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CCAR-1 works together with the U2AF large subunit UAF-1 to regulate alternative 
splicing
Doreen I. Lugano, Lindsey N. Barrett, Dale Chaput, Margaret A. Park, and Sandy D. Westerheide

Department of Cell Biology, Microbiology, and Molecular Biology, University of South Florida, Tampa, FL, USA

ABSTRACT
The Cell Division Cycle and Apoptosis Regulator (CCAR) protein family members have recently emerged 
as regulators of alternative splicing and transcription, as well as having other key physiological functions. 
For example, mammalian CCAR2/DBC1 forms a complex with the zinc factor protein ZNF326 to integrate 
alternative splicing with RNA polymerase II transcriptional elongation in AT-rich regions of the DNA. 
Additionally, Caenorhabditis elegans CCAR-1, a homolog to mammalian CCAR2, facilitates the alternative 
splicing of the perlecan unc-52 gene. However, much about the CCAR family’s role in alternative splicing 
is unknown. Here, we have examined the role of CCAR-1 in genome-wide alternative splicing in 
Caenorhabditis elegans and have identified new alternative splicing targets of CCAR-1 using RNA 
sequencing. Also, we found that CCAR-1 interacts with the spliceosome factors UAF-1 and UAF-2 
using mass spectrometry, and that knockdown of ccar-1 affects alternative splicing patterns, motility, 
and proteostasis of UAF-1 mutant worms. Collectively, we demonstrate the role of CCAR-1 in regulating 
global alternative splicing in C. elegans and in conjunction with UAF-1.
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1. Introduction

The human cell requires hundreds of thousands of proteins 
but contains approximately 30,000 genes [1–3]. To over
come this impediment, the alternative splicing (AS) of 
mRNAs allows one gene to produce multiple isoforms of 
a protein, causing an expansion of the proteome [4–10]. 
This process occurs in 70% of human genes and is facili
tated by members of the spliceosome, cis-acting sequences, 
and trans-acting factors [4–6,11].

The human cell division cycle apoptosis regulator 
(CCAR) family of proteins is involved in many aspects of 
cell physiology, including metabolism, apoptosis, stress 
response regulation, alternative splicing, and transcription 
[12–19]. This ability to participate in multiple processes is 
likely due to the presence of various structural domains, 
including an S1-like RNA binding domain, a nuclear loca
lization domain, a leucine zipper domain, a Nudix domain, 
and an EF-hand domain [13]. The mammalian CCAR1 
leucine zipper domain interacts with members of the NF- 
кB family of transcription factors [20], whereas the Nudix 
domain is thought to bind metabolites such as NAD+ and 
acts as an inactive holdase [12]. The coiled-coiled domain is 
predicted to be involved in protein-protein interactions 
[13], and the EF-hand domain is an inactive variant of 
a calcium-dependent regulatory domain [21–23].

An emerging function of the CCAR family is in the regula
tion of alternative splicing. Mammalian CCAR2 forms 

a complex with zinc factor ZNF326, forming the DBIRD 
complex which binds both RNA polymerase II and the ribo
nucleoprotein particle [24]. This interaction with the DBIRD 
complex integrates alternative splicing with RNA polymerase 
II elongation and is most prevalent in A/T-rich regions of the 
DNA [24]. Interestingly, this process is independent of SIRT1, 
a histone deacetylase that is known to regulate CCAR2 [24]. 
Here, we use C. elegans as a model organism in order to learn 
more about the mechanism of CCAR proteins in alternative 
splicing. C. elegans is an excellent model for studying alter
native splicing due to the conservation of the splicing machin
ery, the ability to manipulate the worm genetically, and the 
availability of viable splicing factor mutants [8,9,13]. In addi
tion, there is high conservation of the CCAR protein family 
structure within species, with mammalian CCAR2 having 30% 
sequence similarity to Caenorhabditis elegans CCAR-1 [13].

We use RNA sequencing analysis to show genome-wide 
alternative splicing changes that occur with the deletion of 
CCAR-1 in C. elegans. Additionally, using mass spectrometry, 
we show that CCAR-1 interacts with spliceosome factors 
UAF-1 and UAF-2. Furthermore, we demonstrate that ccar- 
1 RNAi affects the alternative splicing patterns and motility of 
UAF-1 mutants. Finally, we show that ccar-1/uaf-1 RNAi 
reduces the amount of polyglutamate aggregates in 
a C. elegans Huntington’s disease model worm. Altogether, 
our study demonstrates the role of CCAR-1 in global alter
native splicing changes in C. elegans and its role in 
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conjunction with UAF-1 in regulating alternative splicing at 
the organismal level.

2. Materials and methods

2.1. C. elegans strains and maintenance

The following strains were used in the study: Wild-type 
Bristol N2, VC1029 ccar-1 (gk433) IV, MT16492 uaf-1(n4588) 
III, VC3010 uaf-2 (gk3159) IV, AM140 rmls132 (unc-54p: 
Q35:YFP) and SDW080 (peft::CCAR-1:GFP:3×flag). All 
strains were maintained at 20°C on standard NGM plates 
seeded with Escherichia coli OP50–1. Synchronous popula
tions of nematodes were obtained by bleach synchronization 
and plating for 19 hours on NGM plates without food.

The VC1029 ccar-1 (gk433) IV strain was acquired from 
CGC (Caenorhabditis elegans Genetic Centre) and outcrossed 
three times to our laboratory N2 wildtype strain to generate 
the SDW040 strain. SDW080 transgenics were constructed by 
PCR amplification of the full-length ccar-1 gene followed by 
subsequent Gibson assembly to insert a GFP reporter and 
a ubiquitous eft promoter. The homologous repair template 
was then injected at a final concentration of 10ng/μl at 
Knudra Transgenics (Murray, UT). Successful transgene 
insertion was detected by fluorescence of GFP and western 
blotting.

AM140 (rmIs132 [unc-54p:Q35:YFP) are Huntington dis
ease model worms with 35 Polyglutamine (polyQ) residues, 
tagged to YFP. PolyQ expansions are defined as the cause of 
cellular toxicity in neurodegenerative diseases such as 
Huntington’s disease. In C. elegans young adults with 35–40 
glutamine residues exhibit protein aggregates and loss of 
motility [25]. MT16492 uaf-1(n4588) III and VC3010 uaf-2 
(gk3159) IV are UAF-1 and UAF-2 mutant worms obtained 
from CGC, that are previously used to study functions of 
these genes in the alternative splicing of C. elegans [26].

2.2. RNA preparation for RNA sequencing

RNA samples were prepared using a Trizol reagent (Ambion). 
The concentration and purity of RNA were determined using 
Nanodrop Spectrometry and further QC on the RNA and 
library were assessed at the Brigham Young University DNA 
sequencing centre. RNA libraries were prepared using the 
TruSeq Total RNA kit (Illumina, Inc.) with a Ribo-zero gold 
kit (Illumina, Inc.) to remove rRNA and mitochondrial RNA 
transcripts.

2.3. VAST-Tools analysis

Vertebrate Alternative Splicing and Transcription Tools 
(VAST-Tools) was used to identify alternative splicing events 
from our RNA-Seq data [27–29]. VAST-Tools is a powerful 
tool that profiles and compares alternative splicing events 
from RNA-Seq data by aligning to species-specific library 
files known as VASTDB. The output from the alignment 
allows users information on alternative splicing events [28].

We used paired-end next-generation data to determine 
differential exon skipping, intron retention, alternative splice 

donor, and alternative splice acceptor between N2 and 
SDW040 worms. VAST-Tools was run with default para
meters using vast-tools align, vast-tools combine, and vast- 
tools diff to the C. elegans genome (vastdb.cel.23.06.20). 
Alternative splicing events were reported in a tab file contain
ing statistical changes and a PDF file plotting of the splicing 
changes. For the analysis of significantly changing genes, we 
used a cut-off E[dPSI]<0.1 and MV [dPSI]>0. Gene ontology 
of significantly alternatively spliced genes was done using 
WormEnrichR [30,31].

2.4. RT-PCR

RNA samples were prepared using Trizol reagent (Ambion) 
followed by cDNA synthesis using SuperScript III reverse 
transcriptase kit (Invitrogen). For the cDNA synthesis 250 
ng of RNA per sample was used and subsequently, 300 ng 
of the cDNA was used in the PCR reaction.

The samples were amplified through conventional PCR with 
designed primers, spanning 200–800 base pairs of each gene. 
The primers were specifically designed to identify splicing 
changes between alternative exons and introns. We used the 
following primers for the F10F8.10 gene, forward primer: 
GATGGAAGGAACTGCTAGA and reverse primer: CCA 
TCAAATAATCCAGTCGAC and forward primer: 
ATCTACGGATTCGAGTCGTCACCATC and reverse primer: 
GAAGAAATCTTCCAGTCCGAAGGG for the tos-1 gene.

The PCR samples were separated in a 5% TBE polyacryla
mide gel [32], and stained with SYBR gold nucleic acid stain 
(Invitrogen). The gel images were taken by Molecular Imager 
F.X. (Bio-Rad), and the densitometries of the bands were 
calculated through Image J for quantitation.

2.5. Thrashing assay

The worms were synchronized and then grown in desired 
OP50–1/RNAi plates until the fourth larval stage. On day 1 of 
adulthood, individual worms were placed in a drop of nematode 
growth media on the lid of a petri dish. The number of body 
bends by each worm per minute was recorded. This was repeated 
for 15 worms per condition, where*** is a p-value of < 0.0001 
and ** is a p-value of < 0.005 based on Mann-Whitney statistical 
tests.

2.6. Protein aggregation assay

AM140 (Q35:YFP) worms were grown in desired RNAi plates 
until the fourth larval stage. Worms were picked to fresh 
plates until day 3 of adulthood. Protein aggregates were 
imaged using the EVOS fluorescent microscope for at least 
15 worms per condition in independent biological triplicates.

2.7. Mass spectrometry

SDW080 (peft::CCAR-1:GFP:3×flag) worms were maintained 
at 20°C on standard NGM plates seeded with Escherichia coli 
OP50–1. Immunoprecipitation was performed by pulldown of 
CCAR-1 using GFP in biological duplicates to generate elu
ates for mass spectrometry.
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Figure 1. CCAR-1 regulates alternative splicing. A. Methodology of RNA sequencing samples preparation between N2 and CCAR-1 null (SDW040) worms B. Types of 
alternative splicing events occurring from the VAST Tools analysis, including exon skipping (EX), intron retention (INT), alternative splice acceptor (ALTA) and 
alternative splice donor (ALTD). C. WormEnrichR analysis of gene ontology (GO) molecular function between N2 and CCAR-1 null (SDW040) worms. D. WormEnrichR 
analysis of gene ontology (GO) biological process between N2 and CCAR-1 null (SDW040) worms.
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Immunoprecipitation eluates were prepared for mass spec
trometry-based proteomics using filter-aided sample prepara
tion (FASP). Briefly, proteins were alkylated with 
iodoacetamide (IAA), buffer exchanged with urea followed 
by ammonium bicarbonate, and finally digested with 
Trypsin/Lys-C overnight at 37°C. After digestion, peptides 
were eluted from the FASP columns and subsequently 
desalted using C18 SPE cartridges (Waters) with a vacuum 
manifold. Desalted peptides were dried in a vacuum concen
trator. Peptides were resuspended in H2O/0.1% formic acid 
for LC-MS/MS analysis.

Peptides were separated using a 75 µm x 50 cm Acclaim™ 
PepMap™ 100 C18 reversed-phase-HPLC column (Thermo 
Scientific) on an Ultimate 3000 UHPLC (Thermo 
Scientific) with a 120-minute gradient (2–32% ACN with 
0.1% formic acid) and analysed on a hybrid quadrupole- 
Orbitrap instrument (Q Exactive Plus, Thermo Fisher 
Scientific). Full MS survey scans were acquired at 70,000 
resolution. The top 10 most abundant ions were selected 
for MS/MS analysis.

Raw data files were processed in MaxQuant (www.max 
quant.org) and searched against the UniProt Caenorhabditis 
elegans protein sequence database. Search parameters 

included constant modification of cysteine by carbamido
methylation and the variable modification, methionine oxida
tion. Proteins were identified using the filtering criteria of 1% 
protein and peptide false discovery rate.

3. Results

3.1. CCAR-1 regulates alternative splicing in C. elegans.

We used whole transcriptome RNA sequencing to examine 
the genome-wide alternative splicing changes with and 
without knock-out of CCAR-1 in C. elegans. The CCAR-1 
deletion mutant strain VC1029 ccar-1 (gk433) IV, which 
contains a deletion of the first three exons of the ccar-1 
gene resulting in a null mutant [33], was outcrossed three 
times with our laboratory wildtype N2 strain to create 
strain SDW040. RNA was extracted from wildtype N2 and 
CCAR-1 null (SDW040) worms on day 1 of adulthood in 
biological duplicate and sent for sequencing (Figure 1A). 
From the sequencing data, a VAST-Tools analysis was 
conducted to identify alternative splicing changes. We 
found 57,450 alternative splicing events (Supplementary 
Data 1), with 7133 significant changes (E[dPSI]<0.1 and 

Table 1. Top 20 alternatively spliced genes between N2 (wildtype) and CCAR-1 null (SDW040) worms.

Caenorhabditis 
elegans genes Human homolog

Alternative 
splicing event Function

srap-1 MACF1 Exon Skipping Human microtubule actin crosslinking factor 1 (MACF1), crosslinks actin to other cytoskeletal proteins 
and also binds microtubules.

trr-1 TRRAP Alternative 
Splice 
Acceptor

Involved in the negative regulation of vulval development, positive regulation of growth rate and 
reproduction.

unc-82 NUAK1 Exon Skipping Serine threonine kinase important for maintaining myosin filament organization.
rskn-1 RPS6KA1 Alternative 

Splice 
Acceptor

Ribosomal protein S6 kinase involved in signal transduction and protein phosphorylation.

F13H8.5 N/A Exon Skipping Enriched in ADE sheath, germline precursor cell and hypodermis.
sax-7 L1CAM Intron Retention Conserved transmembrane cell adhesion molecule involved in development of distict neurone, 

dendrite development, and axon guidance.
lea-1 KIAA1881 Exon Skipping Protects cells against various abiotic stresses such as high salinity, desiccation and heat and cold stress.
F30F8.10 NAA60 Intron Retention Enables histone acetyltransferase activity and peptide alpha-N-acetyltransferase activity.
T24B8.7 ENSP00000385700 Alternative 

Splice 
Acceptor

Enables cysteine-type deubiquitinase activity and cysteine-type endopeptidase activity.

apr-1 APC Alternative 
Splice 
Acceptor

APC-related protein involved in embryogenesis and vulval development, regulation of Wnt signalling 
pathway, and regulation of multicellular organismal development.

alp-1 APLP1 Exon Skipping APP family member of proteins that facilitates heparin binding activity and transition metal ion binding 
activity. Involved in body morphogenesis, ecdysis, collagen and cuticulin-based cuticle, and nematde 
larval development.

unc-70 HSpTB1 Exon Skipping Facilitates actin filament binding activity and is involved in dendrite development, embronic body 
morphogenesis, and muscle cell celular homoeostasis.

K04H4.2 N/A Exon Skipping Enables chitin binding activity.
unc-103 ENSP00000396900 Exon Skipping Enables inward rectifier potassium channel activity. Involved in mating behaviour and regulation of 

muscle contraction.
zyg-12 HOOK1 Exon Skipping Involved in centrosome localization, embryo development, and pronuclear migration.
mlt-11 TFPI Exon Skipping Serine-type endopeptidase inhibitor activity expressed in hypodermis.
daf-15 RPTOR Alternative 

Splice 
Acceptor

Protein kinase activator and protein-macromolecule adaptor involved in dauer larval development, 
determination of adult lifespan, and regulation of autophagosome assembly. Expressed in the body 
wall musculature and pharyngeal muscle cell.

pat-12 N/A Exon Skipping Involved in embryonic morphogenesis and hemidesmosome assembly. Located in hemidesmosome.
ect-2 ECT2 Alternative 

Splice 
Acceptor

Epithelial cell transformation, cell fate determination, mitotic cytokinesis, and positive regulation of 
GTPase activity.

tim-1 TIMELESS Alternative 
Splice 
Acceptor

DNA binding activity, embryo development, and sister chromatid cohesion.
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MV [dPSI]>0). The majority of significant alternative spli
cing changes are due to exon skipping (4269), intron reten
tion (1714), alternative splice donor (582), and alternative 
splice acceptor (568) (Figure 1B). We include a table of the 
top 20 significantly changing genes from the VAST-Tools 
analysis with information on the human homologs, the type 
of alternative splicing event, and the function (Table 1).

Next, we evaluated gene ontology by assessing the mole
cular functions and the biological processes of significantly 
changing genes from VAST-Tools using WormEnrichR 
(Supplementary Data 2). Key molecular functions such as 
DNA binding, actin binding, and RNA binding are altered 
with the deletion of CCAR-1 (Figure 1C). As for biological 
processes, the deletion of CCAR-1 regulates the splicing of 
genes involved in nematode larval development, the regula
tion of gene expression and embryo development (Figure 1D).

3.2. Validation of alternative splicing changes

To validate the alternative splicing changes found from the 
RNA sequencing, we used RT-PCR to examine two genes 
from our data set, F30F8.10, and tos-1. F30F8.10 was 
among the top significantly changing genes in our dataset, 
and tos-1 was a well-established splicing reporter in 
C. elegans studies [26,34]. From the RT-PCR, we deter
mined the isoform ratios of these genes in N2 and 
CCAR-1 null (SDW040) worms. We further used Mann- 
Whitney tests to determine if the isoform changes were 
statistically significant.

F30F8.10 contains three alternatively spliced isoforms (A, B, 
and C) in both N2 and CCAR-1 null (SDW040). Notably, in the 
CCAR-1 null (SDW040), isoform B is upregulated (Figure 2A, 
top panel). We quantified the ratio between isoform A to C and 
checked for statistical significance between N2 and CCAR-1 
null (SDW040) ratios (Supplementary Data 3). The isoform 
ratio was significantly decreased in SDW040 as compared to 
N2 with a p-value of < 0.006 (Figure 2A, lower panel).

Tos-1 gene contains five isoforms; however, here we 
focus on two isoforms, A and B, that showed substantial 
changes in both N2 and CCAR-1 null (SDW040) worms. 
We found that isoform A was upregulated in CCAR-1 null 
(SDW040) worms (Figure 2B). We quantified the ratio 
between isoform A to B and found that the ratio signifi
cantly increased in CCAR-1 null worms with a p-value of <  
0.00401 (Figure 2B). Collectively, these results validate the 
RNA sequencing data and show that CCAR-1 regulates 
alternative splicing of previously unknown C. elegans genes.

3.3. Pulldown of CCAR-1 using mass spectrometry shows 
interaction with splicing factors UAF-1 and UAF-2

A previous study found that CCAR-1 regulation of alternative 
splicing requires binding to HRP-2 to facilitate alternative 
splicing changes [33]. To determine other interacting partners 
that CCAR-1 may work with to regulate splicing, we exam
ined CCAR-1’s interacting partners using mass spectrometry.

We constructed an eft promoter, GFP and FLAG-tagged 
ccar-1 strain (peft:CCAR-1:GFP:3XFLAG) strain (SDW080) 
to pull down CCAR-1 for mass spectrometry. From the 

Figure 2. RT-PCR validation of alternatively spliced genes. This figure shows the RT391 PCR validation of CCAR-1-regulated alternative splicing from the RNA 
sequencing dataset. A. The RT-PCR images show the visual representation of isoform changes in the N2 and CCAR-1 null (SDW040) worms. B. The box plots represent 
the distribution of the isoform ratios of all populations of N2 and CCAR-1 null (SDW040) worms, N=7. The F30F8.10 box plot measures the ratio of isoform A to C and 
the tos-1 box plot measures the ratio of isoform A to B. Based on a Mann-Whitney test, we recorded a p-value of 0.006 (***) for the F30F8.10 gene and a p-value 0f 
0.0401 (*) for the tos-1 gene.

RNA BIOLOGY 5



mass spectrometry data, we were interested in splicing 
factors interacting with CCAR-1, as this protein does not 
have an RNA-binding domain. We detect splicing factors 
from our list of proteins (Supplementary Data 4) [35], and 
amongst these highlighted two spliceosome factors, UAF-1 
and UAF-2, the C. elegans homologs to the mammalian 
large and small U2AF subunits, U2AF65 and U2AF35, 
respectively. Mammalian CCAR2 previously interacted 
with U2AF65 [36], therefore, based on this study and our 
mass spectrometry data we wanted to further evaluate this 
interaction of CCAR-1 with UAF-1 and UAF-2 in 
C. elegans.

3.4. CCAR-1 RNAi affects alternative splicing in UAF-1 
mutant worms

To establish the mechanistic importance of the interaction 
of CCAR-1 with splicing factors UAF-1 and UAF-2 in the 
alternative splicing of C. elegans genes, we used a tos-1 
splicing reporter, previously used to test UAF-1 splicing 
regulation [26,34,37]. We examined whether the knock
down of ccar-1 affects the alternative splicing of the tos-1 
gene in UAF-1 and UAF-2 mutant backgrounds by quanti
fying the isoform ratios. The tos-1 gene predominantly 
produces five isoforms (Figure 3A), however here we 

Figure 3. CCAR-1RNAi affects the alternative splicing of the tos-1 splicing reporter in UAF-1 mutants. A. Shows the tos-1 pre-mRNA and subsequent isoforms due to 
alternative splicing B. The RT-PCR results of N2, CCAR-1 null (SDW040), UAF-2 mutant (VC3010), and UAF-1 mutant (MT16492) (with and without ccar-1 RNAi). 
C. Shows the isoform ratios of isoform a to D in N2, CCAR-1 null (SDW040), UAF-2 mutant (VC3010), and UAF-1 mutant (MT16492) (with and without ccar-1 RNAi) 
D. Shows the isoform ratios of isoform C to D in N2, CCAR-1 null (SDW040), UAF-2 mutant (VC3010), and UAF-1 mutant (MT16492) (with and without ccar-1 RNAi). 
The error bars in C and D represent the standard error and variability of isoform ratios from different replicates.
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highlight three isoforms, A, C, and D, which are modified 
in our experiments. Isoform A contains an intron retention, 
isoform D contains partial exon skipping, and isoform 
C contains all exons, including full length exon 2, and has 
no intron retention (Figure 3A). We measured isoform A to 
D and isoform C to D ratios to determine tos-1 isoform 
ratio changes.

We show that the CCAR-1 null (SDW040) and the UAF-2 
mutant (VC3010) do not show significant differences between 
isoform ratios A to D or C to D compared to N2 (Figure 3B). 
However, the UAF-1 mutant (MT16492) shows a 6-fold 
change in isoform A to D ratio and up to a 30-fold change 
in isoform C to D compared to N2 (Figure 3C).

Then, to determine if CCAR-1 affects the alternative spli
cing pattern of the tos-1 gene in the UAF-1 mutant strain 
(MT16492), we used ccar-1 RNAi and assessed for isoform 
ratio changes in the tos-1 splicing reporter. We observe that 
ccar-1 RNAi significantly increases the isoform ratio of C to 
D in MT16492 worms by up to 2-fold (Figure 3D). The error 
bars represent the standard error and variability of isoform 
ratios from different replicates. This data suggests that ccar-1 
RNAi affects the splicing patterns of the tos-1 gene in the 
UAF-1 mutant.

3.5. CCAR-1 RNAi significantly increases the motility of 
UAF-1 mutant worms

The C. elegans U2AF65 (uaf-1) and U2AF35 (uaf-2) genes 
cause genome-wide changes in 3’ splice sites [34,38,39], and 
uaf-1 mutants have embryonic viability and motility defects 
[26]. Thus, to further investigate if CCAR-1 works with UAF- 
1 to affect motility, we assessed movement in the N2 and 

UAF-1 mutant (MT16492) worms using a thrashing assay 
previously used in uaf-1 alternative splicing studies [26].

N2 and UAF-1 mutant (MT16492) worms were bleach syn
chronized and placed on EV (empty vector) and ccar-1 RNAi 
plates at 25°C until development into day one adults. On day one 
of adulthood, we counted the number of body bends per minute 
for each worm and used a Mann-Whitney test to detect statistical 
significance. Consistent with our previous work [40], we show 
that ccar-1 RNAi significantly increases the motility of N2 
worms with a p-value of < 0.0057. However, we also observe 
that ccar-1 RNAi significantly rescues motility in the UAF-1 
mutants (MT16492) strain with a p-value of < 0.0001 
(Figure 4). This further suggested that the two proteins could 
be working together.

3.6. CCAR-1 RNAi significantly decreases the number of 
PolyQ aggregates in uaf-1 RNAi-treated worms

Our previous work demonstrates that the knockdown of ccar-1 
by RNAi upregulates proteostasis, in a sir-2.1 dependent man
ner, by decreasing polyglutamine aggregate formation in 
a C. elegans Huntington’s disease model [40]. Also, from our 
alternative splicing analysis, we show that the knockdown of 
CCAR-1 regulates the alternative splicing of various small heat 
shock proteins (Supplementary Data 1). To determine if CCAR- 
1 is working with UAF-1 to regulate proteostasis, perhaps 
through effects on the splicing of genes such as chaperones, we 
assessed polyglutamine aggregate formation in response to 
empty vector, ccar-1, uaf-1, and ccar-1/uaf-1 RNAi in 
a Huntington’s disease model strain AM140 rmls132 (unc-54p: 
Q35:YFP) (Figure 5). AM140 strain contains 35 polyglutamine 
repeats fused to YFP (Q35:YFP) under the control of a muscle- 
specific promoter, which develops aggregates in the body wall 
muscle [25].

AM140 worms were bleach synchronized and grown in 
respective RNAi plates until day 3 of adulthood. 
Fluorescent images, as well as quantification of aggregates, 
are shown. As expected, we see an average of 17 aggregates/ 
worm in empty vector (control) worms and a significantly 
lower average (p-value <0.0001) of 12 aggregates/worm in 
ccar-1 RNAi-treated worms [40]. In uaf-1 RNAi-treated 
worms, we see an average of 18 aggregates/worm, slightly 
more than the N2 control. However, if we knock down 
ccar-1 and uaf-1 simultaneously, the average is reduced to 
11 aggregates/worm, significantly reducing the number of 
aggregates per worm (p < 0.0001). These results show that 
CCAR-1 restores proteostasis in the Huntington’s 
C. elegans disease model with UAF-1 RNAi and suggest 
that CCAR-1 is working together with spliceosome factor 
UAF-1 for this effect.

4. Discussion

Mammalian and C. elegans CCAR family members regulate 
the alternative splicing of genes [24,33]. However, there is 
a gap in knowledge of how this regulation occurs at the 
genome-wide level in a whole model organism. To address 
this, we used RNA sequencing and mass spectrometry to show 

Figure 4. CCAR-1RNAi rescues the motility of UAF-1 mutants. N2 and UAF-1 
mutant (MT16492) grown at 25°C, were assessed for motility in a thrashing 
assay. Body bends per minute were measured for individual worms in an N = 15 
for two biological replicates. Based on a Mann-Whitney test, we recorded 
a p-value of < 0.0057 between N2 EV and N2 ccar-1 RNAi and a p-value of <  
0.0001 between UAF-1 mutants (MT16492) EV and UAF-1 mutants (MT16492) 
ccar-1 RNAi.
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new targets of CCAR-1 alternative splicing and the potential 
mechanism of action of alternative splicing.

We identify new alternative splicing targets of CCAR-1 
with a variety of functions in the cell. We also found new 
interacting partners of C. elegans CCAR-1, including mem
bers of the spliceosome, UAF-1, and UAF-2. We show that 
ccar-1 RNAi affects the tos-1 splicing reporter in a UAF-1 
mutant background and that CCAR-1 and UAF-1 work oppo
sitely in the biological endpoints of motility and proteostasis 
in the worm. Overall, we demonstrate that CCAR-1 works 
with UAF-1 to regulate alternative splicing and physiological 
effects in C. elegans.

We provide a comprehensive list of alternative splicing 
changes occurring with the knockout of CCAR-1, mostly 
through exon skipping events (Supplementary data 1). 
Notably, we see alternative acceptor sites, that are previously 
linked to UAF-1 function in C. elegans [34]. Our dataset 

identifies biological functions that have been earlier linked 
to CCAR-1, such as nematode larval development, the regula
tion of gene expression, morphology of the epithelium, and 
embryo development [14,16,24,33,40]. This gives us confi
dence that our dataset is a true representation of biological 
functions related to CCAR-1, however, it was previously 
unknown that these functions were regulated by the alterna
tive splicing of genes. Interestingly, we identified that a key 
molecular function affected by CCAR-1 deletion is the alter
native splicing of RNA-binding genes. This regulation of RNA 
binding genes by CCAR-1 could be one way to explain its role 
in alternative splicing.

A previous C. elegans study found that CCAR-1 is 
a splicing regulator of the structural gene unc-52 [33]. Here, 
we identify other structural genes such as apl-1, ketn-1, and 
vab-10 to be alternatively spliced by CCAR-1 and show var
ious structural genes in the top significantly alternatively 

Figure 5. Ccar-1 and uaf-1 RNAi significantly decrease polyglutamine aggregation. A. Shows the fluorescent images of AM140 (Q35:YFP) fed control, ccar-1, uaf-1, and 
ccar-1/uaf-1 RNAi from L1 larval stage to day 3 of adulthood. B. Shows quantification of the number of aggregates per worm in each condition with an N = 40. Based 
on a Mann-Whitney test, we recorded a p-value of 0.0001 (***) between AM140 empty vector (EV) and AM140 ccar-1 RNAi, and a p-value of 0.0001 (***) between 
AM140 uaf-1, and AM140 uaf-1/ccar-1 RNAi.
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spliced genes with deletion of ccar-1 (Table 1). Our findings 
suggest that CCAR-1 has a larger role in regulating the alter
native splicing of structural genes in C. elegans, which most 
have human homologs. There is an emerging interest in 
understanding the alternative splicing of structural genes 
since many of them are alternatively spliced during biogenesis 
[41,42]. Also, studies show that cancers associated with CCAR 
family members are epithelial-related and occur in hemides
mosome-related tissues [18,43–47]. In the future, it would be 
informative to examine the role of CCAR-1 in alternative 
splicing of epithelial genes during tumour progression.

Interestingly, our mass spectrometry data identifies the splicing 
factors UAF-1 and UAF-2 as interacting partners of CCAR-1. 
UAF-1 and UAF-2 are splicing factors of the spliceosome and aid 
snRNA U2 interaction with the intron, binding the polypyrimi
dine tract and recognizing the AG nucleotide on the 3’ end of the 
intron [8,26,34,38,39]. The C. elegans UAF-1 mutant MT16492 
uaf-1(n4588) III and UAF-2 mutant VC3010 uaf-2 (gk3159) IV 
cause genome-wide changes in 3’ splice site [34,38,39], and uaf-1 
(n4588) III mutants have embryonic viability and motility defects 
[26]. Additionally, a previous study investigating human protein- 
protein interactions of core and non-core spliceosome factors 
identified CCAR1 as an interaction partner of U2AF2/ 
U2AF65 [36].

We speculate that CCAR-1 could negatively regulate UAF- 
1’s function in alternative splicing in C. elegans, directly, or 
indirectly as a linker protein to a regulator of UAF-1 
(Figure 6). This opposite regulation of CCAR-1 to UAF-1 
alternative splicing could explain the contrasting functioning 
in a tos-1 splicing reporter and motility defects (Figure 6). 
There is also still the possibility that CCAR-1 can bind 
directly to RNA to regulate splicing. CCAR-1 contains an S1- 
like domain, which is a putative RNA binding domain, which 
could be used for this purpose [13]. More research is needed 
to determine if CCAR-1 can bind to and regulate RNA 
directly. Future work to uncover the mechanism behind 

CCAR-1 and UAF-1’s combined role in alternative splicing 
will help elucidate novel roles for the CCAR family. 
Importantly, there is a need for further characterization of 
this mechanism of action by direct interaction experiments, 
such as immunoprecipitation, to test whether the interested 
proteins directly interact.

Lastly, using the worm’s advantages, which are the availabil
ity of splicing factor mutants and the ability to examine phy
siological effects at the organismal level, we show that ccar-1 
RNAi affects tos-1 gene splicing patterns in a UAF-1 mutant 
background. Furthermore, we show that ccar-1 RNAi rescues 
the motility of the worms and reduces the number of aggregates 
in a Huntington’s disease model worm. In both assays we see 
that CCAR-1 and UAF-1 are working oppositely, hence the 
hypothesis that CCAR-1 could be directly or indirectly nega
tively regulating UAF-1 function (Figure 6). Lastly, our RNA- 
Seq dataset shows that CCAR-1 regulates the alternative splicing 
of several small heat shock proteins, which could be a way to 
explain its role in proteostasis (Supplementary Data 1).

Collectively, our work identifies a larger role for CCAR-1 
in the alternative splicing of C. elegans genes, other than unc- 
52, that could be directly or indirectly through the regulation 
of UAF-1. Future studies are needed to determine the precise 
mechanism of how CCAR-1 works with UAF-1 to regulate 
alternative splicing and how this interaction could affect these 
global splicing changes. Also, in future work, there is need for 
long-read sequencing techniques to identify more targets, 
including longer isoforms.
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