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Abstract 

Spliceosomal helicases DDX41/SACY-1 and PRP22/MOG-5 both contribute to proofreading 

against proximal 3’ splice site usage 

Kenneth Osterhoudt 

 

RNA helicases drive necessary rearrangements and ensure fidelity during the pre-mRNA 

splicing cycle. DEAD-box helicase DDX41 has been linked to human disease and has 

recently been shown to interact with DEAH-box helicase PRP22 in the spliceosomal C* 

complex, yet its function in splicing remains unknown. Previous transcriptomic studies of C. 

elegans depleted of the DDX41 homolog SACY-1 uncovered predominantly changes in 

alternative 3’ splice site usage. We did a transcriptomic analysis of a viable sacy-1(G533R) 

allele in staged L3 animals; this allele causes alternative 3’ splicing in introns with pairs of 3’ 

splice sites separated by ≤ 18 nucleotides. We find that both SACY-1 depletion and the 

G533R allele lead to a striking unidirectional increase in the usage of proximal (upstream) 3’ 

splice sites. We have previously discovered a similar alternative splicing pattern between 

germline tissue and somatic tissue, in which there is a unidirectional increase in proximal 3’ 

splice site usage in the germline for ~200 events; many of the somatic SACY-1 alternative 3’ 

splicing events overlap with these developmentally regulated events. We generated a 

targeted mutant allele of the C. elegans homolog of PRP22, mog-5, in the region of MOG-5 

that is predicted to interact with SACY-1 based on the human C* structural model. This 

viable allele also promotes usage of the proximal alternative adjacent 3’ splice sites in 

somatic cells. We show that mog-5 and sacy-1 have overlapping proofreading phenotypes 

against proximal alternative adjacent 3’ splice sites. This work demonstrates that C. elegans 

is tractable for the genetic study of 3’ss choice after early spliceosomal assembly. These 

findings are used to inform a program for future genetic research on 3’ss choice. 
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Milestones in Splicing Research 

 The history of splicing research has been summarized from fascinating different 

perspectives (Sharp 2005; Mount and Wolin 2015). Here I will outline the major milestones 

in early splicing research most relevant to understanding the research presented in this 

thesis. 

Splicing was first discovered in 1977 (Berget et al. 1977). When adenovirus RNA 

and DNA coding for the hexon protein were hybridized together, it was noted in electron 

micrographs that regions of single-stranded DNA looped out because they could not 

hybridize to the RNA. This indicated that some regions of DNA sequence that occur amidst 

the coding sequence were not included in the final transcript (Berget et al. 1977). This 

discovery was also made independently by another group the same year (Chow et al. 

1977). These excised regions were soon termed introns. Before long, the sequences of 

many introns from a wide variety of species were found by comparing sequences DNA to 

the sequences of the corresponding messenger RNA (mRNA), and it was seen that the 

splice sites at both ends of the intron had conserved sequence motifs (Breathnach and 

Chambon 1981). 

The presence of interruptions in the coding sequence of genes was very 

unexpected. Since introns are not found in prokaryotes, their existence highlighted that the 

gene structure of eukaryotic genes is significantly different from that of prokaryotes.  

 The catalytic driver of splicing was not immediately found. Uracil rich small nuclear 

RNAs (snRNAs) had been discovered in 1968 (Hodnett and Busch 1968; Weinberg and 

Penman 1968) but had no known function. Antibodies found in lupus patients were found to 

bind to ribonucleoprotein complexes that each contained different snRNAs. These snRNAs 

were U1, U2, U4, U5, and U6, and these complexes were called small nuclear 

ribonucleoproteins (snRNPs)(Lerner and Steitz 1979). It was hypothesized that snRNPs 

were involved in splicing because of many clues, including that the U1 snRNA was found to 
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have sequence complementarity with splice site motifs (Lerner et al. 1980). Several years 

after splicing was discovered, it was still unknown which specific proteins or RNAs were 

involved in catalyzing splicing, and the exact nature of the chemical reactions in the mRNA 

to remove the introns were unknown. 

 The development of in vitro splicing (Hernandez and Keller 1983) opened new 

corridors for biochemical characterization of the splicing process. Rather than simply 

removing the intron as a circular RNA in a single step, it was found that there is an 

intermediate step to splicing. Splicing creates a branchpoint (BP) adenosine, which is an 

intronic base that has its 5’ and 3’ hydroxyl groups still bound to their neighboring intronic 

nucleotides, but also has its 2’ hydroxyl bound to the 5’ end of the intron (Padgett et al. 

1984; Ruskin et al. 1984). Since the 5’ end of the intron is looped around to connect to the 

BP, this intermediate was called a lariat.  

The pre-mRNA undergoes two transesterification reactions in splicing, reviewed in 

(Padgett et al. 1986). In the first reaction, the BP adenosine’s 2’ hydroxyl group undergoes 

nucleophilic attack on the 5’ phosphate of the first base of the intron, with the 3’ hydroxyl of 

the upstream exon as the leaving group. This splits the pre-mRNA into two pieces. The 5’ 

portion is still linear, and the 3’ portion, here called the splicing intermediate, contains a 

lariat at its 5’ end. In the second reaction, the 3’ hydroxyl of the upstream exon performs a 

nucleophilic attack on the 5’ phosphate of the first base of the downstream exon, with the 3’ 

hydroxyl of the last base of the intron as the leaving group. This creates the spliced product, 

which may have more introns yet to be removed, and an intron lariat, which is degraded.  

 Research uncovered early clues about the roles of the different snRNPs. U1 was 

proposed to bind to the 5’ splice site (5’ss)(Mount et al. 1983). This interaction was found to 

be functionally important for splicing when a mutation in U1 that compensates for a 

mutation in a 5’ss to restore the base pairing interaction between them was found to allow 

splicing of the mutant pre-mRNA (Zhuang and Weiner 1986). This led to the hypothesis that 
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U1 is responsible for choosing where in the mRNA to use as the 5’ss. Similarly, 

compensatory mutations in U2 were found to restore splicing of introns with mutated BP 

sequences (Wu and Manley 1989). Since the BP is usually close to the 3’ss, this implicated 

U2 in choosing the rough location of the 3’ss. The binding of U1 and U2 snRNAs provided 

early insight into how the spliceosome first assembles onto the general location of an 

mRNA where it will splice out an intron.  

snRNPs containing U1, U2, and a single snRNP with both U4 and U6 were found to 

be necessary for splicing in vitro, because antibodies against these snRNPs would inhibit 

splicing (Krainer and Maniatis 1985; Berget and Robberson 1986; Black and Steitz 1986). 

Splicing is unique in that it is carried out by so many different complexes. Unlike other 

molecular machines such as the ribosome, the spliceosome cannot be isolated as a single 

particle that can perform its function. In vitro splicing has not been achieved with only 

overexpressed and reconstituted components; nuclear extract must be included for in vitro 

splicing to occur. The spliceosome is a functional cooperative of macromolecules, so it 

should not be thought of as a unitary ribonucleoprotein complex. 

Studying the snRNPs offers a bird eye view of splicing, but to understand more 

detailed mechanism, it is necessary to study the roles of individual proteins as well as 

individual amino acids. A major step towards a finer grain understanding of splicing was the 

use of yeast temperature sensitive mutations. By bringing known temperature sensitive 

mutants to their restrictive temperatures, making extracts for in vitro splicing, and measuring 

how extracts from these strains affected splicing, many new genes were linked to splicing 

(Lustig et al. 1986). By 1989, 26 genes that function in splicing had already been identified 

(Vijayraghavan et al. 1989). Many of the RNA helicases discussed below were first shown 

to function in splicing by this method. 

An important example of a protein implicated in splicing through temperature 

sensitive mutation is Prp8. Prp8 is widely conserved, and it is very large, with its homologs 
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ranging from 230kd to 280kd, and it can crosslink to the 5’ss, the BP, the 3’ss, as well as U5 

and U6 snRNAs, and mutations in Prp8 have led to a wide range of splicing effects, as 

reviewed in (Grainger and Beggs 2005).  

Biochemical and genetic exploration revealed key aspects of the fundamental 

chemistry of splicing, and many of the macromolecular components of the spliceosome 

were identified through these approaches. These have led to the model of a splicing cycle 

(discussed in the next section), in which snRNPs and auxiliary protein factors dynamically 

assemble, activate, and disassemble to drive the splicing cycle. In recent years, structural 

biology has become a prominent tool in splicing research. The work of several key labs, 

including the labs of Luhrmann, Nagai, and Shi among others have led to a series of 

snapshots of yeast and mammalian spliceosomes at various stages of the splicing cycle 

and a more complete catalog of the protein components found associated with the 

spliceosome at each stage (Shi 2017; Kastner et al. 2019).  

Since the spliceosome consists of so many different macromolecules, the exact 

nature of the catalytic chemistry of the spliceosome was long a mystery. Splicing was long 

suspected to be catalyzed by RNA (Steitz and Steitz 1993). The other huge macromolecular 

machine full of RNA, the ribosome, is a ribozyme (Noller et al. 1992). The existence of self-

splicing introns, which are pieces of RNA that can catalyze their own excision from a larger 

piece of RNA, naturally leads to the hypothesis that spliceosomal splicing evolved from self-

splicing introns with no need for protein (Kruger et al. 1982). The first direct evidence of 

catalysis by snRNAs came from an experiment with a protein free solution of U2, U6, and a 

small RNA substrate with a BP. In this experiment, the 2’ OH of the BP was shown to 

covalently bind to U6 upon incubation with metal ions (Valadkhan and Manley 2001). 

Finally, in 2013 it was shown that both spliceosomal splicing reactions are catalyzed by a 

ribozyme that employs two magnesium atoms which are positioned and coordinated by the 
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U2-U6 complex, showing that the key catalytic element is RNA, even though proteins are 

still required for spliceosomal splicing (Fica et al. 2013). 

As whole genomes began to be sequenced and assembled, and sequencing 

technologies continually improved to bring the cost of sequencing down, a new field of 

transcriptomics came to be. This brought a new scale to our understanding of introns and 

alternative splicing. By 2000, 28,478 introns and 844 alternatively spliced open reading 

frames were found in C. elegans (the model organism in which the experiments described 

in this thesis were performed), showing how widespread alternative splicing is, and 

providing a large library of 5’ and 3’ splice site sequences (Kent and Zahler 2000). Since the 

metazoan branchpoint sequence is not well conserved, it cannot be inferred just by viewing 

the sequence of an intron, so high-throughput sequencing of the intron lariat was required 

to find the locations of branchpoints genome-wide (Mercer et al. 2015). Transcriptomics 

allows for the observation of splicing phenotypes across thousands of introns, so we are no 

longer limited only to splicing phenotypes that change splicing of reporters. 

 

RNA Helicases Involved in Spliceosomal Rearrangements and Proofreading 

 Two RNA helicases, PRP22 and DDX41 are centerpieces of this thesis. Here I will 

describe the splicing cycle, which is largely driven by RNA helicases, and discuss how 

proofreading by RNA helicases affects splice site choice.  

 The spliceosomal components cycle through many different complexes during 

assembly, catalysis, and disassembly (Figure 1, adapted from (Wilkinson et al. 2020)). All 

the different complexes have major differences in both their composition and in their 

conformations on the pre-mRNA. Only the complexes that have been experimentally 

isolated are known, but many unknown intermediate complexes surely exist, and new 

intermediates are still being discovered. Two important sources of free energy that drive the 

splicing cycle forward appear to be binding of spliceosomal components to the pre-mRNA  
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Figure 1. The splicing cycle, adapted from (Wilkinson et al. 2020). The spliceosomal 

complexes are arranged in a count-clockwise circle, showing the binding and disassembly 

of major components. Genes named in red, next to arrows, refer to splicing helicases 

required to move from the preceding complex to the following complex.  
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and to each other, and NTP hydrolysis by RNA helicases. The following is a summary of the 

roles of helicases in the human splicing cycle adapted from (Wilkinson et al. 2020). Splicing 

is most heavily studied in human and in the budding yeast S. cerevisiae. I will focus on the 

splicing cycle in humans because the C. elegans spliceosome is much closer to that of 

humans. 

 The first complex is the E complex, which consists of U1 snRNP bound to the 5’ss, 

the BP bound by the protein SF1, and the polypyrimidine track bound by the U2AF 

heterodimer. The transition from E complex to A complex requires DEAD-box helicases 

UAP56 and PRP5. The A complex has U2 snRNP bound to the region around the BP, with 

SF1 and U2AF removed. When the U4/U6.U5 tri-snRNP joins, the Pre-B complex is formed. 

This is the only complex with all 5 snRNPs. DEAD-box helicase PRP28 is required to 

transition to the B complex, which lacks U1 snRNP. BRR2, of the ski2-like helicase family, is 

required for the removal of snRNA U4 and snRNP U4/U6 proteins, but not U6 snRNA, and 

for the creation of the catalytic active site of the Bact complex. DEAH-box helicase PRP2 is 

needed to get to the BAQR complex, a newly discovered intermediate, and then helicase 

activity by the CWF11-family RNA helicase Aquarius is required to form the catalytically 

active B* complex (Schmitzová et al. 2023). B* has the DEAH-box helicase PRP16 bound 

before catalysis occurs. Once the first transesterification reaction occurs, this complex is 

called the C complex, although the two complexes are otherwise identical. PRP16 is 

required to bring about the C* complex, in which PRP16 is replaced by DEAH-box helicase 

PRP22 in the same approximate location that PRP16 vacates (Fica et al. 2017). Once the 

second transesterification reaction occurs, the complex is called the P complex, but again, 

these two complexes are otherwise identical. PRP22 is required to remove the spliced 

mRNA, leaving the ILS (Intron Lariat Spliceosome) complex. DEAH-box helicase PRP43 is 

required to disassemble the ILS complex. 
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 The biochemical mechanism of many of these RNA helicases is unknown. There is 

more knowledge of the DEAH-box helicases; during splicing they seem to translocate along 

single stranded RNA in the 3’ to 5’ direction (De Bortoli et al. 2021). They may not actually 

unwind RNA helices as their name implies. For the other helicases, even less is known 

about their biochemical activity in splicing.  

Splicing helicases that drive the splicing cycle forward also have a fascinating 

tendency to be involved in proofreading. Five RNA helicases involved in splicing are 

currently known to perform proofreading function (De Bortoli et al. 2021). It is important to 

distinguish between alternative splice site choice caused by proofreading and regulated 

alternative splicing. Proofreading is done by core spliceosomal factors to avoid the usage of 

unfavorable substrates, while regulated alternative splicing is performed by RNA binding 

proteins to produce functional alternative isoforms. I will now discuss possible models of 

proofreading mechanism, and then review the proofreading functionality of RNA helicases. 

In principle, there are several ways that proofreading could occur. It could occur 

actively, in which case a helicase uses energy to alter the mechanistic pathway when an 

unfavorable state occurs. It could also occur passively; in which case the presence of the 

protein alters the kinetics of the spliceosome so that it can distinguish between favored and 

unfavored states. It has mostly been the relatively small set of proteins in the spliceosome 

that have NTPase activity that have been found to have proofreading activity. This points to 

active proofreading as a likely hypothesis for at least some of the helicases. However, a 

passive role for PRP5 has been proposed (Zhang et al. 2021)(discussed below). If it occurs 

actively, two possible models have been proposed. The helicase could be a sensor, in 

which case it could sense an unfavorable state that causes the helicase to proofread, or it 

could act as a timer (De Bortoli et al. 2021). If it acts as a timer, the helicase only acts to 

proofread when the splicing pathway is slowed due to an unfavorable state, and under 

normal conditions the splicing pathway moves forward before the “timer” has time to go off. 
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Helicases could proofread by aborting the splicing cycle, or by creating a pause and 

facilitating conditions that allow the unfavorable state to resolve into a more favorable state 

before continuing onto the next step of the splicing cycle. A simple hypothesis is that at least 

some of these helicases only have one biochemical ability during splicing: translocating 

along a specific site of single-stranded RNA to cause rearrangement. If they translocate at 

the normal time, they drive the splicing cycle forwards, while if they translocate earlier in the 

cycle than usual, they drive proofreading (Horowitz 2011).  

A cryo-electron microscopy (cryo-EM) structure of the spliceosome stalled in A 

complex by a BP sequence mutation provides insight into proofreading by S. cerevisiae 

Prp5 (Zhang et al. 2021). In this structure, the BP mutation has prevented the HEAT domain 

of Hsh155 (SF3B1 homolog) from closing. In this structure, Prp5 is blocking U2 from 

rotating into its A complex position. The authors hypothesize that closing of the HEAT 

domain of Hsh155 would destabilize Prp5, so that it would dissociate and allow U2 to rotate. 

A mutation which destabilizes Prp5 could cause it to dissociate even with the HEAT domain 

open, allowing an mRNA with an unfavorable BP sequence to continue onto the A complex, 

which could then downstream lead to splicing of a cryptic 3’ss. In this model, Prp5 is 

passively proofreading the BP sequence. 

Prp28 is required for the 5’ss to be handed off from its base-pairing interaction with 

U1 snRNA to a new base-pairing interaction with U6 snRNA (Staley and Guthrie 1999). 

There are mutations in yeast and Drosophila Prp28 that increase usage of unfavorable 5’ 

splice sites, showing that Prp28 is involved in proofreading (Yang et al. 2013). In humans, 

the 5’ss/U1 duplex is held directly in between the two recA domains of Prp28, so it is likely 

that Prp28 could sense a 5’ss that binds weakly to U1 (Charenton et al. 2019). 

Prp16 is required for the second transesterification reaction (Schwer and Guthrie 

1991). There are mutations in yeast Prp16 that allow usage of a mutated BP, showing that 

Prp16 is also involved in proofreading the BP (Burgess and Guthrie 1993). The fact that 
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Prp16 plays a role both before and after the first transesterification reaction is consistent 

with its presence in both the B* and C complexes. Single-molecule Förster resonance 

energy transfer (smFRET) experiments show that Prp16 disrupts the binding of a mutated 

BP within the spliceosome (Semlow et al. 2016). The authors hypothesized that Prp16 pulls 

the mRNA when an unfavorable BP is loaded into the catalytic core, and this pull allows the 

spliceosome to disengage from that BP and then to bring a new BP into the catalytic core. 

This same pull is hypothesized to move the splicing cycle forward if Prp16 instead pulls 

after the first transesterification reaction.   

In many ways, Prp22 mirrors Prp16, often performing similar functions to PRP16, 

just one step later. Prp22 is required for the release of spliced mRNA (Company et al. 

1991). There are mutations in yeast Prp22 that allow usage of a mutated 3’ss (Mayas et al. 

2006). Prp22 is present in both C* and P complexes. smFRET experiments show that 

Prp22 disrupts the binding of a suboptimal 3’ splice site (Semlow et al. 2016). The authors 

hypothesize that Prp22 pulling on the mRNA disengages a 3’ss if the pull occurs before the 

second transesterification reaction, but if the pull occurs after, it removes the mRNA from 

the spliceosome, parallel to their model for Prp16. 

 

Splicing in C. elegans  

All the experimental work for this thesis (described in chapter 2) was done using the 

nematode roundworm Caenorhabditis elegans as a model organism. The majority of 

research on the spliceosome has been performed with human or yeast models. I will now 

compare the benefits and challenges of studying splicing in human, S. cerevisiae and C. 

elegans. I will then review research into 3’ss choice in C. elegans.  

 The aspiration to cure disease and improve treatment drives much research on 

splicing in humans.  Aberrant splicing causes a wide variety of developmental genetic 

disorders, and many oncogenic mutations are in splicing factors (Jiang and Chen 2021). 
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Disease alleles also provide insight into spliceosomal mechanism. Some disease alleles are 

in genes that are not conserved in S. cerevisiae, for example DDX41, which is a subject of 

chapter 2 of this thesis. Another benefit of splicing research in human systems is the many 

research tools available. Human cell culture model systems are well developed, and a 

plethora of experimental techniques have been developed. A huge amount of human 

transcriptomic data from many different backgrounds and conditions are available. 

 While human tissue culture is an excellent resource for studying splicing 

biochemistry and transcriptomics, genetic techniques are much more limited. Most tissue 

culture lines are polyploid, so studying missense alleles is often not possible. The 

development of stable haploid cell lines with programmable mutations through CRISPR has 

recently been employed to address this issue (Beusch et al. 2023). However, human cell 

lines are not very amenable to phenotypic assays.  

 S. cerevisiae is an excellent model for both biochemistry and genetics, and, as 

discussed above, has led to major insights in our understanding of the mechanisms of 

splicing. The primary drawback is that there are some aspects of splicing in metazoans that 

are not present in S. cerevisiae. S. cerevisiae does not have widespread alternative splicing 

(Schirman et al. 2021). In addition, the splicing signals at the 5’ss, BP, and 3’ss are more 

conserved across S. cerevisiae introns, while in metazoans these signals are generally 

weaker. These two features mean that the S. cerevisiae spliceosome has been evolving 

with less ambiguity about where in the mRNA to splice. Since mutations that majorly distort 

splicing would be lethal in humans, many disease alleles create subtle differences in 

splicing that only affect splice site choice in situations where the spliceosome is facing 

significant ambiguity (Scotti and Swanson 2016). 

 In this thesis, I utilize splicing ambiguity in C. elegans splice site choice to gain 

insight into a homolog of DDX41, a splicing factor linked to disease. I utilize the presence of 

widespread alternative adjacent splicing that occurs naturally in C. elegans (Ragle et al. 
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2015) to assay for splicing function in a way that would not be possible in humans or S. 

cerevisiae. 

 This unique perspective into ambiguous splice sites justifies our lab’s use of this 

organism to study spliceosomal mechanism. Many techniques for studying splicing 

biochemistry and structural biology in other organisms have not been developed for C. 

elegans, so the research presented in this thesis consists of genetic and transcriptomic 

techniques. C. elegans does have the advantage of being able to use CRISPR technology 

to program in any mutant allele that is desired. This advantage is similar to classic S. 

cerevisiae reverse genetic techniques. The splicing factors we study are very highly 

conserved, so human structural biology and the study of C. elegans missense mutations 

can complement each other. For example, our lab studied how snrp-27 was involved in 5’ss 

choice transcriptome-wide (Zahler et al. 2018), and soon after this was published, the 

human homolog was modeled into a structure for the first time, and found to interact with 

both U6 and U4 snRNAs right before U6 is remodeled to form the catalytic core (Charenton 

et al. 2019). 

 I will now discuss C. elegans introns and constitutive splice site choice. Since this 

work focuses on conserved elements of core splicing mechanism, I will not review the 

regulation of alternative splicing or trans-splicing, although there is an interesting body of 

research on those topics in C. elegans.  

 The introns of C. elegans have several interesting features. They are very rich in A 

and U bases. They are shorter than human introns, with a modal length of 47 and a median 

length of 65, although some very long C. elegans introns do exist (Spieth et al. 2014). The 

5’ss consensus sequence is AGGUAAGU, with the first base of the intron underlined, and 

the 3’ss consensus sequence is UUUUCAG, with the last base of the intron underlined, 

although most introns feature some divergence from these sequences. The branchpoint 

consensus sequence is unknown, for very few branchpoints have been sequenced in C. 
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elegans. In fact, the only published branchpoint in C. elegans is upstream of a pair of 

alternative adjacent 3’ splice sites, and this BP is 14 nucleotides from the proximal splice 

site and 20 nucleotides from the distance splice site, and has a UACACCA sequence 

(Ragle et al. 2015). C. elegans does not have a polypyrimidine tract per se, and C bases 

are quite rare in the 3’ end of the intron compared to the purine A (U2AF binding in C. 

elegans is discussed in the next paragraph). There are about 110,000 introns in C. elegans 

(Spieth et al. 2014). 

 The 3’ splice site is first recognized in E complex by the U2AF heterodimer in both 

humans and C. elegans. uaf-1 (homolog of human U2AF65) and uaf-2 (homolog of human 

U2AF35) crosslink to the C. elegans 3’ss (Zorio and Blumenthal 1999). The binding of 

oligos to C. elegans U2AF recapitulate the 3’ss consensus sequence: many oligos that 

match the C. elegans 3’ss except at one position were assayed for binding to U2AF, and 

oligos showed the largest drop in binding affinity when the one base that did not match was 

a base that is most strongly conserved in the C. elegans 3’ss (Hollins et al. 2005). The U 

bases upstream of the CAG motif are analogous to a short polypyrimidine track; however, it 

should be noted that substitution with pyrimidine base C significantly decreased binding 

affinity to U2AF, and in the -6 position an A decreased binding much less than a C. The -5 U 

the third most strongly conserved base, after the -1 A and -2 G. Mutation of a -5 T in the 

genome to a G causes a loss of function phenotype in the gene daf-10, highlighting how 

critical this position is for splicing (Itani et al. 2016). Mutation in uaf-1 causes splicing of a 

cryptic splice site (Ma and Horvitz 2009). C. elegans sfa-1 (homolog of SF1) binds to 

human U2AF65 (Mazroui et al. 1999), and mutation in sfa-1 causes exon skipping and 

intron retention (Ma et al. 2011), but C. elegans sfa-1 has not been linked directly to 

branchpoint or 3’ss choice.  

From human and yeast studies, we know U2AF leaves the spliceosome early in the 

splicing cycle. Many subsequent events in the splicing cycle are known to alter 3’ss choice. 
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The genetics of 3’ss choice in C. elegans after A complex have not been directly studied 

before this thesis. 

 Many C. elegans constitutive splicing factors have been depleted by RNAi, and 

many mutations in splicing factors have been found, by labs that are not primarily focused 

on splicing research. Disruption of these factors often lead to germline perturbations. RNAi 

depletion of many splicing genes disrupt germline proliferation, meiotic entry and germline 

sex determination (Kerins et al. 2010) and distal tip cell migration (Doherty et al. 2014). 

Screening for the masculinization of germline (Mog) phenotype found many splicing factors 

(Graham and Kimble 1993; Graham et al. 1993), as discussed in chapter 2 of this thesis. 

Several hypotheses have been proposed for this connection (Kerins et al. 2010), but why 

splicing perturbations affect germline more than somatic tissue remains an open question. 

One hypothesis is that the germline is simply very heavily studied in C. elegans with easily 

detectable phenotypes, so we have found what we are looking for. 

 The discovery of germline specific alternative adjacent 3’ss choice in C. elegans by 

Matthew Ragle (Ragle et al. 2015) laid the foundation for this thesis. In that study, 

sequenced RNA from gonads isolated by dissection was compared to RNA from worms with 

disrupted germline development due to temperature sensitive glp-4 mutation. This 

comparison uncovered the major splicing difference between soma and germline to be in 

alternative adjacent (≤18 nucleotides apart) 3’ss pairs and found that the proximal splice 

site (closer to the 5’ end of the intron) shows increased usage in germline tissue relative to 

somatic tissue. The proximal splice sites consisted of AG nucleotides without a close match 

to the usual UUUC sequence preceding them, while the distal sites closely matched the 

sequence which binds to U2AF. This study found that some of these alternative splicing 

events are conserved among closely related nematodes. This study also found that wildtype 

worms do regularly use non-AG dinucleotides for the 3’ss in a small number of transcripts 

(UG, AU, and GG dinucleotides were used) in the germline.  
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When I began work on this thesis, no mutations were known that altered splicing of 

these adjacent splice sites. I set out to use these intriguing splice sites as a new approach 

to study the genetics of 3’ splice site choice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



17 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2 

 

Spliceosomal helicases DDX41/SACY-1 and PRP22/MOG-5 both contribute to proofreading 

against proximal 3’ splice site usage 
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Introduction 

 

 Introns are removed from precursor messenger RNA (pre-mRNA) by the 

spliceosome, a dynamic multi-megadalton ribonucleoprotein complex (Wilkinson et al. 

2020). During the splicing cycle, five small nuclear RNAs (snRNAs) along with many protein 

splicing factors assemble onto the pre-mRNA and form spliceosomal complexes that 

transition through several rearrangements and composition changes to create the 

catalytically active spliceosome with a ribozyme core (Fica et al. 2013). The 5’ splice site 

(5’ss) and the branchpoint (BP) are joined in the first trans-esterification reaction to form a 

lariat-containing splicing intermediate and a free 5’ exon. The 5’ exon is joined to the 3’ exon 

in the second trans-esterification reaction, with the intron lariat released as a by-product. 

The spliceosome is then disassembled to start the cycle anew.  

Many of the critical assembly, rearrangement, and disassembly steps of the 

spliceosome cycle require RNA helicases and ATP; eight helicases are conserved in 

eukaryotes, and five are found in metazoans but not in S. cerevisiae (De Bortoli et al. 2021). 

The DEAH-box helicases have been found to translocate along single-stranded RNA in the 

3’ to 5’ direction to enact confirmation changes in the spliceosome, but, contrary to their 

name, do not necessarily unwind RNA helices during the splicing cycle (Semlow et al. 

2016). The potential ATPase and helicase mechanism of action in splicing of the DEAD-box 

helicases is less understood. Five spliceosomal RNA helicases are currently known to 

proofread against unfavorable mRNA substrates or sequence features (De Bortoli et al. 

2021). 

 Many different steps of the splicing cycle have been functionally linked to 3’ splice 

site (3’ss) choice. During early assembly, the approximate location of the 3’ end of the intron 

is initially bound by U2AF proteins which help recruit the U2snRNP. U2 snRNA base pairs 

with the branchpoint sequence (BPS) (Wu and Manley 1989). The candidate BP can then 
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be proofread by the DEAH helicase Prp16 (Burgess and Guthrie 1993). When the first 

trans-esterification reaction happens, BP choice is cemented. For the second step of 

splicing, the spliceosome must translocate to and load the 3’ss into its active site. A 

common model is that the spliceosome will scan for the first AG dinucleotide that occurs 

past a minimal distance downstream from the BP, and choose it for the 3’ss (Smith et al. 

1989). However, there are examples of AGs found in some introns between the branchpoint 

and 3’ss that are bypassed by wildtype spliceosomes but become activated in mutant 

spliceosomes (Chua and Reed 1999). Hundreds of human introns feature a NAGNAG 

sequence motif in which either AG can be used as the 3’ss (Hiller et al. 2004), so scanning 

alone does not define all 3’ss choice. DEAH-box helicase Prp22 can proofread the 3’ss 

before splicing is completed (Mayas et al. 2006).  

 Disruption of factors involved in identifying the 3’ss contributes to human disease, 

and since most eukaryotic transcripts require splicing for mRNA export and translation, all 

cellular processes are potentially vulnerable to disruption. For example, oncogenic mutation 

of SF3b1 causes altered BP choice leading to altered 3’ss usage (Darman et al. 2015). The 

pleiotropic effects of disrupting spliceosomal components often make it difficult to untangle 

the different pathogenic mechanisms; SF3b1 also contributes to malignancy through R-loop 

formation and DNA damage (Singh et al. 2020). DEAD-box helicase DDX41 is another 

spliceosome-associated protein linked to cancers, and its disruption causes both changes 

in splicing, as well as R loop formation leading to replicative stress (Shinriki et al. 2022). 

sacy-1, the C. elegans homologue of DDX41, also has multiple roles; it was initially 

identified in a screen for oocyte meiotic maturation factors (the name sacy-1 stands for 

“suppressor of acy-1”)(Kim et al. 2012), and was only later understood to be involved in 

splicing and to be associated with C complex proteins (Tsukamoto et al. 2020).  

Several important splicing factors in C. elegans were initially discovered while 

studying germline development and were named after the masculinization of germline 
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(Mog) phenotype (Graham and Kimble 1993); these were only later found to be homologs 

of splicing proteins. mog-1(PRP16), mog-4(PRP2), and mog-5(PRP22) are all homologs of 

highly conserved DEAH-box helicases that proofread and then drive the splicing cycle 

forward. The sacy-1(P222L) allele also causes a Mog phenotype (Tsukamoto et al. 2020), 

while knockout is sterile but not Mog for both sacy-1 (Kim et al. 2012) and mog-5(C. 

elegans Deletion Mutant Consortium 2012). Hypomorphic alleles of these factors may prove 

more useful for studying direct effects on splicing than null mutations in essential genes. 

New cryo-electron microscopy (cryo-EM) structures have furthered our 

understanding of the portion of the splicing cycle that happens after PRP16 remodeling but 

before the second trans-esterification reaction. Several proteins were recently modeled into 

the human C* complex for the first time, including DDX41 (Dybkov et al. 2023). siRNA-

mediated knockdown of some of these C* proteins was found to alter splicing of adjacent 

NAGNAG 3’ splice sites. DDX41 and PRP22 interact in the C* model, with DDX41 modeled 

into the periphery of the spliceosome, on the opposite from the side of PRP22 that binds the 

3’ exon (Dybkov et al. 2023). In another study, three populations of human spliceosomes, 

termed pre-C*-I, pre-C*-2, and C* were modeled, providing new insight into the dynamic 

mechanism that prepares the spliceosome for the second trans-esterification reaction (Zhan 

et al. 2022). Between all three of these structures, PRP22 transitions through different 

conformations, and these transitions may be involved in PRP22 proofreading activity. These 

structures have many features that suggest specific, novel functions for specific residues in 

proteins whose roles in splicing have been unknown. Testing these novel functions will 

require applying novel functional splicing assays. 

 C. elegans genetics provides an opportunity to study splice site choice at sites with 

unusual features. These features allow us to assay the splicing effects of homozygous 

mutations of conserved amino acids. In Ragle et al., 2015, we found a set of 203 regulated 

alternative adjacent (≤18 nucleotides apart) 3’ss pairs that show tissue-specific splicing in 
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the germline; in all cases, the proximal or upstream 3’ss (closer to the 5’ end of the intron) 

shows increased usage in germline tissue relative to somatic tissue (Ragle et al. 2015). 

Interestingly, the proximal splice sites do not have any sequence conservation besides an 

AG dinucleotide, while the distal or downstream (more towards the 3’ end of the pre-mRNA) 

splice sites closely matched the C. elegans UUUCAG 3’ splice site consensus. We 

hypothesized that the distal 3’ss matching the C. elegans consensus sequence is a binding 

site for the U2AF homologs UAF-1/UAF-2 (Zorio and Blumenthal 1999), while the proximal 

site represented an AG dinucleotide that enters the active site of the spliceosome due to 

altered translocation from the BP to the 3’ss. These splice sites provide an opportunity to 

study how a metazoan spliceosome chooses between adjacent 3’ splice sites. 

 Although the function of DDX41 has been the focus of a growing intensity of 

research activity, and it is recognized as a C* complex protein, there is currently no 

functional understanding of its role in splicing. In this manuscript, we report that the DDX41 

homolog sacy-1, and a portion of the PRP22 homolog mog-5 that is predicted to interact 

with sacy-1 both have overlapping phenotypes in 3’ss choice. Disruption of the putative 

interaction increases usage of proximal 3’ splice sites. These results provide direct evidence 

that conserved residues of sacy-1 and mog-5 are required for a C*-linked proofreading 

mechanism. 

 

Results 

 

SACY-1 depletion causes both directional and sequence content changes in 3’ splice 

site choice 

 RNA-seq analysis of SACY-1 protein depletion via the auxin-induced degron 

system leads predominantly to changes in alternative (alt.) 3’ splice site choice (Tsukamoto 

et al. 2020). We first decided to determine whether these changes in alt. 3’ss usage showed 
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the directionality and differences in 3’ss sequence upon SACY-1 depletion that we first 

noted in the germline in (Ragle et al. 2015). We downloaded the data (accession number 

GSE144003)(Tsukamoto et al. 2020) and analyzed alt. splicing using our custom workflow 

(see methods)(Suzuki et al. 2022). We focused on the somatic cell 24-hour auxin-treated 

depletion samples. We compared their control strain CA1200, which has somatic TIR1 

expression, vs DG4703, which has an auxin-induced degron tag on SACY-1 combined with 

somatic TIR1 expression. We expected to find fewer events than in (Tsukamoto et al. 2020), 

because our workflow is high stringency. We require 15% ΔPSI (change in percent spliced 

in) for each of the 6 pairwise comparison between replicates (three for DG4703 against two 

for CA1200) to call alt. splicing events, and then double-check each alt. event by inspecting 

.bam tracks on the UCSC Genome Browser (Nassar et al. 2023). 

We called 122 alt. 3’ (A3) events between somatic SACY-1-depleted vs non-

depleted samples. We only detected five events of other classes of alt. splicing between the 

samples. Two interesting patterns emerged that were not previously reported for SACY-1 

depletion. First, 121 of the events all saw an increase in usage of a proximal 3’ss upon 

SACY-1 depletion compared to control (hereafter called the directional effect). Second, the 

distal splice sites closely match the 3’ss consensus sequence, while the proximal splice 

sites have divergent sequence, usually consisting of an AG dinucleotide with no other 

consensus pattern (Figure 2) (hereafter called the sequence content effect). 36% of these 

alt. splicing events matched events that we previously showed are developmentally 

regulated with increased proximal 3’ss usage in the germline as compared to somatic tissue 

(Ragle et al. 2015). These results show that sacy-1 performs a specific and ordered role in 

3’ss choice that was not previously reported.  
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Figure 2. Only the distal splice site in SACY-1 depletion A3 events matches the C. 

elegans consensus sequence. Sequence logo. The height of the base represents 

significant enrichment of nt identity at each position over random chance, created on 

(https://weblogo.berkeley.edu/) (Crooks et al. 2004).  
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sacy-1 (G533R) increases proximal splice site usage of developmentally regulated 

alternative 3’ splice sites 

 We chose to study splicing changes caused by the sacy-1(tn1385)(G533R) 

mutation because it causes a less severe phenotype than complete loss of function (Kim et 

al. 2012), so there are less potentially confounding pleiotropic effects. In addition, the 

mutation is in a region highly conserved with human DDX41 and adjacent to the human 

disease allele R525H (Figure 3B). We tested whether sacy-1(G533R) increases usage of 

proximal, developmentally regulated alt. 3’ splice sites with divergent sequence by 

performing reverse transcription-polymerase chain reactions (RT-PCR) followed by 

polyacrylamide gel electrophoresis (PAGE). We chose alt. splicing events from (Ragle et al. 

2015) in the genes icd-2 and lmd-1. The event in icd-2 includes an especially divergent 

proximal splice site without a canonical AG dinucleotide.  

We have previously developed a method to study the effects of a splicing mutation 

while controlling for the germline specific splicing pattern (Suzuki et al. 2022) by collecting 

embryos by bleaching gravid adults, allowing 34 hours growth to reach the L3 larval stage, 

and then extracting RNA. The L3 stage is optimal in this assay as this stage is prior to 

germline expansion and these worms have minimal germline gene expression relative to 

somatic cells; therefore, we can distinguish between expected normal developmental 

changes in alt. 3’ss usage in the germline and mutant-induced changes in somatic splicing.  

 Comparing RNA samples extracted from WT animals at 34 vs 60 hours post-

bleaching (the 60 hour samples are adults that have expanded their germline content 

dramatically relative to the L3 animals at 34 hours), the WT samples show that the 

germline-specific splicing pattern is not detectable at 34 hours (Figure 3C). For the event in 

icd-2, the 60hr WT sample shows increased proximal 3’ss usage. For the alt. splicing event 

in lmd-1, the 60-hour N2 control does not show increased proximal splicing. A possible 

reason for this is that most of the lmd-1 mRNA in the samples may be from somatic tissue  



25 
 

 
 

 

Figure 3. sacy-1 (G533R) increases proximal splice site usage of developmentally 

regulated alt. 3’ splice sites. (A) Flowchart of experimental procedure. The hatched 

portion is sequence for which inclusion requires proximal splice site choice. (B). BLASTp 

alignment of C. elegans SACY-1 vs human DDX41 at the region around sacy-1 (G533). (C). 

Splicing assay of RNA from synchronized worms. RT-PCR products run on 6% 

polyacrylamide gels. The strain and timepoint of RNA extraction are shown above each 

lane. The sequence of the alt. spliced 3’ss is shown to the right of each gel. T was used 

rather than U because these splice site sequences are inferred from alignments with the 

genome rather than directly sequenced. Quantification and standard deviation are shown 
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below (see methods). Each sample shown is representative of 3 biological replicates; 

replicates are RNA extracted from independent worm samples with identical conditions. 
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due to tissue-specific expression patterns, so an increase in proximal splicing in this gene 

may only be visible using RNA from dissected gonads as was done in (Ragle et al. 2015).  

For both introns, sacy-1(G533R) increases usage of the proximal 3’ss relative to 

WT for the 34-hour samples (Figure 3C). We find that the sacy-1(G533R) reduction-of-

function allele affects alt. 3’ss choice in the soma. 

Increasing proximal 3’ splice site usage is the predominant splicing effect of sacy-1 

(G533R) on the transcriptome 

 To further study the effects of sacy-1(G533R) on splicing, we performed RNA-seq 

using mutant and WT RNA extracted at 34 hours. Three replicates each were analyzed to 

identify alt. splicing events. We called alt. 3’ (A3) and alt. 5’ (A5) splicing events de novo, 

which is helpful in detecting previously unannotated alt. events (Suzuki et al. 2022). We also 

looked for all the different classes of alt. splicing events using annotated datasets. Events 

that showed greater than 15% ΔPSI in all 9 pairwise comparisons were flagged for further 

analysis. After verifying called events by hand, we found 211 alt. splicing events between 

WT and sacy-1(G533R). All but 1 of these events were A3 events (Figure 4A), showing that 

the sacy-1(G533R) allele has a splicing effect very specific to 3’ splice site choice, which is 

consistent with the presence of its human homolog DDX41 in the C* complex.  

187 of the A3 events featured a pair of splice sites in which sacy-1(G533R) 

increases usage of the proximal site that matches the C. elegans 3’ss consensus less 

closely than the pair’s distal site (Figure 4B). Two such splice sites randomly chosen from 

this group of 187 are shown (Figure 5A). Therefore, both the directional effect and 

sequence content effect are clearly associated with the sacy-1(G533R) mutation. We found 

127 unused AG dinucleotides located ≤ 15 nucleotides (nt) downstream of a pair of used 

splice sites, so sacy-1(G533R) does not simply decrease sequence stringency to allow 

aberrant splicing in either direction, it only provides for an increase in upstream AG usage. 

There were 14 instances of 2 AG dinucleotides being present ≤ 18 nt upstream of a distal  



28 
 

 
 

                     

Figure 4. Overview of WT vs sacy-1(G533R) RNA-Seq comparative splicing analysis. 



29 
 

 
 

(A) Categories of Alt. splicing events. 211 events were divided and sub-divided into specific 

categories by the features described in the box (see methods). (B) Sequence logo. The 

height of the base represents significant enrichment of nt identity at each position over 

random chance, created on (https://weblogo.berkeley.edu/) (Crooks et al. 2004). 
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Figure 5. Features of WT vs sacy-1(G533R) A3 events. (A) Sequence of two splice site 

pairs randomly chosen from the 189 pairs in which the distal site has a closer match to the 
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consensus sequence. (B) Histogram of distance between the two splice sites in a pair, 

including all 210 A3 events (C) Sequences of the only two events found in which three 

adjacent splice sites are used. (D) Sequence of the only two events found in which sacy-1 

(G533R) increases distal splice site usage. 
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site, and in only one case (hlh-11, discussed below) were both used. The 13 other AG 

dinucleotides were further upstream than the sacy-1(G533R)-promoted proximal site; these 

were not used as splice sites, and had no sequence features to distinguish them. 206 of the 

events had ≤18 nt between a pair of used splice sites, and most of the distances were a 

multiple of 3 (Figure 5B). It is likely that some alt. splicing events were not captured 

because they created a frameshift, causing those isoforms to have premature stop codons 

and be targeted by nonsense-mediated decay (Losson and Lacroute 1979) and therefore 

not recovered for sequencing. 

 We studied whether the directional effect or the sequence content effect were 

stronger. For 208 of the 210 A3 events, sacy-1(G533R) increased proximal splice site 

usage. For 187 of the 206 events with just two splice sites, sacy-1(G533R) increased usage 

of the splice site with a weaker match to the C. elegans 3’ss consensus sequence (see 

methods). Interestingly, for all 18 adjacent alt. 3’ss pairs for which neither splice site is 

obviously closer to the consensus sequence, the directional effect still occurs. This is true 

even in the one instance in which the proximal splice site has a closer match to the 

consensus site than the distal splice site. This is a mechanistic clue that the sacy-1(G533R) 

mutation may be altering the scanning mechanism from the BP to the 3’ss after the first step 

of splicing. Furthermore, we found 106 pairs of used alt. 3’ss with one or more additional 

AGs in the vicinity that are not used, compared to only two instances of three adjacent 

splice sites being used, showing that sacy-1(G533R) does not increase usage of all nearby 

AG dinucleotides, but predominantly increases AGs directly upstream of a potential splice 

site. We conclude that sacy-1(G533R) causes the directional effect in alt. 3’ss usage and 

does not act primarily through sequence content. The sequence content difference may be 

due to evolutionary pressure on the 3’ss sequences of introns that results in a low number 

of introns with two 3’ splice sites that match the consensus. 

Four outlier events show that the sacy-1(G533R) directional effect is local 
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 Four sacy-1(G533R) alt 3’ events are outliers in the length between the used splice 

sites or in their splicing patten (Figure 5C,D). Splice sites in nucb-1, F23H11.2, and F40A3.2 

are separated by distances of 42, 40, and 27 nt between the most upstream and the most 

downstream splice sites, respectively, while the remaining 207 have a max of ≤18 nt 

between 3’ splice sites. The event in nucb-1 increases usage of a proximal splice site ≤ 18 

nt away from the distal site, and also has an additional upstream splice site used in both WT 

and mutant. The A3 event in hlh-11 is the only other event that has three 3’ splice sites 

detected. The long-distance events in F23H11.2 and F40A3.2 are also outliers in that they 

are the only two events we found in which sacy-1(G533R) increases usage of a distal splice 

site. All this implies that the directional effect of sacy-1(G533R) has a distance limit, i.e. the 

effect is local.  

In nucb-1, the middle and further downstream splice sites are close together, and if 

these two sites are looked at in isolation, their splicing pattern follows the directional effect 

in which sacy-1(G533R) increases usage of a nearby proximal site. Interestingly, there is 

another AG dinucleotide that is not used 24 nt upstream of the middle splice site, yet this 

AG cannot be too upstream to be useable, since an AG even further upstream is used. This 

indicates that the directional effect of sacy-1(G533R) is too local to increase usage of a 

theoretically usable AG 24 nt away. The same pattern occurs in the F40A3.2 event. In the 

F23H11.2 event, there are no intervening AGs, so if the directionality effect of sacy-

1(G533R) had no distance limit, we would see increased usage of the upstream splice site, 

yet the opposite occurs. A possible explanation is that nucb-1, F23H11.2, and F40A3.2 

events have alt. BP choice, and then the directional effect occurs after BP choice. If an 

upstream BP is used, it may cause the upstream 3’ss to be used. If a downstream BP is 

used, the most proximal site would be upstream of the BP and therefore unusable. The 

event in hlh-11 may feature a BP that is unusually far upstream, and the directionality effect 

of sacy-1(G533R) increases usage of the AG that is closest to the BP. 
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Disruption of the MOG-5 region predicted to interface with SACY-1 causes a splicing 

effect phenotypically overlapping with that of sacy-1(G533R) 

Dybkov et al. 2023 report a cryo-EM structural model of the human C* complex 

which includes the first modelling of DDX41 into the spliceosome. In this model, DDX41 and 

PRP22 bind to each other and DDX41’s only contacts with the spliceosome are through 

PRP22 (Dybkov et al. 2023). Since PRP22 has been linked to proofreading the 3’ss (Mayas 

et al. 2006), and since sacy-1 and mog-5 both have a Mog phenotype-causing allele, we 

hypothesized that SACY-1 and MOG-5 cooperate to proofread against proximal splice sites. 

We observed that there are amino acids upstream of the recA domains on PRP22 that 

interact with DDX41 and are very near both PRP22 recA domains (Figure 6). These 

domains are well conserved between PRP22 and MOG-5. To test if this interaction is 

involved in proofreading, we performed CRISPR/cas9 genome editing to disrupt this 

interface in MOG-5. We obtained one mog-5 allele, az194, that matched our repair 

template; this allele has two missense mutations, K522G and T524G. We also obtained an 

allele resulting from non-homologous end joining rather than the programmed homology-

directed repair, az192. This allele replaces the amino acid sequence between K508-T524 in 

mog-5, which is KEMPEWLKHVTAGGKAT, with the 7 amino acids NIMEEIGSS (referred to 

as mog-5(Δ17+9)) creating a much stronger disruption of the interface. The homologous 

human residues for mog-5(K522G), mog-5(T524G) and sacy-1(G533R) are shown in 

yellow, and the 17 amino acids deleted in mog-5(Δ17+9) are in black (Figure 6B).  Both 

these strains are viable and fertile and can be maintained as homozygotes. This contrasts 

with the two mog-5 alleles available from the Caenorhabditis Genetics Center that require 

maintenance over a balancer; mog-5(q449) (E608K) that is sterile due to the Mog 

phenotype (Graham et al. 1993), and the mog-5(ok1101) knockout allele that causes 

developmental arrest before fertility (C. elegans Deletion Mutant Consortium 2012). 
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Figure 6. Diagram of sacy-1 and mog-5 mutations and the locations of their homologs 

in C*. (A) Model of C* structure based on coordinates from (Dybkov et al. 2023), PDB ID 

8C6J, image generated with ChimeraX (Pettersen et al. 2021). Shown are the splicing 

intermediate RNA(tan), PRP22 (blue), and DDX41(red), and all other spliceosomal 

components are in transparent grey. (B) Closer view of PRP22/DDX41 interface showing 

homologs of mutations, same orientation as Figure 6 A. Shown are homologous positions to 

mog-5(K522G), mog-5(T524G) and sacy-1(G533R)(green), the region of amino acids that 

are altered in mog-5(az192) D17+9 (black), the RecA-1 domain of PRP22(light teal), and 

the RecA-2(purple). 
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We tested whether these two new targeted mog-5 alleles cause changes to alt. 3’ss 

usage. We tested them by RT-PCR on 3 alt. splicing events with high ΔPSI in sacy-

1(G533R). For all 3 introns tested, mog-5(Δ17+9) showed a strong increase in proximal 

splice site usage in L3 animals, but not quite to the same extent as sacy-1(G533R) (Figure 

7). The mog-5(K522G + T524G) mutant increased proximal splice site usage, but to a much 

lower degree. Given the targeted nature of the new mog-5 alleles at the interaction site with 

sacy-1, these results demonstrate that mog-5 and sacy-1 have a proofreading phenotypic 

overlap. 

Global splicing analysis indicates a functional overlap between sacy-1(G533R) and 

mog-5(Δ17+9)  

 Since all three of the alt. splicing events tested showed functional overlap between 

sacy-1(G533R) and mog-5(Δ17+9), we hypothesized that both mutations have widespread 

overlapping specificity in exactly which 3’ splice sites they affect. To test this directly, we 

performed high-throughput RNA sequencing on WT vs mog-5(Δ17+9) RNA extracted at 34 

hours using the same pipeline we used with sacy-1(G533R). We identified 76 A3 events 

with >15% ΔPSI in all pairwise comparisons between WT and the mog-5 mutant strain . In 

every called event, mog-5(Δ17+9) increased usage off the proximal splice site. The 

sequence content effect was also present for these A3 events (Figure 8A). 

 For the 76 mog-5(Δ17+9) A3 events that we identified, 53 (70%) also showed an 

increase in proximal splice usage with sacy-1(G533R) (Figure 8B). We conclude that mog-5 

and sacy-1 have global overlap in proofreading A3 splicing events. 

For 50 these 53 overlapping A3 events, WT vs mog-5(Δ17+9) showed a smaller 

ΔPSI compared to WT vs sacy-1(G533R). On average, WT vs mog-5(Δ17+9) showed a 

ΔPSI that was 21 percentage point lower than WT vs sacy-1(G533R). The lower number of 

events seen with WT vs mog-5(Δ17+9) compared to WT vs sacy-1(G533R), and the smaller  
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Figure 7. Disruption of the MOG-5 region predicted to interface with SACY-1 changes 

proximal 3’ splice site usage. Splicing assay of RNA from synchronized L3 populations 34 

hours after embryo harvest. RT-PCR products run on 6% polyacrylamide gels. The strains 

are indicated above each lane. The sequence of the alt. spliced 3’ss is shown to the right of 

each gel. Quantification and standard deviation from three independent experiments for 

each condition are shown below.  
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Figure 8. Global splicing analysis indicates a functional overlap between sacy-

1(G533R) and mog-5(Δ17+9). (A) Sequence logo. The height of the base represents 

significant enrichment of nt identity at each position over random chance, created on 
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(https://weblogo.berkeley.edu/) (Crooks et al. 2004). (B) Overlap of A3 events between 4 

RNA-seq datasets. Image created on (https://bioinformatics.psb.ugent.be/webtools/Venn/) 
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ΔPSI, show that the mog-5(Δ17+9) has a weaker splicing effect than sacy-1(G533R). mog-

5(Δ17+9) likely does not completely prevent SACY-1 from interacting with the spliceosome. 

 The overlap between sacy-1(G533R) and mog-5(Δ17+9) A3 events is much 

stronger than the overlaps with the germline events from (Ragle et al. 2015) and the SACY-

1 depletion events from (Tsukamoto et al. 2020) (Figure 7B). Since many differences exist 

between these experiments, we do not draw conclusions from the absence of overlap. The 

depletion data are from adult animals on auxin plates, and the germline-specific data are 

from gonads isolated by dissection. In the two new sequencing libraries prepared for this 

manuscript, sacy-1(G533R) and mog-5(Δ17+9), the RNA was prepared from staged L3 

animals under the exact same conditions, and in this case we observe 70% overlap for A3 

events between alternatively spliced by mutants.  

 

Discussion 

 We show direct evidence that mog-5 and sacy-1 have a phenotypic overlap in 3’ 

splice site choice. Mutant alleles for either gene lead to an inability to proofread against a 

large and substantially overlapping set of proximal 3’ splice sites in favor of adjacent distal 

splice sites.  

The precise location, within the human C* spliceosome, of an intron’s path between 

the BP and a candidate 3’ss has recently been observed (Dybkov et al. 2023). Intriguingly, 

this intron loops around the C-terminus of PRP22, and the BP-to-3’ss-length could change 

the tension of this interaction, with a longer length potentially causing a much looser 

interaction. This suggests that PRP22 could sense whether the candidate 3’ss in the 

catalytic core is a short length from the BP. Because we find that mutant mog-5 becomes 

proofreads against proximal 3’ splice sites, we hypothesize that PRP22/MOG-5 can sense 

the short length of the bp-to-proximal-alt.-splice-site distance and proofread against that 

3’ss. The protein NKAP interacts with the same portion of the intron as the PRP22 C 
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terminus, and NKAP also interacts with Slu7. Slu7 prevents splicing of a 3’ss that is a short 

length from the BP (Chua and Reed 1999), suggesting that these proteins may all be 

involved in a BP-to-3’ss-length proofreading mechanism. Direct biochemical evidence would 

be needed to demonstrate if such a mechanism exists. 

Since DDX41/sacy-1 does not have a homolog in S. cerevisiae, our results highlight 

a difference between S. cerevisiae and metazoan 3’ss choice mechanisms. It is possible 

that in metazoans, DDX41/SACY-1 assists or regulates PRP22/ MOG-5 function in splice 

site choice, while in S. cerevisiae, Prp22 performs the analogous function by itself. 

Metazoans likely evolved additional splice site choice mechanism to create more flexibility 

in alt. splicing, and to allow for 3’ss choice with less conserved BPS and 3’ss sequence. In 

addition to DDX41/SACY-1, metazoans have 4 more helicases involved in splicing that are 

not conserved in S. cerevisiae (De Bortoli et al. 2021). The evolutionary loss of a splicing 

helicase has been directly studied. Intriguingly, in S. pombe, Prp2 and Aquarius act 

sequentially to activate the spliceosome, while in S. cerevisiae, Prp2 performs activation 

without an Aquarius homolog (Schmitzová et al. 2023). The spliceosome may have divided 

helicase duties among an increasing number of helicases as it evolved, and PRP22 and 

DDX41 may likewise share a role in proofreading the second step of splicing. 

DDX41/SACY-1 splicing function and C* complex location have only recently been 

uncovered, so its mechanism of action is still unknown. Recent advances in understanding 

PRP22’s dynamics between pre-C*-I, pre-C*-2, and C* (Zhan et al. 2022) suggest models 

of how DDX41/SACY-1 could work in conjunction with PRP22/MOG-5. Based on these 

structures, it appears likely that the DDX41 to PRP22 interaction is not compatible with all 

these conformations, so DDX41 binding would change the kinetics of the transitions 

between the conformations. DDX41/SACY-1 binding to PRP22/MOG-5 may drive the 

spliceosome towards a proofreading state, or it may hinder the transition to a catalytic state 

when an unfavored potential splice site is in the catalytic core. It is possible that 
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DDX41/SACY-1 plays no role in splicing when the first potential 3’ss loaded into the 

catalytic core is favorable and proofreading is not needed. Since sacy-1(G533R) is 

potentially analogous to DDX41(R525H), which decreases ATPase activity (Kadono et al. 

2016), it seems that ATPase activity may be involved in the proofreading effect 

demonstrated here. To our knowledge there currently are no data providing hints of any 

potential helicase substrate of DDX41 during splicing, and the only modeled contact that 

DDX41 makes in the C* complex is with PRP22. 

Although human DDX41 proofreading function has not yet been found, we believe 

that this function is likely to be conserved with C. elegans SACY-1 since our targeted mog-5 

alleles were designed based on homology with DDX41 and the human C* structure. 

However, siRNA-mediated knockdown in HeLa cells of DDX41 and many other C* complex 

proteins was used to study adjacent 3’ss NAGNAG splicing; this resulted primarily in 

skipped exon events, and DDX41 knockdown resulted in only a low percentage of its alt. 

splicing events to be A3 (Dybkov et al. 2023). It may be that NAGNAGs are too close 

together to be recognized by a BP-to-3’SS-length proofreading mechanism. Only 1 out of 

the 210 A3 events seen with sacy-1(G533R) features a pair of splice sites 3 nt apart. It also 

seems likely that DDX41 knockdown in HeLa cells also disrupted additional mechanisms 

besides the specific proofreading mechanism, which may have overshadowed the loss of a 

proofreading function. 

 This work demonstrates that C. elegans genetic studies can complement human 

biochemical and structural studies to aid our understanding of 3’ss choice. The large 

number of alt. adjacent 3’ splice sites that our lab has uncovered provide a useful variety of 

intriguing alt. splicing substrates. These substrates differ from human NAGNAG splicing 

substrates yet are now functionally linked to residues conserved in the human spliceosome. 

Given that we have demonstrated that mutations to DDX41 and mog-5 in C. elegans lead to 

splicing changes in somatic cells that have high overlap with the changes we previously 
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identified as specific to germline cells, we hypothesize that the C. elegans germline 

naturally has an altered, C*-linked 3’ss proofreading mechanism compared to somatic 

tissue. Studying this difference may provide insight into conserved proofreading 

mechanisms. 

 DDX41 plays multiple roles in human cells, and despite recent progress in studying 

DDX41 oncogenic perturbation, uncovering the pathogenic mechanisms of DDX41 remains 

an important goal. This study draws further attention to the hypothesis that human DDX41 

mutation contributes to pathogenesis by altering 3’ss choice.  

 

Methods 

 

C. elegans staging 

Mixed staged worms were treated with bleach to isolate embryos in their egg shells 

for a rough synchronization of larval stages. See "Protocol 4. Egg prep" from Wormbook: 

Maintenance of C. elegans 

(http://www.wormbook.org/chapters/www_strainmaintain/strainmaintain.html)(Stiernagle 

2006). Worm embryos were plated on NGM agar with E. coli as food and grown at 20°C.  

For L3 samples, we extracted RNA 34 hours post bleaching, and for adult samples, we 

extracted RNA 60 hours post bleaching. 

RNA Extraction 

Staged worms were washed three times in 0.1M NaCl to remove E. coli. Worms 

were gently pelleted, and supernatant was removed to create a pellet of about 50ul. Worm 

pellets were flash frozen in LN2. 500µl of Trizol was added to samples, vortexed, and 

incubated for 5 minutes at room temperature. 100µl of CHCl3 was added to samples, 

vortexed, and incubated for 3 minutes at room temperature. Phases were separated by 15-

minute centrifugation at 13,000rpm in a microcentrifuge. The aqueous phase was spin-
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column purified and DNase treated using Zymo RNA Clean and Concentrator Kit following 

manufacturer’s instructions. 

Library Preparation and RNA sequencing 

Azenta performed rRNA depletion followed by library preparation to create 150x150 

paired end reads. The WT vs. sacy-1(G533R) libraries have strand-specific reads, while the 

SACY-1 depletion and WT vs mog-5(Δ17+9) libraries are not strand-specific. 

RNA-Seq Analysis 

 Data was downloaded from GEO archive (accession number 

GSE144003)(Tsukamoto et al. 2020) or provided by Azenta. Reads were trimmed, 

duplicates were removed, quality control analyses were performed, and reads were two-

pass aligned to C. elegans reference assembly (WS220/ce10) using STAR (Dobin et al. 

2013). We examined alt. 3’ (A3), alt. 3’ (A5), alt. first exon (AF), alt. last exon (AL), skipped 

exon (SE), retained intron (RI), mutually exclusive exon (MX) and multiple skipped exon 

(MS) events annotated in the the Ensembl gene predictions Archive 65 of WS220/ce10 

(EnsArch65) using junctionCounts “infer pairwise events” function 

(https://github.com/ajw2329/junctionCounts).  

For the WT vs. sacy-1(G533R) and WT vs mog-5(Δ17+9), we also called de novo 

A5 and A3 splicing events using STAR mappings. After combining libraries, we filtered for 

A5 and A3 events by filtering for all exon junctions with at least 5 reads of support (total 

across all samples), determining which of those have a common 5’ end and a divergent 3’ 

end or vice versa, filtering for a maximum of 50 nucleotides between the alt. ends, and a 

minimum of 10 reads spanning the two alt. junction These de novo A3 and A5 events, along 

with ensArch65 events, were then examined for changes in splicing under our reaction 

conditions. 

For each alternative splicing event, PSI was calculated in every library.  A ΔPSI 

comparing control and test sample was then calculated. For the SACY-1 depletion data, we 
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did six pairwise comparisons, two replicates of CA1200(one replicate had RNA degradation 

prior to sequencing) vs three replicates of DG4703 with auxin treatment. For the sacy-

1(G533R) data, we then did nine pairwise comparisons, three replicates of N2 vs three 

replicates of DG3430. For WT vs mog-5(Δ17+9) we did 6 pairwise replicates, 3 WT 

replicates vs 2 mog-5(Δ17+9) samples. Those events with a >15% Δ PSI in all of the 

pairwise comparisons (pairSum=6 or pairSum=9 in the different experiments) were then 

analyzed by eye by viewing .bam tracks on the UCSC genome browser (Nassar et al. 2023) 

to verify all alt. splicing events reported in this manuscript. The events with three adjacent 

splice sites were found this way, but the event calling pipeline and PSI calculations only 

assumed 2 splice sites.  

Splicing event subclassification 

 The subclassifications shown in Figure 4A were done by hand. The number of used 

splice sites in an event was determined by viewing aligned .bam reads at the locus of the 

alt. events. When a pair of adjacent AG splice sites was used, if one splice site had more 

bases at the -5 and -3 positions (TTTCAG) that match the C. elegans 3’ splice site 

consensus sequence, it was binned as stronger. If one site of the pair was not an AG 

dinucleotide, it was considered weaker. If neither site of the pair was binned stronger by 

these checks, the event was put in the “Neither splice site has a significantly closer match 

to consensus sequence” category. We chose to emphasize the -5 position because there is 

functional evidence of its importance (Itani et al. 2016), and the -3 position because this 

base interacts with the catalytic core (Dybkov et al. 2023). 

CRISPR/Cas9 Genome editing 

 The az192 and az194 alleles of mog-5 were created using the CRISPR/Cas9 

Genome editing method described in (Suzuki et al. 2022).  

RT-PCR splicing assay 
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 Reverse transcription was performed using AMV RT. PCR was performed with Cy3 

labeled reverse primers. Primer sequences are in Supplemental Table 3. PCR products 

were run on 6% polyacrylamide/urea denaturing gels for 2 hours at 42W and imaged using 

a Typhoon scanner. Average % Spliced Upstream is calculated as (mean intensity of upper 

band - background) / (mean intensity of upper band plus mean intensity of lower band - 

(background x 2)). 
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Chapter 3 

 

 A research program for the genetic study of 3’ splice site choice 
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 The work described in chapter 2 of this thesis demonstrates that C. elegans is 

tractable for the genetic study of 3’ss choice after early spliceosomal assembly. Here I will 

present an outline of a research program to comprehensively study the genetics of 3’ss 

choice in C. elegans. 

 Our lab has used forward genetic screens to find factors that change 5’ss choice. 

We screened for suppressors of a 5’ss mutation in unc-73 in which the first base of the 

intron is mutated from G to T. The suppressors increase usage of a mutant UU splice site in 

the same position as the old 5’ss. We have identified nine genes that affect 5’ss choice: 

sup-6 and sup-39, which are both U1 snRNA genes (Roller et al. 2000; Zahler et al. 2004), 

smu-1, smu-2, and snrp-27 (Dassah et al. 2009), dxbp-1 and prcc-1 (Suzuki et al. 2022), 

and prp-8 and snrp-200 (Cartwright-Acar et al. 2022). This demonstrates that forward 

genetic screens in C. elegans can produce viable mutations in a wide variety of splice site 

choice factors. These mutations are more subtle than full knockout, directly affecting splice 

site choice without causing confounding pleiotropic effects. 

 I have attempted to develop a screen for factors that change 3’ss choice. While this 

attempt was not successful, it did provide lessons to guide future attempts. In addition, the 

research presented in Chapter 2 provides information that can be used to improve screen 

design.  

 To screen for factors that increase usage of a proximal 3’ss that was found to be 

developmentally regulated in (Ragle et al. 2015), I used CRSPR/Cas9 gene editing to swap 

an alt. spliced intron into unc-73.  To do this, we substituted a developmentally regulated 

alternative 3'ss intron from lmd-1 for a constitutive intron in the unc-73 gene (Figure 9). I 

replaced 15th intron in unc-73 with an intron from lmd-1 that follows this tissue specific 3' 

splicing pattern. The newly engineered 3’ end of the intron contains a downstream AG 

arranged to create a frameshift, causing Unc phenotype. It also contains an upstream AG in  
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Figure 9. Diagram of splicing reporter SZ307 Adapted from Cold Spring Harbor poster “A 

forward genetic screen for factors controlling post-recognition choice of adjacent 3’ splice 

sites” by author.  
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a different reading frame that when used will promote translation of the full protein and 

relieve the locomotion defect.  

In this reporter strain (SZ307), neurons predominantly use the downstream AG and 

the worms are uncoordinated, although they are not as uncoordinated as the strain our lab 

normally uses for Unc suppression screens, indicating that there was some baseline of 

proximal splice site use in WT somatic spliceosomes. I wanted to make sure that the amino 

acid insertion caused by using a proximal splice site would not cause the Unc phenotype. 

To test this, I also created a strain with the normal 15th intron, with sequence added at the 5’ 

end of the 16th exon to make the amino acid insertion that upstream splicing of the lmd-1 

intron would make. This strain was not Unc, encouraging me to move forward. 

 We screened the strain by mutagenizing with ENU and picking worms with Unc 

suppression. We initially found 13 isolates that suppressed Unc. However, the difference in 

locomotion defect between these suppressors compared to the SZ307 was not very strong. 

When we looked for alternative 3’ss choice in these strains by RT-PCR, we saw some 

promising results. However, the splicing effect was inconsistent between replicates, so we 

decided that it was not replicable. In addition, we were unable to map the suppressor alleles 

to chromosomes. 

 One problem may have been that the lmd-1 alt. splice site was not amenable to a 

large change in ΔPSI. The lmd-1 intron was chosen based on the fact that the two splice 

sites were 8 nt apart, so that they would create a frameshift. One lesson form this is that it 

may be important to consider the ΔPSI seen for a 3’ss before using that splice site as a 

reporter. 

 Now that we have found mutants that show alt. 3’ splicing, we would be able to test 

if the reporter successfully shows suppression by crossing a mog-5 or sacy-1 mutant into 

the reporter strain, and seeing if the double mutant has the Unc phenotype clearly 

suppressed. 
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 Another improvement would be to create a reporter with both Unc phenotype and 

fluorescence reporting on the expression of the same mRNA. Such a reporter in the gene 

unc-54 has been successfully used to screen for different types of mRNA surveillance 

(Arribere and Fire 2018; Monem et al. 2023). It is possible to modify this reporter so that 

one spliced isoform causes NMD, and another does not. With this system, you could screen 

for suppression of Unc phenotype, and then get a secondary signal indicating that one 

isoform’s product is more expressed in the suppressor by measuring increased 

fluorescence.  

 As described in chapter 2 of this thesis, we have assembled hundreds of alt. 3’ 

splice sites that are alternatively spliced by different mechanisms. This library could be used 

to find different 3’ss that would match a variety of criteria that different experimental 

questions might call for. For example, if we wanted to study the proofreading mechanism, 

we may choose a 3’ss that is heavily alternatively spliced by both sacy-1(G533R) and mog-

5(Δ17+9), while if we wanted to study what causes the germline specific alternative splicing 

pattern, we could choose an intron that is alternatively spliced germline relative to soma, but 

is not alternatively spliced by sacy-1 and mog-5 perturbations. 

 While the screen above would be used to functionally link splicing factors to 3’ss 

choice, we could also develop genetic screens to search for genetic interactions between 

splicing factors. For example, we could screen for suppression of Mog phenotype. We have 

strains in which a Mog mutation is balanced by a balancer chromosome that expresses 

GFP. In these strains, all of the non-GFP expressing worms are sterile due to mutation in a 

Mog causing gene. We could mutagenize the heterozygote balancer worms, use a robotic 

worm sorting system to move all the non GFP expressing F2 progeny to separate plates, 

and then search for fertile individuals on these plates. We would then conduct splicing 

assays to make sure the new alleles suppress splicing changes, rather than function in a 

different part of the germ-oocyte switch pathway, before mapping the mutant. 
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 In addition to forward genetics, the research presented in this thesis shows that 

reverse genetics can be used to study homologs of human proteins found in the C* 

complex. The human C* structures can be used to find amino acids in interesting positions 

and generate functional hypothesis that could be tested with the reverse genetics methods 

used in this work. For example, in (Dybkov et al. 2023) they studied a set of proteins that 

are not conserved in S. cerevisiae and are recruited to the C* complex: FAM32A, SDE2, 

CACTIN, PRKRIP1, NKAP, TLS1, CXORF56, FAM50A, PPIL3, PPIG, ESS2, NOSIP, 

DDX41, DHX35, and GPATCH1. Besides the results from this study showing that siRNA-

mediated knockdown of these proteins causes alternative splicing, specific functions for 

many of these proteins are not known. Since these proteins can affect alternative splicing, 

and one member of this list, DDX41, was already used to inspire our successful reverse 

genetic study, these proteins make good candidates for further research in our system. 

 Mutations in splicing factors could be studied even if they do not change splicing of 

the alt. 3’ splice sites that we have uncovered. It is likely that the loss of function 

phenotypes of some of these factors would be germline perturbations. If a large number of 

mutants were created by reverse genetics, we may be able to place them into functional 

groups by their germline phenotypes. Our lab has used a method to create random 

missense alleles in specific amino acid positions by including repair templates with random 

bases during CRISPR/Cas9 mutagenesis (Cartwright-Acar et al. 2022). This method can be 

used to get multiple alleles with different phenotypes at a single genomic locus from a single 

round of CRISPR Cas/9 gene editing, increasing the speed at which we could collect alleles 

in splicing factors with different classes of germline phenotypes. 
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