentatricopeptide repeats (PPR) are also reported
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FIGURE 1 | Model depicting the regulatory functions of the typical RNA-binding proteins in plant adaptation to abiotic stress. Environmental stress caused by sallt,
drought, cold, heat, hypoxia, flooding or oxidative conditions may induce or repress the expression of relevant RBPs. During the response, RBPs may act in a
ABA-dependent or independent pathway to regulate gene expression and play various roles in RNA metabolism including RNA processing and alternative splicing in

the nucleus, nuclear export of MRNAs, mMRNA degradation via processing bodies, mRNA storage in stress granules, and translational control in the cytoplasm. Some
RBPs may also function as RNA chaperones to assist RNA folding and structure remodeling. Nuclear-encoded RBPs may also be targeted to chloroplasts or

mitochondria and participate in intron splicing, rRNAs processing and/or translation of plastid mMRNAs, processes critical for organellar biogenesis and function
during plant adaptation to stress. Examples of RBPs that are involved in each cellular process are shown in the model. More detailed information can be found in

Table 1 and in the main text.

to function as RNA chaperones in assisting the correct folding
of target RNA structure during plant growth and development,
as well as under abiotic stress. SI domain containing-protein
(SDP), first identified in the E. coli ribosomal protein S1 (RPS1),
has the ability to bind RNA during RNA degradation and
protein synthesis (Subramanian, 1983; Francesco et al., 2011).
Nuclear-coded chloroplast SDPs play crucial roles in chloroplast
biogenesis and photosynthesis (Dinh et al., 2019; Lee and Kang,
2020). The chloroplast 168, 23S, 4.58 rRNAs are severely damaged
in sdp mutant lines, which are unable to survive on sucrose
deficient media due to defective photosynthesis (Han et al., 2015).
The effects on rRNA processing in chloroplasts contributes to
their positive function during UV, salt, heat or freezing stress
tolerance (Dinh et al., 2019).

Chloroplast RNA splicing and ribosome maturation (CRM)
proteins, first described in Archaea and eubacteria (Asakura and
Barkan, 2007; Jacobs and Kiick, 2011), contain a highly conserved
GxxG sequence in the loop of the CRM domain. An Arabidopsis
mitochondrial CRM Protein 9 (AtCFM9), which mediates

the splicing of many intron-containing genes, is required for
normal mitochondrial function. It plays an active role in seed
germination and seedling growth under normal conditions as
well as during ABA treatment, high salinity, or dehydration
stress (Lee et al, 2019). Likewise, the chloroplast-localized
CFM4 protein is also essential for normal seed germination
and seedling growth. Unlike the mitochondria-localized protein,
which is required for intron splicing, CFM4 is required for
normal processing of chloroplast 16S and 4.5S ribosomal genes
(Lee et al., 2014).

Pentatricopeptide repeat (PPR) proteins usually fold into a
pair of antiparallel a helices, ranging from 2 to 30 tracts, and
contribute to organellar RNA metabolism (Small and Peeters,
2000; Small et al., 2020). Chloroplast-localized PPR proteins,
WSLs (Tan et al,, 2014; Liu et al, 2018), OsV4 (Gong et al,
2014), and TCD10 (Wu et al., 2016) from rice, are involved in
cold stress by affecting the splicing of chloroplast RNA transcripts
rpl2, rpl21, and rpsI2 as well as 16s rRNA. Overexpression
of mitochondria-localized PPR40 in Arabidopsis promotes seed
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germination and seedling growth under treatment of high salinity
or ABA by reducing reactive oxygen species (ROS) damage in
the mitochondria (Zsigmond et al., 2008). Loss-of-function of
the PGN (Pentatricopeptide Repeat Protein for Germination on
NaCl) gene in Arabidopsis, affects the expression of mitochondrial
NAD1I, RPL2, NADY, and MATR genes. Arabidopsis PGN mutant
lines are susceptible to ABA and salt stress, and to necrotrophic
fungal pathogen infections (Laluk et al., 2011).

Although the functional role of these organellar RBPs are
still not fully understood, most of the currently reported stress-
responsive organellar RBPs are involved in intron splicing of
key genes or rRNA processing during organellar biogenesis
under normal or stress conditions. Further research is required
to identify other novel organellar RBPs and their target
RNAs, and to uncover the mechanisms underlying their RNA
chaperone function. Such knowledge will greatly enrich our
understanding of how post-transcriptional gene regulation
within organelles interfaces with normal plant growth and
development and during stress.

RNA-BINDING PROTEINS MEET STRESS
GRANULES

A consequence of translational suppression under adverse
environment is the sequestration of mRNA transcripts into
aggregates of cytoplasmic RNA-protein complexes as stress
granules (SGs) (Kedersha et al, 1999; Weber et al., 2008;
Buchan and Parker, 2009). SGs are one type of cytoplasmic
membrane-free structures mainly composed of polyadenylated
mRNA transcripts together with translation initiation factors,
the 40S ribosomal subunit, and RBPs (Chantarachot and Bailey-
Serres, 2017). The formation and assembly of SGs are reversible,
allowing the temporary storage of mRNAs in SGs under adverse
conditions. Once released from SGs, mRNAs can be selectively
sorted to the degradation pathway or re-enter the translational
cycle (Lee, 2012). Thus, SGs functionally connect with two other
cytoplasmic mRNP complex structures, i.e., polysomes for active
translation and processing bodies (PBs) for potential decay.
Collectively, they form a triangular control hub of dynamic
mRNA balance (Kedersha and Anderson, 2002; Brengues et al.,
2005; Chantarachot and Bailey-Serres, 2017).

The evolutionary conserved SGs are highly dynamic
organelles in eukaryotes. Although they were discovered
more than 100 years ago (Miller, 1900), the nature of the
aggregates, the mechanism of formation, and the dynamics
of their compositions still remain elusive. Due to technical
limitations, our understanding of plant SGs are derived mainly
from yeast and mammalian studies. Maruri-Lopez et al. (2019)
provided a comprehensive review about the formation, assembly,
disassembly and components of plant SGs with extended
information from yeast and mammalian system. In plants, while
a variety of stress conditions such as heat, salt, hypoxia and
darkness, inhibition of oxidative phosphorylation, and hormone
treatments can trigger the formation of SGs (Weber et al., 2008;
Pomeranz M.C. et al,, 2010; Sorenson and Bailey-Serres, 2014;
Yan et al., 2014; Gutierrez-Beltran et al., 2016; Jang et al., 2020),

the function and formation of plant SGs are best understood
under heat and hypoxia stress.

Current knowledge suggests that SGs are formed via liquid-
liquid phase separation (LLPS) of mRNP complexes and grow
through a nucleation process with a core formation by the co-
assembly of essential proteins. While the protein composition in
SGs is heterogeneous and the protein components vary greatly
according to the different stresses (Buchan et al., 2013; Mahboubi
and Stochaj, 2017), emerging evidences have suggested the crucial
role of RBPs to drive LLPS induced SG formation (Han et al.,
2012; Kato et al., 2012; Molliex et al., 2015; Wheeler et al., 2016;
Maruri-Lopez et al., 2019). The LLPS process is considered to
be highly dependent on the polymerization of low-complexity
domain (LCD)-containing proteins (Han et al., 2012; Kato et al.,
2012) that tends to be intrinsically disordered proteins (IDPs).
While low-complexity domains are often observed in RNA and
DNA binding proteins (Hennig et al., 2015; Chakrabortee et al.,
2016; Ntountoumi et al., 2019), several mammalian RBPs such
as fused in sarcoma (FUS) (Bosco et al., 2010), heterogeneous
nuclear ribonucleoprotein A1 (hnRNPA1) (Molliex et al., 2015)
and T-cell restricted intracellular antigen-1 (TIA-1) (Ding et al.,
2021), polymerize via their low complexity domains and drive
the transition of LLPS into SGs (Lin et al., 2015; Molliex et al.,
2015; Boeynaems et al., 2018; Luo et al., 2018). In plants, a recent
study reveals that two Arabidopsis glycine-rich RNA-binding
proteins RBGD 2 and 4 undergo LLPS in vitro and accumulate
into heat-induced SGs (Zhu et al., 2022). This process is driven
by low complexity domains located in their C-termini where
tyrosine residues are required to mediate RBGD 2/4 LLPS both
in vitro and in vivo (Zhu et al., 2022). LLPS status is a reversible
phenomenon with an equilibrium between polymerization and
depolymerization (Kato et al, 2012; Li et al., 2012), which
may directly contribute to the dynamic control of SG assembly
and disassembly. Thus, RBPs are essential modulators of SG
formation during stress response.

In addition to RBGD 2/4, several RBPs have been found to
serve as core components and scaffolds to selectively sequester
RNA transcripts and recruit other factors to mediate the
formation, growth, assembly and stability of plant SGs (Niewidok
et al., 2018; Duan et al., 2019). While their LLPS properties have
not been extensively investigated, most of the RBPs specifically
recognize and sequester target RNA transcripts to SGs. Here,
we summarize the regulatory roles of specific RBPs in SG
formation in plants.

Current evidence suggests that oligouridylate binding protein
1 (UBP1) and RNA-binding protein 45/47b (RBP45/47) family
proteins are the core components of SGs. Both proteins contain
three RRM domains and show high homology to TIA-1 (T-cell
intracellular antigen 1) and TIAR (TIA-1 related protein), two
proteins essential for human SG assembly (Kedersha et al., 1999;
Gilks et al., 2005). They exhibit dynamic localization behavior
shuttling between the cytoplasm and nucleus under normal
conditions, but relocate to cytoplasmic SG foci under stress (Gilks
et al.,, 2005). Thus, they are used as marker proteins to locate
and visualize plant SGs (Sorenson and Bailey-Serres, 2014). In
Arabidopsis, the UBP1 family contains 3 members, AtUBP1a,
AtUBP1b and AtUBPIc. All are found to reversely form SGs
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upon heat stress (Sorenson and Bailey-Serres, 2014; Chau et al,,
2016). Among them, overexpression of UBPIb induces the
expression of 117 genes and enhances heat tolerance (Chau
et al, 2016). A hypothesis derived from RNA decay analysis
suggests that UBP1b SGs protect stress-related mRNAs from
degradation during heat stress (Chau et al., 2016). UBPIa and
UBPIc are also reported to respond low-oxygen stress (Sorenson
and Bailey-Serres, 2014). UBP1c normally interacts with U-rich
3’UTR under non-stress conditions. During hypoxia, however,
UBPlc prefers to bind non U-rich mRNAs and sequesters
them into SGs (Sorenson and Bailey-Serres, 2014). When
subjected to re-oxygenation, UBPlc SGs rapidly disassemble
and release the stabilized mRNA to form polysome complexes
(Sorenson and Bailey-Serres, 2014). Hence, UBP1 may function
as molecular switch that selectively associates with target mRNAs
and dynamically regulates SG assembly.

RNA-binding protein 45 and RBP47 family proteins usually
associate with poly(A) + RNA (need to check format) as they
participate in pre-mRNA maturation in the nucleus (Lorkovi¢
et al.,, 2000). These RBPs relocate to SG foci in the cytoplasm
when exposed to heat, salt and hypoxia (Weber et al., 2008; Yan
et al., 2014; Gutierrez-Beltran et al., 2016). RBP47 was found to
co-localize and behave identically with UBP1, suggesting they
may play a similar role during stress response (Weber et al,
2008). RBP47b was reported to interact with other polyadenylate-
binding proteins (PABPs), such as PABP2, PABP4, PABP5, and
PABP8 (Kosmacz et al., 2019). PABP2 is also required for SG
aggregation and used as a marker protein to visualize SGs.
In addition, RBP47b was found to interact with the small
molecule 2/, 3’-cAMP during SG formation under heat stress
(Kosmacz et al., 2018), and recruit angustifolia protein (AN) to
assemble SGs under high temperature, salt, osmotic and hypoxia
stress conditions (Hemal and Martin, 2017). These observations
suggest that RBP47 has a specific function, yet to be identified,
in SG formation.

Tudor-SN (tudor staphylococcal nuclease) is a common SG
protein found in mammals, yeast and plants (Sorenson and
Bailey-Serres, 2014). Tudor-SN is an evolutionarily conserved
RBP characterized by four complete staphylococcal nuclease
(SN) domains at the N-terminal end, and a Tudor domain
followed by a partial SN domain at the C terminus (Gutierrez-
Beltran et al., 2016). Tudor-SNs was initially discovered as a
transcriptional co-activator (Yang et al., 2006), but participates
in a wide variety of activities in the nucleus, e.g, in vitro
spliceosome assembly in Drosophila (Pham et al., 2004), and in
the cytoplasm, e.g., serving as a cytoskeleton-associated RNA-
binding activity and component of RNA transport in rice (Wang
et al,, 2008; Chou et al., 2017). Under salt and heat stress,
Arabidopsis lines harboring mutations in the Tudor-SN genes,
tsnl and tsn 2, exhibit severe defects in seed germination, seedling
growth, survival, and adaptability (Dit Frey et al., 2010; Yan et al,,
2014; Gutierrez-Beltran et al., 2016). Further transcriptome and
mRNA decay analyses of the mutants indicate the instability of
its target transcripts and induce the assembly of translationally
inactive ribonucleoparticles in the cytoplasm (Dit Frey et al.,
2010). Tudor-SN are localized in heat-stressed induced SGs (Yan
etal,, 2014; Gutierrez-Beltran et al., 2016), together with other SG

relevant proteins such as PAB4, HSP70, and RBP47b (Gutierrez-
Beltran et al., 2021; Maruri-Lopez et al., 2021). Moreover, the
presence of Tudor-SN and SG formation are both required
for activation of heat-induced SNF1-related protein kinase 1
(SnRK1) (Gutierrez-Beltran et al, 2021), an ortholog of the
mammalian AMP-activated protein kinase (AMPK) and key
regulator of TOR (target of rapamycin) (Shaw, 2009; Leene et al.,
2019). Given the essential roles of SnRK1 and TOR proteins
as integrators of transcriptional networks in stress and energy
signaling (Baena-Gonzilez et al., 2007; Belda-Palazén et al,
2020), TSN may engage with SG formation to activate stress-
induced AMPK/SNF1/SnRK1 signaling. A recent study from
Arabidopsis reveals that Tudor-SN itself is a highly disordered
protein, and can act as a IDP to serve as a scaffold to recruit
approximately 30% of its interacting proteins, forming a large
IDP pool, to de novo induce stress granules upon stress perception
(Gutierrez-Beltran et al., 2021). Taken together, in addition to its
participation in regulating specific mRNAs and stress signaling,
TSN may act as a docking platform to promote SG formation
under stress condition.

Ras GTP SH3 domain binding proteins (G3PBs) are also
associated with stress response and SG formation. G3BPs are
usually characterized by the presence of a nuclear transport
factor 2 (NTF2) like domain at the N-terminus, an RRM
domain, and an arginine-glycine rich (RGG) region at the
C-terminus with acid-rich and proline-rich (PXXP) regions in
the center (Tourriere et al., 2001; Abulfaraj et al., 2021). G3BP
members from Arabidopsis respond to high light, heat, salt and
oxidative stress, although, unlike the other stress conditions,
their expression is suppressed under oxidative stress (Abulfaraj
et al., 2021). A recent study showed that all eight AtG3BPs
are located in stress granule-like structures after heat treatment
(Abulfaraj et al., 2021; Reuper et al., 2021). In human cells,
the binding of G3BPs to 40S ribosomes via their RGG domain
is required for stress granule condensation (Kedersha et al,
2016). This process is controlled by Caprinl and USP10, where
Caprinl binding to G3BP promotes SG formation, whereas
USP10 binding inhibits SG formation. Thus, G3BP may act as
a switch to regulate the formation of SGs via its interaction with
Caprinl or USP10. In Arabidopsis, AtG3BPs is found to interact
with AtUBP-24, a homolog of the human USP10, suggesting
that plant G3BPs may play a similar role in SG formation
(Reuper et al., 2021).

Both SGs and PBs are membrane-less cytoplasmic foci to
sequester repressed mRNA. While PBs are distinct from SGs
in possessing RNA-decapping and -degradation machineries,
PBs and SGs are compositionally linked in sharing common
components. This view is supported by the dual localization of
RBPs in SGs and PBs, which also suggest the involvement of
RBPs in the selective sorting of transcripts for degradation or
storage. One common RBP activity found in SGs and PBs are
the TZF proteins. They typically contain two zinc-binding CCCH
motifs arranged in tandem and an Arg-rich motif upstream
of the TZF motifs (Bogamuwa and Jang, 2014). Arabidopsis
TZFs play diverse roles in plant growth and development, and
respond to salt, drought, cold and oxidative stress (Bogamuwa
and Jang, 2014; Han et al, 2021). AtTZF1 was found to
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shuttle between the nucleus and cytoplasmic PBs under normal
condition, but predominantly target to SG-like foci during
heat stress (Pomeranz M. et al., 2010). The other three TZFs,
AtTZF4, AtTZF5, and AtTZF6, were also found to physically
interact with both SGs and PBs, along with MEDIATOR
OF ABA-REGULATED DORMANCY]1 and RESPONSIVE TO
DEHYDRATION21A, during seed germination (Bogamuwa and
Jang, 2014). In rice, OsTZF1, which is induced by drought,
salt, abscisic acid, methyl jasmonate, and salicylic acid, localizes
in cytoplasmic foci and its co-localization with SG and PB
markers is enhanced under stress conditions (Jan et al,
2013). This is consistent with the human TZF family protein
tristetraprolin (TTP), which shuttles between the nucleus and
cytoplasm but is concentrated in SGs and PBs under stress
conditions (Phillips et al., 2002). A more recent study reported
that Arabidopsis DHH1/DDX6-like RNA helicases, RH6, RHS,
and RHI12, physically associate with both PBs and SGs and
co-localize with their marker proteins DCP2 and UBPIC,
respectively (Chantarachot et al., 2020). Although SGs and
PBs share common RBPs, the specific roles of these RBPs in
these membrane-less organelles remain unclear. The discovery
of supramolecular complexes of SGs and PBs in tobacco
mesophyll protoplasts (Weber et al., 2008), which may serve as
sorting hub for PBs and SGs, adds another layer of mystery
to the regulatory mechanism underlying the close relationship
between SGs and PBs. Whether these common RBPs are
the main determinant factors in determining mRNA fate and
regulating the kinetic formation of SGs and PBs deserve further
investigation in future.

RNA-BINDING PROTEINS INTERPLAY
WITH ABSCISIC ACID

Abscisic acid (ABA) has been called the stress hormone
as it triggers plant stress responses and regulates complex
communication among different stress signals (Mehrotra et al.,
2014). When adverse environmental conditions appear, especially
under osmotic stress induced by drought or salinity, ABA
biosynthesis is significantly enhanced. In turn, the elevated ABA
levels initiate signal transduction by binding to its receptor,
which leads to a variety of plant responses including stomatal
closure, changes in gene expression, and adaptive physiological
responses (Ng et al., 2014; Sah et al, 2016). ABA also plays
essential roles in many other cellular processes, such as seed
production and germination, vegetative growth, and modulation
of root architecture (Harris, 2015; Benderradji et al., 2021).
Along with the discovery of RBPs in stress response,
considerable effort also reveals a close connection between RBPs
and ABA. One important example of a RBP closely related to
ABA is the ABA-activated protein kinase (AAPK)-interacting
protein 1 (AKIP1), a heterogeneous nuclear ribonucleoprotein
(hnRNP) initially identified in Vicia faba (Li et al., 2000, 2002).
ABA induces the phosphorylation of AKIP1, which activates its
interaction with mRNAs to form subnuclear foci reminiscent
of nuclear speckles under ABA treatment (Li et al., 2002).
A close homolog of AKIP1 in Arabidopsis is the poly(U)-Binding

Associated protein (UBA2a), which also showed similar behavior
of relocation to nuclear speckles in response to exogenous ABA
and drought stress (Riera et al., 2006; Bove et al., 2008). The UBA
family proteins, including UBA1 and UBA2 families, are also
called UBP1-associated proteins due to their direct interaction
with UBP1. UBP1, UBAla, and UBA2a are nuclear proteins
and may act as a complex to recognize U-rich region in 3'-
UTRs enabling mRNA maturation and stability in the nucleus
(Lambermon et al., 2002; Riera et al., 2006; Wachter et al., 2012)
during ABA-dependent stress response.

As shown in Table 1, the majority of the stress associated
RBPs respond to both ABA and stress treatment, suggesting these
RBPs function in an ABA-dependent pathway during stress. ABA
reduces the expression of AfRZ-Ia (Kim et al., 2005), DEAD
box RNA helicase genes such as the LOS4 (low expression of
osmotically responsive genes 4), and STRSI and STRS2 (STRESS
RESPONSE SUPPRESSORI and 2) (Gong et al., 2005; Kant
et al., 2007). While exogenous ABA inhibits seed germination
of the AtRZ-1a overexpression line, it promotes the germination
of mutant seeds under salt or drought stress conditions (Kim
Y.O. et al,, 2007). Likewise, a mutation in the DEAD box
RNA helicase genes confers an ABA hypersensitive phenotype
and improves tolerance to multiple abiotic stresses including
cold, salt, osmotic, and heat (Gong et al., 2005; Kant et al,
2007). These results indicate that these genes negatively regulate
ABA-dependent plant stress response. Additionally, the mRNA
cap-binding protein ABHI (abscisic acid hypersensitive 1), the
Sm-like small nuclear ribonucleoprotein SAD1 (supersensitive
to ABA and drought 1), and the double-stranded RNA-binding
protein HYL1 (hyponastic leaves 1) have also been identified
as negative regulators of ABA-dependent seed germination and
drought tolerance (Lu and Fedoroff, 2000; Xiong et al., 2001;
Hugouvieux et al., 2002; Kuhn, 2003; Hg et al., 2005).

The Arabidopsis SR45 protein may also function as a
negative regulator of ABA as well as glucose signaling during
seedling development (Carvalho et al, 2016). Palusa et al.
(2007) performed a comprehensive analysis of alternative splicing
pattern of SR proteins in Arabidopsis under hormone and stress
treatments. They found that most of the SR genes underwent
differential alternative splicing patterns under ABA treatment
or salt stress (Palusa et al., 2007). Although their function as
a negative regulator in ABA and stress responses is largely
unknown, SR proteins are thought to play crucial roles in
multiple steps of nuclear RNA processing and mRNA export
and thus affect the expression of known stress-responsive genes
and ABA relevant signal molecules to increase plant sensitivity
to ABA and stress (Gong et al., 2005). For example, the ABHI
defective mutant showed mis-expression of the crucial ABA
signaling molecule AtPP2C (Hugouvieux et al., 2001), a known
negative regulator in ABA signaling, which may contribute to the
ABA hypersensitive phenotype in the mutant.

On the other hand, the expression of some RBPs are
positively associated with ABA treatment. For example, BrRZ1,
2 and 3 (Park et al, 2017), BrCSDP3 (Choi et al., 2015),
and BrRH22 (Nawaz et al, 2018) from Brassica napus
positively respond to ABA induction. Likewise, the expression
of several GRPs, OsGRP3 (Shim et al., 2021), NtGRPI
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(Lee et al., 2009; Khan et al., 2013), MsGRP (Long et al., 2013),
LpGRP1I (Shinozuka et al., 2006), and NgRBP (Huang et al., 2019),
increase under treatment of ABA (Table 1). The Arabidopsis
nucleocytoplasmic AtTZF1 acts as a positive regulator of ABA
and sugar responses and its overexpression enhances plant
tolerance to cold and drought stresses (Lin et al., 2011). Analysis
from microarray indicate that over-expression of AtTZF1 down-
regulate the expression of GA-Stimulated Arabidopsis 6 (GASA6),
a GA-inducible and ABA-repressible peptide hormone, thus
functioning as an upstream regulator to modulate ABA signaling
(Lin et al., 2011).

Organellar-localized proteins play distinct roles in the plant’s
response to ABA. A recent study (Kwanuk et al., 2019) found
that the mitochondria-localized Arabidopsis CFM9, a CRM
domain-containing protein, positively regulates Arabidopsis seed
germination and seedling growth in the presence of ABA and
stress. The loss-of-function mutant of the chloroplast-localized
RH3, which is involved in the splicing of ndhA and ndhB introns,
is hypersensitive to ABA (Gu et al, 2014). Mutation of the
chloroplast-localized PPR protein GENOMES UNCOUPLED1
(GUNI1) confers slow-growth phenotype under ABA treatment
in Arabidopsis (Cottage et al., 2010). While mediating a plastid
to nucleus retrograde signaling pathway during chloroplast
biogenesis, GUNI is reported to regulate the expression of
LHCBI (Cottage et al., 2010) and the functionally related cold
and ABA responsive AtRH50 that is require for the maturation
of 23S and 4.5S rRNAs (Paieri et al., 2018). The rice WSL, which
is involved in the splicing of chloroplast rpl2 introns, shows
enhanced seed germination and seedling growth in response
to ABA, owing to its reduced translation efficiency (Tan et al,,
2014). Arabidopsis ABO5 and ABOS, which are involved in the
splicing of mitochondrial nad2 intron3 and nad4 intron3, have
been shown to have increased sensitivity to ABA under post-
germination and root growth phase by accumulating reactive
oxygen species (ROS) in the mitochondria (Liu et al., 2010;
Yang et al.,, 2014). Chloroplast-targeted SRRP1, which has two S1
domains, is involved in intron splicing of chloroplast tRNAs. Loss
of gene function decreases plant sensitivity to ABA and impairs
the splicing of the chloroplast trnL intron and processing of 58
rRNA in the presence of ABA (Gu et al., 2015).

Irrespective of whether they are negative or positive regulators
in ABA signaling, the current studies reveal a dual relationship
between RBPs and the ABA signaling pathway. That is, ABA
can significantly affect the expression of RBPs and, in turn,
post-transcriptional control of gene expression. Hence, RBPs are
critical components for ABA signaling. Further identification and
characterization of the direct targets of these RBPs will be helpful
to elucidate the molecular mechanisms underlying ABA signaling
and stress response.

Although there is no evidence that stress-induced ABA
signaling pathway has a direct relationship with stress granules,
the association of RBPs common to both ABA signaling pathway
and stress granule formation infers a connection. It was reported
that elevated cytoplasmic concentrations of hnRNPA1, hnRNPA2
and FUS, RNA-binding proteins that contain low complexity
domains, resulted in an increased assembly of stress granules in
human HeLa cells (Molliex et al., 2015). In vitro cell free study of

RNA granule formation suggest that high concentrations of low
complexity domain-containing proteins promote LLPS process
required for SG formation (Han et al., 2012; Kato et al., 2012;
Zhu et al.,, 2022). Thus, the concentration of cytoplasmic RBPs
may have direct effect to trigger LLPS of RBPs and in turn,
SG nucleation within the cell. Similar situation may occur in
plant cells. Indeed, in the case study of OsTZF1, ABA treatment
enhanced the formation of OsTZF1 associated stress granule-like
foci in rice root cells (Jan et al., 2013). Given that ABA treatment
promotes the expression of OsTZF1, the enhanced appearance
of SG-like foci may be due to the triggering of LLPS formation
mediated by high concentrations of OsTZF1. Although further
study is required, we hypothesize that ABA treatment may trigger
the formation of SGs through increasing the concentration of
ABA-responsive RBPs.

It is likely that not all of the RBPs involved in stress
responses interplay with ABA (Table 1) ie., the regulatory
role of some RBPs can be ABA-independent. For example,
overexpression of AtGRP2 does not accelerate Arabidopsis
seed germination and seedling growth following addition of
abscisic acid (ABA) when compared to wild-type plants (Kim
et al,, 2010c), implying that AtGRP2 affects seed germination
via an ABA-independent pathway. Another example is the
nuclear DEAD-box RH protein AtRH17. When overexpressed in
Arabidopsis, the transgenic lines display tolerance to salt stress
(Nguyen et al., 2018). Based on transcriptome analysis, however,
no changes are observed between ABA-dependent and ABA-
independent pathways in the transgenic lines (Nguyen et al,
2018), implying the possible existence of an unidentified stress-
responsive pathway.

FUTURE DIRECTION

Along with the improvement of high-throughput -omics
techniques combined with protein-RNA interaction technology,
we are now beginning to understand the diverse biological roles
of RBPs in plant growth and development, and during plant
stress. Due to their modular structures, RBPs are multifaceted
in mediating the fate of RNA through post-transcriptional
gene regulation. Although a growing body of evidence shows
a close association of RBPs during plant stress tolerance, SGs
formation, and ABA signaling, our understanding of RBPs in
these processes remain extremely limited and many knowledge
gaps remain to be resolved. These include the specific RNAs
targeted by these RBPs and their interacting protein partners
during normal plant growth and development as well as under
stress, the functional roles of RBPs and their interacting protein
partners during the dynamic interchange of SGs with PBs and
active polysomes, and the underlying mechanism of RBPs with
the ABA transduction signaling pathway. Applications using
RNA immunoprecipitation (RIP) coupled with high-throughput
sequencing (RIP-seq) in combination with crosslinking (CLIP-
seq) may help to elucidate a more detailed landscape of
RBPs and their specific target RNAs. The newly developed
technologies in mammals, such as targets of RNA-binding
protein identified by editing (TRIBE) and RNA tagging
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(Aoife et al., 2016), may also be used as alternative approaches
to identify the genome-wide RBP targets. The employment
of high-resolution microscopy techniques assisted with cell
type-specific isolation and subcellular fractionation can
provide unprecedented information to determine the precise
functions of RBPs in the nucleus, cytosol, and other organelles
and reveal their possible function in SG formation. The
functional characterization of individual RBP will also be
extremely important to enrich our understanding about RBPs
in stress response. Precise gene editing and knockout tools
such CRISPR/Cas9 will provide a promising approach to
characterize the functions of individual RBPs under abiotic
stress conditions.
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