W

ELSEVIER

Light-regulated pre-mRNA splicing in plants
Praveen Kumar Kathare and Enamul Huq

Abstract

Light signal perceived by the red/far-red absorbing phyto-
chrome (phy) family of photoreceptors regulates plant growth
and development throughout the life cycle. Phytochromes
regulate the light-triggered physiological responses by con-
trolling gene expression both at the transcriptional and post-
transcriptional levels. Recent large-scale RNA-seq studies
have demonstrated the roles of phys in altering the global
transcript diversity by modulating the pre-mRNA splicing in
response to light. Moreover, several phy-interacting splicing
factors/regulators from different species have been identified
using forward genetics and protein—protein interaction studies,
which modulate the light-regulated pre-mRNA splicing. In this
article, we summarize our current understanding of the role of
phys in the light-mediated pre-mRNA splicing and how that
contributes to the regulation of gene expression to promote
photomorphogenesis.
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Introduction

One of the most important environmental factors that
has a profound effect on plant growth and development
is light. At young seedling stage, the perception of light
enables plants to switch from skotomorphogenesis (a
dark-adapted developmental program characterized by
long hypocotyl, small and unopened cotyledons) to
photomorphogenesis (a light-adapted developmental
program characterized by short hypocotyl, open
expanded and green cotyledons suitable for photosyn-
thetic growth). At later stages of growth, light plays a
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crucial role in regulating shade avoidance, flowering
time, and eventually senescence. Plants have several
classes of photoreceptors including, the phototropins
(PHOTs) and cryptochromes (CRYs) for UV-A and blue-
light, UV-resistant locus 8 (UVR8) for UV-B, and phy-
tochromes (phys) for red/far-red-light [1]. Plants use
these photoreceptors to perceive minute changes in
light quality, quantity, direction, and overall
duration and integrate the surrounding information to
modulate adaptative growth and development for
reproductive success.

Phytochromes are ubiquitous across the plant kingdom
and many bacterial lineages [2]. They consist of a small
multigene family (designated PHYA to PHYE in Arabi-
dopsis thaliana) encoding ~ 125 kDa soluble proteins that
can form selective homo- and heterodimers [3—5]. They
are synthesized in their inactive red light absorbing Pr
form, and in response, to red-light they are photo-
converted to the biologically active far-red-light absorbing
Pfr form. The Pfr form translocates into nucleus, forms
nuclear photobodies (PBs) and induces large-scale gene
expression changes to promote photomorphogenesis. As a
pivotal light sensor, phys use multiple layers of regulations
including transcriptional, post-transcriptional, trans-
lational, post-translational modifications and ultimately
protein degradation/stabilization to control the tran-
scriptome and proteome that drives the growth and
developmental reprogramming [6,7]. While much of the
emphasis of the past decades has been on the transcrip-
tional regulation, recent studies indicate a broader impact
of the phys on the modulation of post-transcriptional pre-
mRNA splicing [8—10].

Alternative splicing (AS) can lead to an intron removal or
retention or the use of alternative 5'- and 3’-splice site
(SS) of an exon and fine-tune the global gene expression
in response to a range of internal and external cues. AS
uses variable SS selection to generate two or more
spliced mRNA isoforms from one pre-mRNA and en-
ables organisms to generate more complex tran-
scriptome and proteome without increasing the gene
number and the genome size [11,12]. These include
exon skipping, intron retention (IR), mutually exclusive
exons, alternative 5’ and 3’ SS (Figure 1A and B). Pre-
mRNA splicing is a tightly regulated process carried
out by highly conserved spliceosome machinery, a dy-
namic multimegadalton ribonuclear protein complex
consisting of ~200 proteins and five small nuclear
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Schematics of pre-mRNA splicing and major types of alternative splicing (AS). (a) Majority of the pre-mRNAs contain one or more introns flanking
the exons on either side and consensus sequences defining the 5'-splice site (5'-SS) with a conserved GU, 3'-SS with a conserved AG, a branched point
(BP) adenine (A) 18 to 40 nucleotide upstream of the 3'-SS, and a poly-pyrimidine tract following the BP. Majority of the exons and introns contain
regulatory cis-acting elements including, exonic/intronic splicing enhancers (ESEs/ISEs), exonic/intronic splicing silencers (ESS/ISS). Trans-acting
regulators such as serine/arginine-rich (SR) proteins bind to the ESEs/ISEs to promote splicing, while heterogeneous nuclear ribonucleoproteins
(hnRNPs) bind to the ESS/ISS and repress the splicing. U1-small nuclear ribonucleoproteins (U1-snRNPs) target the 5'-SS, while the U2-snRNPs and
U2- associated factors target the 3'-SS. Appropriate exon—intron junction and the splicing is determined by the core spliceosome assembly and the
corresponding cis-acting elements bound by the trans-acting regulators interacting with the U1 and/or U2-snRNPs. (b) Drawings show constitutive
splicing and different forms of alternative splicing common in plants such as exon skipping, intron retention, mutually exclusive exons, alternative 5'-SS
and 3'-SS selection. Black lines denote introns and different colored rectangles indicate exons.

ribonucleoproteins (snRNPs; U1, U2, U4, U5, and U6)
[13]. In addition, auxiliary splicing regulatory proteins
such as heterogenous nuclear ribonucleoproteins
(hnRNPs) and serine/arginine-rich (SR) proteins varia-
bly complex with the core spliceosome machinery for
target identification and modulation of appropriate
splicing event [11,12]. Every intron contains core
splicing signals consisting of the conserved 5'-SS, 3/-SS,

a branched point (BP) adenine (A), and a poly-
pyrimidine tract (PPT) (Figure 1A), which collectively
participate in the splicing reaction [13]. In addition,
majority of the pre-mRNAs destined for AS contains ¢zs-
acting splicing regulatory elements (SREs) that confer
gene-specific regulation of splicing. These include
exonic or intronic splicing enhancers (ESEs or ISEs) and
exonic or intronic splicing silencers (ESS or ISS)
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(Figure 1A) [11,12]. The activities of the ¢s-acting SREs
are dependent on the interaction with the #7ans-acting
auxiliary splicing regulatory proteins, and therefore,
these auxiliary splicing regulators through upstream
protein—protein and downstream protein—RNA in-
teractions modulate the final outcome of AS. Thus,
SREs and auxiliary splicing regulators play a critical role
in a tissue and/or cell-type-specific pre-mRNA AS
[11,14]. A comprehensive analysis of the Arabidopsis
genome revealed that around 20% of whole genome is
intronic region, and significantly large number of genes
contain at least one intron [15]. Moreover, a recent
study on the prevalence of AS in Arabidopsis genome
identified at least 61% of all multi-intronic genes un-
dergo AS, revealing a more prevalent significance of pre-
mRNA AS regulation in shaping the overall physiology
and morphology of plants [14,16].

Light-mediated pre-mRNA splicing

Light can affect pre-mRNA splicing both as an envi-
ronmental signal and as an energy source. A retrograde
signal emanating from chloroplast has been shown to
control splicing of light- and circadian clock-regulated
genes [17]. By using various photosynthetic electron
transport inhibitors, these authors showed that a
reduced pool of plastoquinones initiates the chloroplast
retrograde signaling. Recently, it was shown that several
hundred genes undergo AS during early photomorpho-
genesis, and energy availability plays an important role
in this regulation by controlling the rate of transcrip-
tional elongation by RNA polymerase II [18,19]. Rate of
transcription determines the binding opportunity of
splicing and auxiliary regulatory factors to the target pre-
mRNA sequences, and thereby determines the fate of
AS [19,20]. Depending on the specific pre-mRNAs,
slower rate of elongation stimulates either higher exon
skipping or higher exon inclusion. It was shown that
light promotes the RNA polymerase II elongation on the
target genes, while in darkness the rate of transcription
of those target genes is substantially lower. Thus, by
altering the transcription kinetics, light controls AS
events to modulate appropriate transcript isoforms and
the optimal physiological responses to the environ-
mental cues [19]. While these are more long-term ef-
fects of light on splicing, an immediate response of light
acting as a signal has been demonstrated using pulses or
continuous light [21,22].

Molecular details on the photoreceptor-mediated con-
trol of pre-mRNA splicing are still in its early stage.
Among all known major photoreceptors, regulatory role
of phys in pre-mRNA splicing is best studied till date
[8,10]. Genome-wide analyses of red-light-dependent
and phy-regulated AS uncovered significant changes in
AS pattern in hundreds of genes within 1 h of contin-
uous red-light (cRL) exposure, including a group of
RNA splicing-related genes such as several SR proteins,
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Ul and U2 auxiliary factors at the seedling stage [22].
Interestingly, the cRL-dependent differential AS
pattern observed in one of the SR protein genes, RS§3/,
could also be replicated under 2-min pulse of red-light
(pRL), and more importantly, altered AS pattern could
be suppressed by 2-min pulse of far-red-light (pFRL)
immediately following pRL. In addition, pulses of red
and far-red light have been shown to regulate AS pat-
terns of 226 genes during seed germination, many of
which are associated with mRNA processing [23].
Among these, the red light—mediated AS changes of
ArSR30, ArSR31, ArSR31a, and AtU2AF65A4 were phyB-
independent, while the AS changes of the light
signaling component P/F6 and the DORMANCY-ASSO-
CIATED PROTEIN 1 (DRMI1) were phyB-dependent,
supporting previous conclusion that the AS changes of
PIF6 contributes to seed dormancy [24]. These data
strongly suggest that phys in response to red light might
target regulatory auxiliary splicing factors under early
light exposure and through which it modulates the
genome-wide AS pattern under prolonged light condi-
tions [22]. Several studies have also identified some of
the critical components of light signaling pathways as
targets of phy-modulated AS (Table 1) [8,10]. Shikata
et al. identified that SUPPRESOR OF phyA-105 3
(8PA3) 1s one of the targets of phys-regulated AS [22]. Tt
was shown that phys promote the retention of intron 4 of
S§PA3 and also selection of alternative 5'-SS within intron
4, both of which introduces premature stop codons
resulting in truncated nonfunctional SPA3 proteins [22].
Recently, a distinctive role of phyB in the regulation of
PIF3 level through AS and its corresponding effect on
the translational inhibition has been reported [25].
Overaccumulation of the active phyB stimulates a spe-
cific AS of PIF3 mRNA resulting in IR in the 5 un-
translated region (5 UTR). Retained intron contains
multiple upstream open reading frame, which in turn
inhibits downstream expression of PIF3 protein and
PIF3 activity under prolonged red-light conditions.
Thus, several phy signaling components including many
transcription factors are early targets of AS that drives
altered transcriptional reprogramming to promote
photomorphogenesis.

In the last few years, at least a few of the splicing factors/
regulators involved in the phy-mediated modulation of
pre-mRNA splicing have been identified based on
different genetic and proteomic approaches from plants
and moss [26—30]. SPLICING FACTOR FOR
PHYTOCHROME SIGNALING (SFPS), a potential
ortholog of Drosophila and human splicing factor 45, was
the first bona fide phy-interacting splicing factor iden-
tified from Arabidopsis [27]. A subsequent study
involving an affinity purification followed by mass
spectrometry analyses to identify SFPS-interacting
proteins has identified another splicing factor
REDUCED RED-LIGHT RESPONSES IN CRY1
CRY2 BACKGROUND 1 (RRC1) [28], which was
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Table 1

Pre-mRNA alternative splicing of light-related genes from Arabidopsis and Physcomitrella patens.

Gene Alternative splicing Regulator References
(AS) type _
PIF3 IR phy-regulated Dong et al., 2020
PIF6 IR Unknown Penfield et al., 2010
PHYA IR phy-regulated Shikata et al., 2014
corl AltA phy-regulated Shikata et al., 2014; Zhou et al.,
1998
SPA3 IR phy-regulated Shikata et al., 2014
CRY2 AltA Phy-regulated Shikata et al., 2014
=
HY5 AltD; IR Light-regulated Mancini et al., 2016 g-
HYH IR Phy-regulated Shikata et al., 2014 'a
=.
w»
RRC1 ES Light-regulated Hartmann et al., 2016; Xin et al.,
2019
ELF3 IR Light-regulated Xin et al., 2017;
Xin et al., 2019
FUS6 IR Light-regulated Xin et al., 2019
SPTI1 IR Light-regulated Xin et al., 2019
BBX25 IR Light-regulated Xin et al., 2019
FRYI IR Light-regulated Xin et al., 2019
DET1 IR; AltA;AltD Light-regulated Wu et al., 2014
HY5/HYH IR; ES; AItA Light-regulated Wu et al., 2014
PIFs IR Light-regulated Wau et al., 2014
DDB1 IR Light-regulated Wu et al., 2014 ;
~ Z
Q
CSN1-8 IR; AItA Light-regulated Wau et al., 2014 L § §
NPH3 IR; AItA Light-regulated Wau et al., 2014 &:
|
BBX22 IR Light-regulated Wu et al., 2014
COP1 IR; AItA Light-regulated Wu et al., 2014
ELF3 IR Light-regulated Wu et al., 2014

IR: Intron Retention; AltA: Alternative acceptor site; AltD: Alternative donor site; ES: Exon skipping

previously described from a genetic screen [26]. Both
SFPS and RRC1 form discrete nuclear speckles, which
in part co-localize with the red-light-induced phyB PBs,
and also interact physically in response to red light.
Interestingly, SFPS and RRC1 also co-localize and
interact # vivo with multiple 3’-SS determining U2-
associated factors, suggesting that these two splicing
factors might play a role in 3/-SS determination
(Figure 2). Phenotypically, sfps and 77¢/ mutant alleles
display light hyposensitive hypocotyl growth and early
flowering, and interestingly, sfps/r7r¢l double-mutant
phenocopy parental single mutants, implying that these
two proteins function coordinately in part to modulate

optimal light signaling (Figure 2). RRCI itself is the
target of light-regulated AS, generating RRCI.1 and
RRC1.2 isoforms [18]. RRCI.1 isoform translates to
produce functional protein, while RRC/I.2 contains a
premature stop codon and might encode a nonfunctional
protein. Light typically favors RRC1.1 over RRCI.2;
therefore, light-irradiation results in higher accumula-
tion of a functional RRCI.7/ in wild-type plants. Strik-
ingly, SFPS was shown to regulate light-dependent AS of
RRC1I. In sfps-2 mutant background, RRC1.7 isoform was
predominant, while RR(C1.2 was nondetectable under
both dark and light conditions [28], implying the pres-
ence of a self-reinforcing circuitry.

Current Opinion in Plant Biology 2021, 63:102037
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Figure 2
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Model shows phytochrome-modulated pre-mRNA splicing in Arabidopsis. SFPS and RRC1 are two known splicing factors that directly interact with
phytochrome B (phyB) and regulate phytochrome-modulated pre-mRNA splicing in Arabidopsis. In the dark (left panel), SFPS and RRC1 interact with
each other and also form complexes with U2-snRNP/U2-AF and target hundreds of co-regulated pre-mRNAs for splicing. Moreover, SFPS and RRC1
independently target a large number of distinct pre-mRNAs for splicing in both dark and light conditions. When plants are exposed to light (right panel),
activated phyB interacts with SFPS/RRC1 complex in nucleoplasm and PBs, which might lead to the targeting of different sets of pre-mRNAs for splicing
and/or prevention of splicing by unknown mechanism. Because SFPS/RRC1 can associate with U2AFs, and the U2AFs associate with U2 snRNP, it is
still unclear whether phyB remains in the nucleoplasm and PBs or phyB also directly participates on the spliceosome complex throughout the process of
target identification and splicing. It is also possible that upon interaction with the SFPS/RRC1 complex, phyB induces biochemical changes to the SFPS
and RRC1 proteins, and releases the complex for appropriate target selection and subsequent splicing.

SFPS and RRC1 control the gene expression and pre-
mRNA splicing of a large number of genes both under
dark and light conditions [28]. A comparison of SFPS-
and RRCl1-regulated splicing events identified hun-
dreds of coregulated splicing events, both under the
dark and light conditions, reiterating the fact that these
two proteins function in the same complex collabora-
tively to regulate pre-mRNA splicing of a subset of
genes to regulate photomorphogenesis. Therefore, it is
possible that the red-light-dependent interaction with
phyB might serve as a regulatory switch to guide the
SFPS and RRC1 to specific targets. Analyses of the
splicing defects uncovered a significant enrichment in
IR events in sfps and 77¢/ mutants, while all other forms
of AS defects were recorded to a lesser extent. A
comprehensive gene ontology (GO) analysis established
a significant enrichment of multiple light-signaling-
related GO categories including circadian clock,

transcription activity, light stimulus, and photosynthesis
in both sfps and 77¢1, pointing to a critical regulatory role
of SFPS and RRCI1 in light signaling by direct interac-
tion with phyB [27,28].

In addition to Arabidopsis, light-responsive changes in
pre-mRNA AS events are also observed in the moss
Physcomitrella patens [29—31]. Light instantaneously in-
duces AS in P patens and predominantly favors IR.
Interestingly, light modulates AS with transcript selec-
tivity in genes with a function related to splicing and
light signaling to regulate photomorphogenesis. An
RNA-seq survey of light-dependent alternatively
spliced light signaling genes identified a total of 36
genes including HY5/HYH, PlFs, DETI, DDBI, CSNs,
and COPI covering the breadth of photomorphogenic
gene regulation from chromatin remodeling to regulated
protein degradation (Table 1) [31]. P patens contains

www.sciencedirect.com

Current Opinion in Plant Biology 2021, 63:102037



6 Cell signaling and gene regulation

Figure 3
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Model shows phytochrome-modulated pre-mRNA splicing in Physcomitrella patens. PphnRNP-H1 and PphnRNP-F1 are the two splicing regu-
lators known to modulate phytochrome-dependent pre-mRNA splicing in P. patens. In the dark (left panel), U1-snRNP/U1C/PRP39-associated spli-

ceosome complex promotes the AS in hundreds of target pre-mRNAs in a phytochrome-independent manner. In response to light irradiation (right panel),
activated phytochromes interact with PphnRNP-H1/PphnRNP-F1. Phytochromes also promote the high-affinity interaction between PphnRNP-H1 and
PRP39, due to which PRP39 dissociates from U1snRNP/U1C complex. This might lead to the reduced activity of U1-snRNP/U1C complex and intron
retention in target pre-mRNAs. Moreover, a purine-rich GAA motif is one of the bona fide exonic splicing silencer, which recruits hnRNP-F1 to promote

intron retention in affected transcripts.

seven phys (PpPHY1 to PpPHY?7), of which PpPHY1
and PpPHY3 are clustered as phyA-type and the
remaining five as phyB-type phys [32]. Analyses of
mutants defective in all seven Ppphy revealed a primary
role of this group of red-light photoreceptors in pre-
mRNA AS, and a further analysis of individual PpPHYs
suggest a more prominent role of phyB-type PpPHYs in
red-light-mediated AS. A large-scale protein—protein
interaction studies have recently identified two
splicing regulators, PphnRNPs (heterogeneous nuclear
ribonucleoproteins), which interact with light-activated
PpPHY4 to regulate light-mediated AS (Figure 3)
[29,30]. Red-light-activated PpPHY4 interacts with a
splicing regulator PphnRNP-H1; moreover, PphnRNP-
H1 interacts with PpPRP39-1 (pre-mRNA-processing
factor 39-1), a component of the Ul-snRNP spliceo-
some complex, with higher affinity in the presence of
activated PpPHYs (Figure 3). It is proposed that such
interaction induces the dissociation of PpPRP39-1
from spliceosome complex, possibly altering the
downstream molecular events [29]. In the subsequent

studies, the same group identified PphnRNP-F1 as
another splicing regulator that interacts with the acti-
vated PpPHY4 to regulate light-mediated AS in
P patens. RNA-seq analyses revealed that PpPRP39-1,
PphnRNP-H1, and PphnRNP-F1 modulate light-
dependent AS largely in an overlapping manner to
that of PpPHY4 [29,30], thus, confirming a more co-
ordinated role of PpPHYs and its interacting splicing
regulators in light-mediated AS to promote develop-
mental plasticity in P Patens (Figure 3).

Future perspectives

As the phy-mediated modulation of AS in plants is still
in its nascent stage, further studies are necessary to
uncover additional phy-interacting splicing factors/reg-
ulators and their combined impact on light-mediated
global AS. Since, presently known Arabidopsis and
P, patens phy-interacting splicing factors/regulators form
complexes with 3/-SS targeting U2-snRNPs and 5'-SS
targeting Ul-snRNPs, respectively [27—30], it is
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possible that either light-mediated AS might have
evolved in parallel in these two species or the corre-
sponding homologous genes might be present in each
species, which need to be identified and characterized.

One of the most fundamental questions is how phys
control splicing. Light-activated phys largely modulate
the abundance and/or activity of its target proteins upon
interaction by inducing post-translation modifications,
such as phosphorylation [7]. The abundance of any of
the phy-interacting splicing factors/regulators (e.g.,
SFPS/RRC1) is not reported to be altered in response to
either dark or light treatment [27—30]. However,
several large-scale proteomic studies have identified
multiple phosphorylation sites within SFPS and RRC1
[33,34]. Therefore, it is possible that the interaction
between activated phy and SFPS/RRC1 might lead to
phosphorylation within SFPS/RRC1 and subsequent
modulation of their splicing activity. However, this hy-
pothesis needs to be examined in future.

To thoroughly understand the role of phy-interacting
splicing factors/regulators, it is pertinent to identify
their target pre-mRNAs by ascertaining splicing factors/
regulators—RNA interactions under # zivo conditions.
CLIP (Cross-Linking and ImmunoPrecipitation) and its
variants has long established to be the method of choice
for such studies. Although highly competent, these
methods have a list of drawbacks and are less efficient in
detecting rare or low-abundant RNA targets [35].
Recently, a highly versatile TRIBE (Target of RNA-
binding proteins Identified By Editing) and its variant
HyperTRIBE have been developed to study # oo
targets of RNA-binding proteins in mammalian system
[36,37]. Although this method has been optimized and
applied in mammalian system, it could potentially be
used in plant system with slight modifications to iden-
tify the possible target transcripts of plant splicing fac-
tors/regulators.
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