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Abstract

SICKLE is a putative splicing-associated protein required for normal intron lariat
debranching

by
Emma E. Kovak
Doctor of Philosophy in Plant Biology
University of California, Berkeley

Professor Frank Harmon, Chair

The Arabidopsis thaliana SICKLE (SIC) protein is proline-rich but largely
uncharacterized. sic-1 mutants have a miRNA deficiency, alterations in transcript
splicing, and increased intron accumulation. sic-3 mutants have global changes in
transcript splicing and circadian clock defects likely caused by altered splicing of
circadian clock transcripts. Here we show that 13 of 20 putative SIC-interacting
proteins are splicing-associated, and that Arabidopsis SIC and DBR1 interact
directly. DBR1 is the only lariat debranching enzyme in Arabidopsis and knockout
mutants are embryo lethal. The weak dbr1-2 mutant accumulates intron lariats,
which interfere with miRNA processing, and has morphological phenotypes similar
to sic-1. Human cells deficient in DBR1 also have lariat accumulation and this causes
exon skipping. Here we show that sic-1, sic-3, and a new dbrl mutant allele, dbr1-3,
accumulate lariats like the dbr1-2 mutant, and that sic-3 and dbr1-2 have similar
changes in splicing, including increased intron retentions. Therefore, lariat
accumulation in the sic-1 allele may be responsible for its miRNA deficiencies and
related morphological phenotypes, as well as the alterations in transcript splicing.
We present a unified theory for sic mutant phenotypes based on SIC-DBR1
interaction and sic intron lariat accumulation.



Chapter 1: SICKLE is a putative splicing-
associated protein required for normal intron
lariat debranching

ABSTRACT

The Arabidopsis thaliana SICKLE (SIC) protein is proline-rich but largely
uncharacterized. sic-1 mutants have a miRNA deficiency, alterations in transcript
splicing, and increased intron accumulation. sic-3 mutants have global changes in
transcript splicing and circadian clock defects likely caused by altered splicing of
circadian clock transcripts. Here we show that 13 of 20 putative SIC-interacting
proteins are splicing-associated, and that Arabidopsis SIC and DBR1 interact
directly. DBR1 is the only lariat debranching enzyme in Arabidopsis and knockout
mutants are embryo lethal. The weak dbr1-2 mutant accumulates intron lariats,
which interfere with miRNA processing, and has morphological phenotypes similar
to sic-1. Human cells deficient in DBR1 also have lariat accumulation and this causes
exon skipping. Here we show that sic-1, sic-3, and a new dbr1 mutant allele, dbr1-3,
accumulate lariats like the dbr1-2 mutant, and that sic-3 and dbr1-2 have similar
changes in splicing, including increased intron retentions. Therefore, lariat
accumulation in the sic-1 allele may be responsible for its miRNA deficiencies and
related morphological phenotypes, as well as the alterations in transcript splicing.
We present a unified theory for sic mutant phenotypes based on SIC-DBR1
interaction and sic intron lariat accumulation.



INTRODUCTION

Post-transcriptional regulation is important in many plant processes that
affect plant growth and stress responses, including the circadian clock and
development. Normally, transcripts with introns are spliced in one way, always
using the same splice sites, to form one mature mRNA transcript - this is called
constitutive splicing. Alternative splicing is a form of post-transcriptional regulation
that makes multiple transcript isoforms from a single gene.

Splicing is a complex process involving removal of introns from a transcript,
catalyzed by the spliceosome. Many eukaryotic genes have multiple introns, so there
can be multiple alternatively spliced transcripts from different combinations of
removed and retained introns. The four main types of alternative splicing events are
intron retention, exon skipping, and alternative 5’ or 3’ splice site usage.

The spliceosome removes introns from eukaryotic mRNA in three main
steps: splice site recognition, then the two catalytic steps releasing the 5’ then 3’
ends of the intron. The first catalytic step cleaves the 5’ end of the intron and ligates
it to the intron branch point (A nucleotide), forming a lariat; the second step cleaves
the 3’ end of the intron, releasing a free intron lariat. After the intron is fully
removed from the mRNA transcript, the post-catalytic spliceosome (also known as
the post-splicing or intron-lariat spliceosome) releases the spliced mRNA and the
spliceosome disassembles, releasing the free intron lariat. The spliceosome
assembles de-novo for splicing of each intron, even within the same transcript, and
spliceosome proteins are recycled after spliceosome disassembly to be used in
formation of a new spliceosome. The sequences of splice sites are relatively
conserved, but there are small variations within organisms that affect spliceosome
ability to splice individual introns; therefore the spliceosome has higher affinity for
some introns than others (as reviewed in (Wahl et al., 2009; Reddy et al., 2013;
Matera and Wang, 2014)).

The spliceosome remodels between each step of splicing, and different
spliceosome components are responsible for each step. The spliceosome is
composed of small nuclear ribonucleoproteins (snRNPs) and other splicing proteins,
including the Nineteen Complex (NTC, aka Prp19 complex). First, the U1 snRNP
recognizes the 5’ splice site, while the U2 snRNP recognizes the 3’ splice site and the
branch point, together forming the intron-defining complex (Complex A). The
U4/U6/U5 tri-snRNP joins the intron-defining complex to form the pre-catalytic
complex (Complex B). The U1 and U4 snRNPs are released, with the U6 snRNP
replacing U1 binding at the 5’ splice site; then the NTC joins, forming the activated
pre-catalytic complex. The activated spliceosome performs the two catalytic steps:
5’ splice site cleavage and lariat formation, then 3’ splice site cleavage and exon
ligation (Complex B* and Complex C). After the two catalytic steps the spliceosome
contains the spliced mRNA with joined exons and the excised intron lariat; then
spliced mRNA is released, and the remaining intron lariat spliceosome contains U2,
U5, and U6 snRNPs and the NTC (as reviewed in (Wahl et al., 2009; Reddy et al,,
2013; Matera and Wang, 2014)).

Intron lariat accumulation is common in mutants that affect spliceosome
disassembly (Hogg et al., 2010). Intron lariats do not accumulate if splicing is
blocked at or before the first step (Brenner and Guthrie, 2005) because formation of



the lariat structure is the first step of the splicing reaction. Splicing is a reversible
process with competition between the forward and reverse reactions at several
steps that serve as quality control checks (Hoskins and Moore, 2012). Therefore,
splicing of an intron can be reversed any time before mRNA release and spliceosome
disassembly.

The NineTeen Related (NTR) complex is responsible for spliceosome
disassembly. Three proteins, Cwc23, Ntrl, and Prp43 are core members of the NTR
complex, and both CW(23 (Sahi et al,, 2010) and PRP43 (Arenas and Abelson, 1997)
mutants accumulate lariats. A yeast PRP43 mutant accumulates un-spliced pre-
mRNAs and excised intron lariats in spliceosomes (Arenas and Abelson, 1997). A
partial-loss-of-function CW(23 mutant has global splicing defects and accumulates
un-spliced pre-mRNA and excised intron lariats (Sahi et al., 2010). It is possible that
mutants in other splicing genes besides DBR1 and members of the NTR complex
also accumulate lariats, but examples of this have not been published.

After the spliced intron lariat is released from the spliceosome, it must be
debranched before it can be degraded. RNA debranching enzyme 1 (DBR1) is the
only known intron lariat debranching enzyme in Arabidopsis, and is the rate-
limiting step in intron degradation. The first published viable plant mutant, dbr1-2,
exhibits intron lariat accumulation and miRNA deficiency, with additional
morphological phenotypes including curly and serrated leaf margins, increased
branching, reduced height, and reduced fertility (Li et al., 2016). Work on this dbr1-2
mutant showed the cause of the miRNA deficiency is intron lariat accumulation.
Lariats compete with pri-miRNAs for binding to the HYL1/DCL complex, which
reduces miRNA processing (Li et al,, 2016).

Lariat accumulation in dbr1 mutants may also change alternative splicing.
Work in human cells shows that insufficient DBR1 activity leads to changes in
alternative splicing of transcripts, primarily increased exon skipping (Han et al.,
2017). In DBR1-deficient human cells, un-degraded intron lariats are stuck in stalled
post-splicing complexes that contain snRNPs. Sequestration of snRNPs blocks their
reuse in the next round of spliceosome complex formation, effectively causing
deficiency in these snRNPs. With fewer spliceosome components available, less
active spliceosomes associate with introns that have weak splice sites, which causes
exon skipping (Han et al., 2017). This is supported by other work indicating that
decreased recycling of spliceosome components could affect splicing efficiency
(Arenas and Abelson, 1997; Bitton et al., 2014).

Apart from their impact on miRNA processing and transcript splicing, little is
known about processing of lariats and any alternate functions of circular RNAs.
Most lariats are degraded within seconds to minutes of splicing, but some lariats
persist for much longer in WT plants. For example, the Arabidopsis dbr1-2 mutant
had 1534 detectable lariats (different lariats by sequence), and 23% of these, a total
of 360, were also detectable in WT plants (Li et al., 2016). In vertebrates, DBR1
appears to have no mechanism for selecting certain lariats as substrates, but lariat
sequence features such as a less common cytosine branchpoint (adenosine is most
common) are more difficult for DBR1 to debranch (Talhouarne and Gall, 2018).
Some intron lariats are actively transported from the nucleus to the cytoplasm



(Talhouarne and Gall, 2018), and at least one has been shown to globally regulate
gene expression (Cheng et al.,, 2018).

The debranching activity of DBR1-type enzymes is well studied, but the
larger context of its activity is unclear in any organism. For example, it remains
unclear whether DBR1 is a component of any spliceosome complex. Research in
human HeLA cell extracts examined the post-splicing Intron Large (IL) and Intron
Small (IS) complexes, and showed that DBR1 was able to debranch intron lariats
only after the IL complex was converted to the IS complex; however, DBR1 does not
appear in immunoprecipitation of either the IL or IS complex (Yoshimoto et al.,
2009). The IL complex includes U2, U5, and U6 snRNPs and some NTC proteins,
while the IS complex is made up of fewer proteins, and does not include known
snRNPs or NTC components. Human DBR1 has been shown to interact with XAB2,
which is a component of both the NTC and the IL complexes (Masaki et al., 2015).

SICKLE (SIC) is a small 35kd proline-rich protein that is conserved across the
angiosperm lineage. The protein has predicted domains for protein binding, RNA
binding, and DNA binding, as well as a nuclear localization sequence and an MPLKIP
motif (Marshall et al., 2016). The subcellular distribution of SIC is in the nucleus
within sub-nuclear foci (Zhan et al., 2012; Marshall et al,, 2016), which is an
accumulation pattern common to splicing-related proteins (Lamond and Spector,
2003). A previous study performed [P-MS and pulled SIC down with 20 other
proteins, including SIC itself (Karampelias et al., 2016).

Previous work has characterized sic mutant phenotypes including globally
increased intron retention, reduced levels of several miRNAs, altered splicing of
circadian clock transcripts, a cool temperature-sensitive circadian clock, and
impaired auxin-signaling (Zhan et al., 2012; Karampelias et al., 2016; Marshall et al.,
2016). Here we investigate proteins that interact with SIC based on previous work
that identified 20 putative SIC interactors. Of these, 13 proteins are splicing-
associated and we demonstrate that SIC directly interacts with one of these,
Arabidopsis DBR1. We also show that sic mutant alleles sic-1 and sic-3 accumulate
lariats like the weak dbr1-2 mutant allele and a novel dbrl mutant allele, dbr1-3.
Furthermore, the changes in transcript splicing observed in sic-3 share similarities
with alternative splicing observed in dbri-2. Given the shared phenotypes of sic and
weak dbr1 mutants, we present a unified theory for sic mutant phenotypes based on
SIC-DBR1 interaction and sic intron lariat accumulation.

RESULTS

SIC interacts with many splicing proteins, including homologs of NTC and IL
components

In order to learn what processes SIC is involved in, we used a prior
immunoprecipitation-mass spectrometry study that described proteins associated
with SIC (Karampelias et al., 2016). We predicted functions of SIC-associated
proteins from this experiment based on literature curation. Of the 20 SIC-associated
proteins in this experiment, 13 were known spliceosome- or NTC-associated
proteins or homologs of proteins participating in these complexes in other species
(Table 1).



The human PP2A complex de-phosphorylates U2 and U5 snRNPs that are
part of the spliceosome in order to facilitate structural changes necessary for the
transition from the first to the second step of splicing. Depletion of both PP2A and
PP1 phosphatases in HeLa cells blocks the second step of splicing (Shi et al., 2006).

The PRP19/NTC assembles into the U5 snRNP to form an activated
spliceosome, and is essential for steps 1 and 2 of intron removal, providing support
for snRNPs and spliceosome conformational changes. The NTC is conserved from
yeast to humans, and little studied in plants. The NTR (NTC-related) complex
contains some proteins from the NTC, and catalyzes spliceosome disassembly,
though the NTC itself may be required as well. Availability of snRNPs is affected by
spliceosome disassembly and recycling. AtXAB2 (At5g28740) is a core component
of the Arabidopsis NTC complex (Ganpudi and Schroeder, 2011).

Finally, DBR1 and PRMT4A and PRMT4B are not part of either the PP2A or
NTC complex, but are splicing-associated proteins. Homologs of Arabidopsis
PRMT4A and PRMT4B methylate parts of the spliceosome in mammals (Cheng et al.,
2007; Kuhn et al,, 2011). DBR1 is a single copy gene in Arabidopsis and all
eukaryotes (Ooi et al., 2001).

SIC interacts directly with DBR1

From the previously published list of proteins pulled down with SIC using IP-
MS (Karampelias et al.,, 2016), we chose to further characterize SIC interaction with
DBR1. In order to confirm interaction between SIC and DBR1, we performed co-
immunoprecipitation (ColP), yeast two-hybrid (Y2H) and bimolecular fluorescence
complementation (BiFC).

ColP experiments employed transient co-expression of epitope-tagged SIC
and DBR in leaves of Nicotiana benthamiana. After co-infiltration of DBR1-CFP and
SIC-FLAG, western blotting with anti-GFP and anti-FLAG showed high levels of
DBR1-CFP and very little SIC-FLAG in the input lane; FLAG pulldown and
subsequent Western blotting showed enriched SIC-FLAG and about 1/3 of the
DBR1-GFP present in the input associated with this SIC (Figure 1A). The same co-
infiltration of DBR1-CFP and SIC-FLAG after GFP pulldown showed slight
enrichment of DBR1-CFP compared to the input, and a little SIC-FLAG associated
with this DBR1 (Figure 1A). Negative controls with single infiltrated constructs
showed no signal for protein associated with the protein that was pulled down. This
indicates that SIC and DBR1 interact directly when overexpressed in Nicotiana
benthamiana.

For Y2H, in addition to full-length SIC we also included SICa29-104, which is the
predicted protein product of one of three transcript spliceforms in sic-3. In Y2H the
full-length SIC protein had no detectable interaction with DBR1 (Figure 1B).
However, SIC with an internal deletion, SIC ;29-104, had a strong interaction with
DBR1 (Figure 1B). We suspect that SIC,29-104 mimics a SIC protein modification that
doesn’t happen in the Y2H heterologous system, but does happen in Nicotiana
benthamiana and Arabidopsis.

In addition to Y2H interaction data, we also examined localization of these
SIC and DBR1. Not all proteins that have a speckled nuclear distribution are nuclear



speckles (interchromatin granule clusters), therefore it is crucial to co-localize with
a known splicing component (Lamond and Spector, 2003). Here we demonstrated
that SIC and DBR1 co-localize in the nucleus, sometimes in punctate nuclear
speckles (Figure 2).

Five intron lariats accumulate in both sic and dbr1-3

To examine common phenotypes between sic and dbrl mutants, we
identified a novel weak dbr1 mutant allele designated dbr1-3. The dbr1-3 mutant is
from the SALK T-DNA mutant collection (Alonso et al., 2003) and has a T-DNA
insertion in the 5’UTR of the DBR1 gene (Supplemental Figure 1A). Homozygous
dbr1-3 plants exhibit a substantial reduction in DBR1 expression (Figure 3B) and
high levels of intron lariats (Figure 3A) similar to published results for dbr1-2 (Li et
al., 2016). The dbr1-3 and sic-1 mutants have compact rosettes (Supplemental
Figure 1B), similar to that described for dbr1-2.

Because SIC physically interacts with DBR1, we investigated whether intron
lariats accumulate in sic mutants as they do in the dbr1-3 mutant. We assayed sic-1,
sic-3, and our dbr1-3 mutant allele for the presence of five intron lariats previously
shown to accumulate to high levels in dbr1-2 but not WT Col-0 (Li et al., 2016).
Intron lariats were detected by PCR using lariat-specific primers as described
previously (Ohi et al., 2007). Intron lariats were largely undetectable in WT for
intron 1 of LHY (LHYI1), intron 4 of CCA1 (CCA114), intron 1 of RVE4 (RVE4I1) and
intron 1 of SIT4 (SIT411), and detectable at low levels for intron 2 of CAX1 (CAX112)
(Figure 3A). As expected, the weak dbr1-3 mutant allele exhibited intron lariats
derived from each of these introns, except CCA114 (Figure 3A). The sic-3 and sic-1
mutants also accumulated these intron lariats. Interestingly, intron lariats were
more apparent in the stronger sic-1 mutant than in dbr1-3 (Figure 3A). Thus, these
sic alleles have stable intron lariats, similar to a weak dbr1 mutant allele. We were
not able to evaluate lariat accumulation in a double sic dbr1 mutant because it
appears to be lethal. However, this suggests that a double mutant has more lariat
accumulation than either single mutant, because it is lethal like the strong
Arabidopsis dbr1 mutant (Wang et al., 2004).

Increased intron lariat accumulation in the sic mutants was not due to a
change in DBR1 expression, as the levels of DBR1 transcript in sic-1 and sic-3 were
close to those in WT (Figure 3B). To confirm that higher lariat accumulation in sic
mutants was not due to increased levels of the source transcript, we measured total
LHY transcript in each mutant. LHY expression was lower in sic mutants and equal
to WT in dbr1-3 (Figure 3C). Therefore lariat accumulation in sic mutants is likely
due to decreased lariat debranching as in dbr1.

Both sic-1 and dbr1-3 have impaired lariat degradation

The experiments above measured static levels of intron lariats at a single
time point in plants under diurnal conditions. Next we wanted to see whether sic
and dbr1 are similarly impaired in intron lariat degradation, rather than sic perhaps
producing more lariats than dbr1. Therefore, we determined the kinetics of lariat
degradation in each genetic background during a time course. To do this with a
controlled timing and level of transcription, we examined levels of intron lariats



arising from light-induced transcripts produced from light-regulated genes. Intron
lariat accumulation was determined in dark-adapted plants before, during, and after
a light pulse (Figure 4A).

Expression of CCA1, LHY, and RVE4 was very low before the light pulse
(Figure 4C), so we assumed that most or all of the intron lariats present before the
light pulse remained un-degraded throughout the 2-day dark period. Gene
expression was reliably induced by the light pulse (Figure 4C) and intron lariat
levels increased in sic and dbr1 mutants, while few lariats were ever detectable in
WT (Figure 4B). Levels of lariat accumulation varied between the three lariats,
indicating either differential accumulation or differential degradation (Figure 4B).
CCA1I4L and RVE4I1L were detectable in sic-1 at all time points, indicating they
persisted during the 2-day dark period, and for 9 hours after the light pulse; LHYT1L
were degraded by the 10 hour time point (Figure 4B). In dbr1-3, lariats were
intermittently detectable, with the highest accumulation or LHYI1L during the light
pulse; this indicates that dbr1-3 has a greater ability to debranch lariats than sic-1.
Thus, intron lariats are stable in sic-1, indicating inhibited intron lariat degradation.
The pattern of RVE4I1L accumulation in the weaker sic-3 mutant allele was similar
to sic-1, but the LHYI1L and CCA1I4L lariats were not detectable (Figure 4B).
Expression of LHY and CCA1 was similar in all three mutant genotypes, consistent
with the differences in intron lariat accumulation arising from inability to remove
the intron lariat, not elevated gene expression in the mutants (Figure 4C).

sic-3 and dbr1-2 have global changes in splicing, especially intron retentions

Previous work showed higher levels of alternative splice variants of some
circadian clock transcripts in sic-3 compared to WT, and a further increase of these
variants at cold temperatures (Marshall et al.,, 2016). At 16°C when the sic-3
phenotypes are most apparent, the sic-3 mutant had massive changes in differential
alternative splicing compared to WT - almost 20% of the transcriptome (Marshall,
2017). Other work showed a global increase in intron sequences in sic-1 compared
to WT (Zhan et al., 2012). I chose to further analyze this previously published RNA-
Seq data of sic-3 and WT at 16°C (Marshall, 2017) and previously published RNA-
Seq data comparing dbr1-2 to WT (Li et al.,, 2016) by comparing types of alternative
splicing events within and between sic-3 and dbr1-2.

Each type of alternative splicing event with DU (compared to WT in each
experiment) in sic-3 and dbr1-2 made up a very similar percentage of the total
number of alternative splicing events with DU; sic-3 just had a little more exon
skipping and dbr1-2 had a little more intron retention (Figure 5A and Table 3).
Intron retention (IR) made up the highest percentage of total alternative splicing
affected in both mutants, 38% in sic-3 and 48% in dbr1-2 (Figure 5A and Table 3).
We also calculated what percentage of each type of AS event was upregulated vs.
downregulated. Remarkably high percentages of each type of AS event were
upregulated in dbr1-2 (82% for Alt3ss, over 90% for IR, ES, and Alt3SS) (Figure 5A
and Table 3). The percentages of ES and Alt3ss events that were upregulated in both
mutants were almost identical, and sic-3 had less upregulation of IR and Alt5ss
(Figure 5A and Table 3). In both sic-3 and dbr1-2, intron retentions were the type of



alternative splicing most affected, and ~70-90% of affected intron retentions were
upregulated.

Intron retentions affected in sic-3 have non-consensus splice sites

Since both sic-3 and dbr1-2 had increased intron retention compared to WT,
and previous research showed increased exon skipping at weak splice sites in dbr1-
deficient human cells, we wanted to know if these sic-3 intron retentions also have
weak splice sites. We compared the previously published consensus 5’ splice site
sequence for all Arabidopsis introns (GT_AG_UZ2 introns) (Hernando et al., 2015)
(Figure 5B) to the 5’ splice sites of intron retentions that were affected in the sic-3
mutant (Figure 5C).

The 5’ splice sites of sic-3 intron retentions were different than the consensus
at several positions before and after the conserved GT. The consensus A nucleotide
at position 7 was most underrepresented in sic-3 retained introns, and positions 3,
5, and 6 were also affected (Figure 5C). For intron retention events affected in either
prmt5 or both prmt5 and prmt4a;4b, the 5’ splice site sequence was significantly
different than the consensus sequence for all Arabidopsis introns; the consensus A
and G at positions -1 and -2 were underrepresented (Hernando et al., 2015). The sic-
3 retained introns had different underrepresented nucleotides than the prmt5 and
prmt4a;4b retained introns.

Splicing of UBP12 mRNA is similarly affected in sic-3 and dbr1-2

To investigate gene expression and splicing changes associated with sic
phenotypes, we compared changes in gene expression and splicing of transcripts
associated with the 20 SIC-interacting proteins across four mutants: sic-3, dbr1-2,
prmt4a;4b, and prmt5. Of the 20 SIC-interacting proteins, associated transcripts
were differently affected across these four mutants. Transcripts associated with 10
of the genes were affected in sic-3 and some other combination of mutants: four
were affected only in sic-3, three were affected in all four mutants, two were affected
only in sic-3 and dbr1-2, and one was affected in all mutants but dbr1-2 (Table 3).

The transcripts for the two SIC-interacting proteins affected only in sic-3 and
dbr1-2, but not in prmt5 or prmt4a;4b which don’t have lariat accumulation, may be
involved in the shared lariat accumulation phenotype in dbr1 and sic. AQUARIUS
(AQR) was slightly upregulated in both sic-3 and dbr1-2 (DE with 0.5-0.6 log2FC) and
one intronic bin was downregulated in sic-3 (DU -1 log2FC) (Table 3). Changes in
UBP12, the other gene with transcripts affected in sic-3 and dbr1-2, were much more
pronounced: in both mutants, DU of 6-12 bins had large changes in usage (Table 3).
Additionally, UBP13 was affected in all 3 mutants but much more so in sic-3 and
dbr1-2 (Table 3).

UBP12 encodes a ubiquitin-specific protease that de-ubiquitinates proteins
and processes poly-ubiquitin precursors. Ubiquitination is a reversible post-
translational protein modification that affects many cellular processes including
protein degradation and trafficking, cell signaling, and DNA damage response.
Arabidopsis UBP12 and UBP13 can de-ubiquitinate proteins in-vitro (Cui et al.,
2013) and are implicated in plant immunity regulation, flowering, and seed
development.



Finally, the four proteins with transcripts affected only in sic-3 were ISY1,
XAB2, EXP4, and PDF1/PP2AA2. EXP4 expression was downregulated, intronic bins
for PDF1 and XAB2 were downregulated, and an intronic bin for ISY1 was
upregulated. These changes in expression and splicing may be specific to the sic
mechanism for lariat accumulation, rather than shared between lariat accumulation
in sic and dbrl1.

Shared biological processes are affected in sic-3 and dbr1-2

Finally we analyzed sic-3 RNA-Seq data (Marshall, 2017) using Gene
Ontology (GO) representation analysis for biological process. The Gene Ontology
system categorizes genes by the biological processes in which they are involved, and
representation analysis calculates the representation of genes from each biological
process category in a data set compared to all the annotated genes in the genome.
We analyzed the set of all genes that were differentially expressed in sic-3 compared
to WT, and ranked them by how overrepresented they were compared to the set of
all Arabidopsis genes. The top 10 overrepresented GO terms for biological process
in sic-3 included five GO terms involving acid catabolism - three for specifically
amino acid catabolism - two for light response, and two for starvation response
(Supplemental Figure 4). This indicates that the processes most affected in sic-3 are
amino acid catabolism (probably part of starvation response), and light response.

[ performed the same type of GO representation analysis for biological
process on genes with differential expression compared to WT in dbr1-2. In dbr1-2,
the top 10 overrepresented GO terms included three terms for photosynthesis
(possibly five including protein-chromophore linkage and response to low light),
two for vitamin E production, and two for circadian rhythms and processes
(Supplemental Figure 5). Finally, [ performed this analysis for genes that were
regulated similarly in sic-3 and dbr1-2 (either upregulated in both or downregulated
in both). For genes that were similarly regulated in both mutants, the
overrepresented GO terms were response to salicylic acid, auxin, external stimulus,
and stress (Supplemental Figure 6).

DISCUSSION

We have shown that sic and dbr1 mutants both accumulate intron lariats
from some of the same transcripts, which appears to arise from inhibited intron
lariat degradation. SIC protein interactions and sic mutant phenotypes strongly
suggest that SIC participates in some aspect of spliceosome function. SIC function is
difficult to predict since SIC shows no homology to known splicing or splicing-
related proteins. Thus, SIC is a previously unknown splicing-associated protein in
Arabidopsis and in the Angiosperm lineage.

sic and dbr1 mutants share pleiotropic phenotypes associated with miRNA
deficiency

Previous studies have shown that sic and dbr1 both have morphological
phenotypes associated with miRNA deficiencies. Additionally, both the sic and dbr1
mutants have decreased miRNA abundance. A dbr1 mutant has decreased levels of
32 different miRNAs, 17 of which are HYL1-dependent (Li et al., 2016). Additionally,



a subset of miRNAs checked in a sic mutant identified 10 miRNAs with deficiencies
(Zhan et al., 2012). Comparing these two studies, 9 of the 10 SIC-dependent miRNAs
are also reduced in dbr1, and all 10 are HYL1-dependent. This overlap between
DBR1-dependent and SIC-dependent miRNAs, most of which are also HYL1-
dependent, suggests a similar cause for miRNA reduction in dbr1 and sic mutants,
possibly through a common pathway involving HYL1. Previous work showed that
the dbr1 miRNA deficiency is caused by lariat accumulation (Li et al.,, 2016) and we
saw that dbrl and sic mutants have similar lariat accumulation. Therefore, we
suspect that lariat accumulation in sic causes the sic miRNA deficiency by this same
HYL1-mediated mechanism shown for dbr1.

sic has global changes in splicing, especially intron retentions

We showed that sic mutants have both intron lariat accumulation and
increased intron retentions, which may be connected. Previous research showed
that decreased DBR1 activity traps snRNPs on accumulated intron lariats, which
decreases snRNPs available to form new spliceosomes, and reduces spliceosome
interactions with weak splice sites; this causes exon skipping following introns with
weak splice sites (Han et al.,, 2017). In this human study, decreased DBR1 activity
caused exon skipping; we propose that in plants this may instead lead to intron
retention. Exon skipping is the most common type of alternative splicing event in
mammals, but the least common in plants; in plants, intron retention is the most
common type of alternative splicing event (Braunschweig et al., 2014; Marquez et
al,, 2014). Accordingly, decreased spliceosome interaction with weak splice sites
could cause retention of those introns in plants, as opposed to skipping of the
following exons in humans. Therefore, we propose that snRNP sequestration by
accumulated intron lariats in sic could cause reduced splicing of introns with weak
splice sites, leading to increased intron retention in sic.

Five intron lariats accumulate in both sic and dbr1

We showed that dbr1 and sic have intron lariat accumulation for 5 lariats
from different genes. Since the only known function of DBR1 is intron lariat
debranching, all dbr1 phenotypes are likely due to decreased intron lariat
debranching. Therefore, accumulation of intron lariats in dbr1 may cause increased
intron retentions in dbr1 as detailed above. If intron lariat accumulation is sufficient
to cause intron retentions in dbr1, and sic-3 has similar lariat accumulation and
intron retentions to dbr1, then intron lariat accumulation may also cause intron
retentions in sic-3.

Timing of intron lariat removal is similar in sic and dbr1 mutants

To date, intron lariat accumulation has been shown in dbr1 mutants (Li et al.,
2016), and in yeast PRP43 and CW(23 mutants - members of the NTR complex that
are necessary for spliceosome disassembly (Arenas and Abelson, 1997; Sahi et al,,
2010). Since the splicing reaction is reversible prior to mRNA release, and intron
lariats accumulate in mutants affected during and after spliceosome disassembly,
intron lariat accumulation may be limited to mutants affected during or after
spliceosome disassembly. Since sic mutants accumulate lariats, we hypothesize that
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SIC acts during the last steps of spliceosome disassembly or during intron lariat
debranching.

Intron lariat intermediates (still bound to adjoining exon at 3’ end) can
accumulate temporarily in mutants blocked in the second catalytic step of splicing
(Burgess and Guthrie, 1993). Therefore we investigated the ability of sic mutants to
degrade intron lariats of CCA1, LHY, and RVE4 long after gene expression turns off:
this allows time for splicing of accumulated stalled lariat intermediates to be
reversed, or for lariat intermediates to be degraded. We saw that sic-1 had lariats
throughout the time course, suggesting that sic-1 has accumulated intron lariats that
are somehow protected from debranching by DBR1, rather than accumulated lariat
intermediates that could be reversed or degraded in 48h in the dark or 9h after the
light pulse. It is unlikely that the absence of SIC could block both splicing reversal
and degradation of defective splicing intermediates. Alternatively, it is possible that
SIC could act in multiple steps of splicing, including spliceosome disassembly. Our
list of putative SIC interactors includes proteins that act in the two catalytic steps of
splicing (PP2A complex), as well as the NTC (XAB2, ISY1, AQR) which acts in every
step from the first catalytic step to the intron lariat /post-catalytic spliceosome,
onwards until spliceosome disassembly. SIC interaction with the NTC would be the
simplest way for SIC to act in multiple steps of splicing.

We don’t know what state intron lariats are in when DBR1 recognizes them
for debranching. DBR1 could act on completely naked intron lariats, or on intron
lariats associated with a minimal post-splicing spliceosome with or without snRNPs
and NTC proteins. In humans, DBR1 debranches lariats bound by the Intron Small
complex, which is not known to include any snRNPs or other proteins from the NTC
(Yoshimoto et al., 2009). If the plant intron lariat debranching complex is different
than the human IS and does include NTC proteins (or if lariats are debranched in an
IL-like complex), then SIC interaction with DBR1 and putative interactions with NTC
proteins XAB2, AQR, and ISY1 could all happen in this one lariat debranching
complex. Alternatively, the spliceosome is remodeled from mRNA release to lariat
debranching, and SIC may act in the transitions between complexes and thereby
interact with all four proteins. Regardless, the presence of SIC appears to be critical
for DBR1 to effectively debranch lariats.

Overall discussion

These two possible causal relationships we propose, that lariat buildup in sic
causes both the miRNA decrease and increased intron retentions, would explain
most of the phenotypes we have observed in the sic mutant: the developmental
phenotypes similar to dbr1, splicing changes, and circadian clock defects. The SIC
protein may have other activities besides affecting lariat buildup, which is another
way SIC could affect all these processes separately, but ours is a compelling
hypothesis by which lariat buildup could cause all the observed sic phenotypes.
Future research and increased understanding of splicing mechanisms in plants
could elucidate a mechanism of action for SIC.

Splicing is still very incompletely understood in plants, especially compared
with splicing in humans and yeast. Here we show lariat accumulation in the
Arabidopsis sic mutant analogous to lariat accumulation already shown for a weak
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Arabidopsis dbrl mutant. Few lariat-accumulating mutants are known even in yeast.
Even in metazoans, where much of splicing is characterized in detail, the post-
splicing complexes/intron lariat spliceosome are less well understood. There
remains a large gap in knowledge about DBR1 activity, how or whether it interacts
with the spliceosome, and when and where it debranches lariats. We showed that
SIC is critical for DBR1 function, an effect we predict is mediated through a protein-
protein interaction. This work makes it clear that SIC is a splicing-associated protein
that is likely to be important for lariat intron debranching in all Angiosperms.
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MATERIALS AND METHODS

Plant materials and growth conditions for Arabidopsis thaliana

WT was the Arabidopsis thaliana Columbia-0 accession, and all mutants were
in this background. We used previously-described mutants sic-1 (Zhan et al., 2012)
and sic-3 (Marshall et al., 2016). The dbr1-3 mutant is the previously
uncharacterized Salk T-DNA insertion line SALK_041038 (Alonso et al., 2003)
obtained from the Arabidopsis Biological Resource Center (abrc.osu.edu). This
insertion is located in gene AT4G31770 at position 927 in the 5'UTR.

For all experiments, seeds were gas sterilized for 4 hours in a sealed
container after combining 100mL bleach and 3mL hydrochloric acid. After gas
sterilization, seeds were left in a sterile flow hood for 1 hour, combined with sterile
water, and transferred to 4°C for 3 days of stratification in the dark. In this
condition, seeds were either incubated at 4°C in water and plated at the end of
stratification or incubated at 4°C after plating on sterile MS plates. All seeds were
grown on 1X Murashige and Skoog basal salt medium (pH 5.7-5.8) with 0.8%
micropropagation agar. After 3 days at 4°C, plates were transferred to a growth
chamber with constant light (cool white fluorescent bulbs, 50pmol-m-2-sec'1) and
22°C for 3 days. After germination in LL 22°C, plates were either transferred to
entrainment conditions (varied by experiment) or other experiment-specific
conditions listed below.

Transient infiltration of Nicotiana benthamiana

Agrobacterium tumefaciens strain GV3101 was transformed separately with
each construct. Cultures were grown in LB supplemented with 25ug/mL rifampicin
and 25ug/mL gentamycin and the appropriate antibiotics for selection of plasmid
vectors for 16h at 30°C with shaking, re-suspended in induction medium (50mM
MES pH5.6, 0.5% glucose, 1.7mM NaH2P04, 20mM NH4Cl, 1.2mM MgSO0a4, 2mM KCl,
17uM FeS04, 70uM CaClz, 200uM acetosyringone), and incubated for 4h at 30°C with
shaking. Cultures were re-suspended, diluted to ODeoo = 1 in 10mM MES with
200uM acetosyringone and infiltrated into young Nicotiana benthamiana leaves at
ODeoo = 0.25 for each construct.

Protein interaction analysis by co-immunoprecipitation

Expression constructs used were modified pK7-HFc (Huang et al., 2016) with
35s promoter and C-terminal fusion of 6xHis and FLAG tags (both SIC and DBR1),
pEearleyGate101 (SIC), and pEearleyGate 201 (DBR1) (Earley et al., 2006).
Constructs were infiltrated into Nicotiana benthamiana as described above.
Immunoprecipitation protocol was generously provided by Mael Baudin, modified
and performed as follows. Approximately 3cm? leaf samples were harvested from
infiltrated leaves and immediately frozen in liquid nitrogen. 1mL of IP1 (50mM Tris-
HCIl pHS8, 150mM NaCl, 0.5mM EDTA pHS, 0.2% Nonidet P-40) was added to ground
samples, mixed gently, and incubated on a rotating wheel at 4°C for 15 minutes.
Incubated samples were th