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Abstract 
 

Retinitis pigmentosa (RP) is a rare, heterogenic, and hereditary disease 

that produces gradual loss of the visual field and can cause blindness. 

Mutations causing RP are still unknown in about 50% of the cases. By 

CRISPR-Cas9, we mimicked a few splicing-related RP mutations (s-adRP) in 

PRPF8/prp-8 and SRNPN200/snpr-200 that were used for drug screens, 

identify potential disease modifiers, investigate mechanisms of the 

disease, and work on a system to provide functional information for gene 

variants. 

One of the alleles generated, displaying an overt phenotype, was used in 

a small-scale drug screen to identify small molecules capable of alleviating 

the phenotype. Unexpectedly, we found an FDA-approved drug having a 

detrimental effect on some of the s-adRP mutant strains. 

Since RP onset and progression are highly variable due to environmental 

or genetic modifiers, C. elegans could help RP prognosis by identifying such 

modifiers. We performed a small-scale RNAi screen on RP mutants with no 

overt phenotypes and found genetic interactions with other splicing-

related genes: isy-1/ISY1, mog-2/SNRPA1, and cyn-15/PPWD1. Thus, 

secondary mutations in these genetic interactors could act as modifiers of 

the course of the disease. 

The mechanism by which s-adRP mutations selectively cause retinal 

deterioration is unknown. We detected some hints of genome instability 

in s-adRP mutants, which might explain the degenerative nature of the 

disease. 
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We are taking steps towards establishing C. elegans as an RP diagnosis 

model by evaluating the functional impact of potential RP mutations, or 

variants of uncertain significance (VUS), in worms. For that purpose, we 

set a panel of features associated with s-adRP mutations, including a 

genetic interaction with a CRISPR-edited Slow Polymerase II mutant 

(ama-1(cer135[R743H])), mortal germline, or aberrant splicing events at 

specific transcripts. We partially humanized the sequence encoding the 

splicing factors prp-3 in the endogenous locus to investigate if such 

humanization is beneficial for functional studies of VUS. 

Therefore, our RP research line demonstrates the value of C. elegans for 

investigating rare diseases and for providing valuable information in 

search of drugs, diagnosis, and prognosis. 
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1. Splicing and disease 

1. a. Discovery of splicing, an essential and conserved 

process 

During the 1960s and 1970s, observations in eukaryotic cells showed that 

part of the nuclear RNA was exported to the cytoplasm (messenger RNA, 

mRNA), whereas another bigger fraction was rapidly degraded in the 

nucleus, named heterogeneous nuclear RNA (hnRNA) at that time. The 

nuclear RNA shared some characteristics with the cytoplasmic mRNA, 

such as 5’ capping and poly-(A) tail, so some researchers hypothesized that 

hnRNA could be a precursor of mRNA (Berk, 2016). But the proof did not 

come until 1977 when hybridization of the human adenovirus 2 mRNA to 

viral DNA showed coupling of the mRNA to separated regions in the DNA 

(Chow et al., 1977; Berget, Moore, & Sharp, 1977) (Figure I. 1). The 

discussion of this fundamental article stated that DNA was transcribed into 

a long RNA that was later processed to mRNA by joining coding regions—

now known as exons— (Berget et al., 1977). Later on, protection of pre-

mRNA from degradation showed how pre-processed RNA was co-linear 

with the DNA, and it was possible to isolate partially processed 

intermediates with a different number of what we now call introns, 

supporting the previously stated theory. With the improvement of 

molecular techniques, such findings were extended to eukaryotic genes, 

demonstrating that most human genes are split into coding exons and non-

coding introns (Berk, 2016). 
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Figure I. 1: Hybrid of mRNA and the transcribed strand of its corresponding 

DNA fragment. A) Diagram of the exon/intron positions of adenovirus hexon 

gene. The site of the EcoR1 A cut is indicated. B) Original electron microscopy of 

the mRNA/DNA hybrid (left) and the interpretation scheme (right). Reproduced 

from Berk 2016, the electron microscopy in panel B was retrieved from the original 

publication by Berget, Moore, and Sharp, in 1977.  

 

Thus, the protein-coding sequences of genes are often intercalated by non-

coding regions that must be removed. To accomplish this task, the newly 

transcribed pre-mRNA undergoes a process in which introns are removed 

and exons are joined. Such mechanism is known as splicing. Regarding the 

abundance of intronic regions, on average, human genes contain 21 introns 

and C. elegans genes have five (Lee & Rio, 2015). 

There are four types of introns: tRNA introns, group I and group II self-

splicing introns, and spliceosomal introns. The most prevalent in 

eukaryotes are the spliceosomal introns, which are found in all nuclear 

genomes and present a well-defined mechanism of splicing (Irimia & Roy, 

2014). Most of the core elements needed for splicing are largely conserved 
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between humans and yeast (Wahl, Will, & Lührmann, 2009), and recent 

structural studies point towards a very similar mechanism of splicing in 

both species (Yan, Wan, & Shi, 2019; Kastner et al., 2019; Plaschka, 

Newman, & Nagai, 2019; Wilkinson, Charenton, & Nagai, 2020). 

The presence of introns in a gene has different biologically relevant 

functions. On the one hand, it allows expanding the proteome by removing 

introns and combining exons in different combinations in a process called 

alternative splicing (AS) (Figure I. 2) (Wang et al., 2008; Pan et al., 2008; 

Zahler, 2018; Shenasa & Hertel, 2019). Different protein isoforms 

generated through AS can regulate different processes such as apoptosis, 

nervous system wiring, or angiogenesis among others (Lee & Rio, 2015).  

On the other hand, some transcripts are produced in an invariable manner. 

This constitutive splicing would influence gene expression in different 

manners (Ding & Elowitz, 2019). Modulation through non-coding RNAs 

found in intronic regions (Lin, Miller, & Ying, 2006; Rearick et al., 2011; 

Westholm & Lai, 2011) or through chromatin marks dependent of the first 

exon length (Bieberstein et al., 2012) are examples of this influence. 

Moreover, constitutive splicing is thought to favor formation of new 

proteins (Chen et al., 2006; Lev-Maor et al., 2007).  

 

Figure I. 2: Alternative splicing events. Different AS events are possible 

including inclusion of cassette exons, usage of mutually exclusive exons, usage of 

alternative splice sites or retention of introns. Dashed lines indicate possible 

splicing modes. Adapted from Montes et al. 2019. 
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1. b. Overview of the pre-mRNA splicing mechanism 

In short, splicing consists of two consecutive transesterification reactions: 

branching and ligation (Figure I. 3). A dynamic macromolecular complex 

called the spliceosome, formed by a set of small nuclear ribonucleoproteins 

(snRNP) and accessory proteins, performs splicing. To date, two different 

spliceosomes have been identified: a less common and absent in 

Caenorhabditis elegans, U12 snRNP-dependent spliceosome, and the most 

common and covered below, U2 snRNP-dependent spliceosome (Burge, 

Padgett, & Sharp, 1998; Wahl et al., 2009; Will & Lührmann, 2011; Baralle 

& Baralle, 2018).  

Five snRNP particles participate in U2-dependent splicing: U1, U2, U4, U5, 

and U6. All these snRNPs present a common set of Sm and LSm proteins 

and additional specific proteins in each particle. The spliceosome is not a 

pre-formed enzyme –it assembles de novo and suffers different structural 

rearrangements in each reaction through the activity of several proteins 

such as splicing factors and helicases (Figure I. 4). A brief description of 

the step-by-step process based on recent comprehensive reviews (Yan et 

al., 2019; Kastner et al., 2019; Plaschka et al., 2019; Wilkinson et al., 2020) 

is commented below: 

 

 

Figure I. 3: pre-mRNA splicing occurs in two successive reactions. The first 

reaction, branching, consists of a nucleophilic attack of the 2’OH from the BP 

adenosine to the first G of the intron. In the second reaction, the 3’OH from the last 

nucleotide of the first exon attacks the phosphate group of the next exon resulting 

in exon ligation. Joined exons and a lariat intron emerge from splicing. SS: splice 

site, BP: branchpoint, A: branch point adenosine, p: phosphate. Adapted from 

Wilkinson et al. 2020. 
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There are three main pre-mRNA elements involved in the first steps of the 

canonical spliceosome assembly: 5’ splice site (ss), branchpoint (BP), and 

3’ss. There are consensus sequences that denote each of these elements 

(Figure I. 5). There is some divergence in the consensus sequences of 

distinct exons and introns, but the splicing efficiency is still high, indicating 

other regulatory elements' existence. (De Conti, Baralle, & Buratti, 2013; 

Baralle & Baralle, 2018; Wilkinson et al., 2020).  

Base-pairing of the 5’ ss with the U1 snRNP leads to spliceosome assembly. 

In parallel, the U2AF65–U2AF35 heterodimer contacts the polypyrimidine 

tract and 3’ss while SF1/mBBP interacts with the BP. This conformation is 

known as E complex (Plaschka et al., 2019; Wilkinson et al., 2020). 

Afterward, the DEAD-box helicases PRP5 and SUB2 promote the 

displacement of SF1 and U2AF and recruit U2 snRNP, which interacts with 

U1, yielding to the formation of the A complex. 

Next, the preassembled U4/U6.U5 tri-snRNP is recruited, forming the pre-

B complex. The PRP8 (PRPF8 in humans) protein, implicated in retinitis 

pigmentosa (RP), is in the central core of U5 snRNP. The splicing factor 

PRP3 (PRPF3) is required for U4/U6.U5 tri-snRNP stabilization via 

interaction with PRP6 (PRPF6) (Liu et al., 2015).  

PRP28 helicase acts as an early initiator of spliceosome activation. Major 

rearrangements in the spliceosome lead to the disassociation of U1 from the 

spliceosome. In humans, the RP-related SNRNP200/BRR2 translocates and 

loads onto U4 snRNP, where it is ready to unfold the U4/U6 duplex, 

forming the B complex (Plaschka et al., 2019; Wilkinson et al., 2020). Once 

SNRNP200/BRR2 is loaded onto U4, it unwinds U4/U6 duplex leaving U6 

available to pair with U2, giving rise to the Bact complex.  
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Meanwhile, at least 24 proteins, including PRP6, abandon the spliceosome 

and a protein shell that stabilizes the RNA catalytic core containing the 

PRP-19 associated nineteen complex (NTC) and PRP-19-related complex 

(NTR) is formed. (Wahl et al., 2009; Will & Lührmann, 2011; Wilkinson 

et al., 2020).  

The promotion to B* complex, where the first transesterification reaction 

takes place, is stimulated by the DEAH-box ATPase PRP2. PRP2 activity 

leads to the destabilization of U2 protein complexes SF3a and SF3b, 

facilitating the displacement of U2 from the spliceosome (Plaschka et al., 

2019; Wilkinson et al., 2020). Once the phosphate of the first G of the intron 

is ligated to the 2’OH of the BP (branching), the C complex is formed. 

PRP16 ATPase promotes the transition to the C* complex in which ligation 

reaction takes place, yielding to the formation of the P complex.  

PRP22 ATPase catalyzes the liberation of the ligated exon leading to intron-

lariat spliceosome (ILS). Finally, spliceosome disassembly is mediated by 

the PRP43 helicase resulting in individual U2, U5, and U6 snRNP particles 

and disaggregated NTC proteins that are ready for the subsequent reactions. 

(Plaschka et al., 2019; Wilkinson et al., 2020). 

To perform its task, the spliceosome must correctly define exon-intron 

boundaries. As stated above, sequences around 5’ss, BP, and 3’ss are 

insufficient, and other regulation layers are required.  

One of them is the steric hindrance. Excessively short exons are no longer 

included, probably due to the inability of splicing machinery to be formed. 

Strikingly, extremely short exons (3 to 30 nt) named microexons have been 

identified. To compensate the drop in splicing efficiency due to its size, 

they possess stronger 3’ss and 5’ss, shorter surrounding introns, and 

stronger regulatory elements (Li et al., 2015; Ustianenko, Weyn-

Vanhentenryck, & Zhang, 2017).  
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Conversely, a moderate extension of an exon can lead to constitutive 

inclusion, but excessive extension leads to exon skipping or activation of 

cryptic splice sites. However, there are large exons that are efficiently 

included if surrounded by small introns. Thus, the architecture of exons and 

introns seems to play an important role in delimiting these elements (De 

Conti et al., 2013).  

 

Figure I. 4: Stepwise splicing reaction. The spliceosome is assembled de novo in 

each splicing reaction, and after catalysis, all the components are released and 

recycled for future reactions. For this reason, splicing is often represented as a 

cycle. Each of the steps (from E complex to intron-lariat spliceosome (ILS)) is 

depicted. Helicases are represented in red. Arrows indicate the 

incorporation/release of components of the machinery and transitions between each 

step. NTC: Nineteen complex, NTR: Nineteen-related complex.  
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Figure I. 5: Consensus exon-intron splicing sequences. In yeast, C. elegans, and 

humans there are 5’ and 3’ss consensus regions with slight dissimilarities. C. 

elegans lacks a consensus sequence in the branch point (BP) and a polypyrimidine 

tract but presents an extended 4U at the 3’ss. N: any nucleotide, Y: pyrimidine. 

Adapted from Wilkinson et al. 2020. 

 

Another layer of regulation is the presence of intronic/exonic silencers and 

enhancers. Some pre-mRNAs contain regions with the ability to recruit 

elements in trans that can modulate splicing events. These cis sequences 

are named according to their position in the pre-mRNA and their role in 

promoting or repressing a particular splicing event as exon splicing 

enhancers (ESE) and exon splicing silencers (ESS), or intron splicing 

enhancers (ISE) and intron splicing silencers (ISS). The most studied 

proteins that act on such elements are serine/arginine-rich (SR) proteins and 

heterogeneous nuclear ribonucleoproteins (hnRNP).  

Other levels of regulation such as epitranscriptomic modifications and 

RNA secondary structures have been described, howbeit their global effect 

on splicing seems to be limited (De Conti et al., 2013; Shenasa & Hertel, 

2019). Finally, splicing occurs co-transcriptionally, highlighting the 

interplay between both processes, which is discussed in the following 

section. 
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1. c. Splicing-transcription crosstalk: genome instability 

upon splicing defects 

Approximately 80% of splicing occurs co-transcriptionally, meaning that 

the spliceosome catalyzes the reaction at the time that pre-mRNA is being 

synthetized (or DNA is being transcribed) (Girard et al., 2012; De Conti et 

al., 2013; Saldi et al., 2016; Shenasa & Hertel, 2019). Thus, splicing and 

transcription would need to be studied as a whole.  

The transcription process can regulate splicing and other pre-mRNA 

maturation processes such as capping and polyadenylation (Saldi et al., 

2016; Shenasa & Hertel, 2019). Direct recruitment of splicing factors to the 

Polymerase II (Pol II) via its phosphorylated C-terminal domain (CTD) is 

one of the mechanisms. Co-purification of the CTD with SR proteins and 

regulation of AS by SRp20 (also known as SFSR3) (De La Mata & 

Kornblihtt, 2006) as well as of RSR-2 (Fontrodona et al., 2013) support this 

mechanism. Consistently, the inhibition of splicing affects phosphorylation 

of the CTD (Koga, Hayashi, & Kaida, 2015), denoting the interlink between 

both processes. Another interaction resides in the transcription rate. 

Slowing the transcription rate in yeast enhances constitutive splicing 

(Braberg et al., 2013), and accelerating or slowing the Pol II produces 

alterations in AS profiles (De La Mata et al., 2003; Fong et al., 2014). Other 

indirect effects on splicing due to transcription alteration may be produced 

by different chromatin factors or by epigenetic marks (De Conti et al., 2013; 

Saldi et al., 2016). 

One interesting observation is that impairment of splicing leads to genomic 

instability, and transcription seems to play a direct role in this process. 

During transcription, the nascent pre-mRNA can couple with DNA forming 

an RNA::DNA hybrid and an uncoupled DNA strand, a structure called R-

loop (Figure I. 6) (Skourti-Stathaki & Proudfoot, 2014; Allison & Wang, 

2019). Recent studies show that these structures are not mere by-products 
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of transcription but regulatory elements participating in diverse cellular 

processes such as immunoglobulin class switching recombination (Yu et 

al., 2003), stimulation of transcription (Boque-Sastre et al., 2015), and Pol 

II pausing downstream of the polyadenylation signal (Skourti-Stathaki & 

Proudfoot, 2014; Skourti-Stathaki, Kamieniarz-Gdula, & Proudfoot, 2014; 

Allison & Wang, 2019). Perturbation of splicing factors has been shown to 

increase R-loop formation and associated genome instability. Some 

examples are depletion of ASF/SF2 (Li & Manley, 2005), SNM1 deficiency 

(Jangi et al., 2017), or SLU7 (Jiménez et al., 2019). The up-regulation of 

RNaseH1, which resolves R-loops, reverses this stress (Paulsen et al., 2009; 

Zeller et al., 2016). R-loop formation was also observed after treatment 

with the spliceosome inhibitor Pladienolide B (Wan et al., 2015). 

Consistently, in yeast, it was shown how intron-containing genes are less 

prone to accumulate R-loops, and this effect is dependent on spliceosome 

binding rather than splicing catalysis (Bonnet et al., 2017; Tam & Stirling, 

2019). 

R-loops may promote genomic instability through two different 

mechanisms. First, R-loops promote stalling of the transcription bubble and 

collision with the replication fork, leading to fork collapse, double-strand 

DNA breaks, or incomplete replication (Tuduri et al., 2009). Importantly 

this mechanism of stress requires dividing cells (S phase) (Figure I. 6). 

Moreover, de-regulation of R-loops can impact transcription and produce 

genome instability (Domínguez-Sánchez et al., 2011). Another form of 

causing genome instability is related to the uncoupled DNA strand of the 

R-loop as it is a sensitive target for chemical mutagenesis or inappropriate 

DNA repair (Gómez-González & Aguilera, 2007; Polak & Arndt, 2008; 

Skourti-Stathaki & Proudfoot, 2014; Allison & Wang, 2019).  

Additionally, splicing defects can cause genome instability by other 

mechanisms. Alterations in splicing factors may affect splicing broadly at 
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the genomic level or in a subset of particular genes, and these altered 

isoforms may lead to genome instability. This has been demonstrated for 

some splicing genes, including HSH155/SF3B1 and SNU114, whose 

alteration produces defects on α-tubulin, ultimately leading to genome 

instability (Tam et al., 2019; Tam & Stirling, 2019). Finally, a direct link 

between DNA repair machinery and splicing has been observed. For 

example, BRCA1 interacts with splicing elements leading to up-regulation 

of DNA damage response genes (Figure I. 6) (Savage et al., 2014; Tam & 

Stirling, 2019). 

 

Figure I. 6: Genome instability upon splicing impairment. Affected splicing 

machinery leads to altered splicing products that ultimately lead to DNA damage 

through different mechanisms (left). Another consequence is R-loop accumulation, 

leading to transcription-replication conflicts (TRC) or increased mutagenesis of 

single-stranded DNA (ssDNA) (right). Both pathways ultimately lead to increased 

genome instability. Adapted from Tam & Stirling, 2019. 
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1. d. Pre-mRNA splicing and disease: a cause and a solution  

The activity of constitutive and alternative splicing is essential for the 

correct production of proteins, and therefore for cellular functions. Thus, 

mutations leading to alterations in splicing are linked to several diseases 

(Sterne-Weiler & Sanford, 2014; Suñé-Pou et al., 2017; Abramowicz & 

Gos, 2018; Montes et al., 2019). As much as 22-25% of inherited diseases 

are likely influenced by splicing (Sterne-Weiler & Sanford, 2014), 

indicating that it is a common phenomenon. Such mutations can be 

classified into two categories: (i) cis, affecting signals at the pre-mRNA 

sequence or (ii) trans, affecting the proteins involved in splicing catalysis 

or regulation (Sterne-Weiler & Sanford, 2014; Suñé-Pou et al., 2017; 

Abramowicz & Gos, 2018). 

(i) Mutations in cis 

This type of mutations can potentially affect different splicing key 

sequences of the pre-mRNA, such as the 3’ ss, BP, or 5’ss as well as 

regulatory sequences (ISE, ISS, ESE, ESS), or create an intronic or exonic 

ss. The consequence of such alteration can produce exon skipping, intron 

retention, cryptic exon inclusion, or loss of a fragment of an exon (Sterne-

Weiler & Sanford, 2014; Abramowicz & Gos, 2018). Several examples of 

this type of alterations have been identified and are summarized in different 

reviews (Sterne-Weiler & Sanford, 2014; Scotti & Swanson, 2016; 

Abramowicz & Gos, 2018), including the generation of an alternative 3’ss 

in the HBB gene, which ultimately produces a reduction in β-globin levels 

leading to β+-thalassemia. Other examples include cystic fibrosis, in which 

expansion of apolypyrimidine tract in the CFTR gene promotes exon nine 

skipping (Chu et al., 1993), or congenital cataract, caused by skipping of 

the 3rd exon in MIP due to a G to A transition in a ss (Zeng et al., 2013). 

Another interesting example is alterations in the LMNA gene, in which 
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distinct splicing mutations on the same gene produce different pathologies 

(Scotti & Swanson, 2016). 

(ii) Mutations in trans 

Such alterations impact the machinery that participates in the splicing 

reaction (Scotti & Swanson, 2016; Suñé-Pou et al., 2017). A few examples 

of this category include: 

-Amyotrophic lateral sclerosis, caused by missense mutations in TDP-43. 

TDP-43 modulates splicing in conjugation with hnRNP A1, and its 

pathogenic mutations produce broad effects on alternative splicing (Arnold 

et al., 2013; Deshaies et al., 2018). 

-Spinal muscular atrophy, produced by homozygous deletion of SMN1, a 

gene that participates in the biogenesis of RNPs implicated in splicing and 

other processes. A paralog gene (SMN2) generates a transcript with 

excluded exon seven, producing a less stable protein insufficient to rescue 

the lack of SMN1 completely (Li et al., 2014). 

-As much as 11% of inherited retinal dystrophies (IRD) are caused by 

mutations in splicing genes (Bacchi, Casarosa, & Denti, 2014), including 

PRPF3, PRPF4, PRPF6, PRPF8, PRPF31, SNRNP200/BRR2 and RP9 

(Růžičková & Staněk, 2017). These genes are involved in RP, which is 

covered in depth in the following sections. 

-AS deregulation is of great importance in different cancer types. PRPF6 is 

upregulated in colorectal carcinoma, whereas heterozygous mutations or 

hemizygous deletions in PRPF8 have been related to myelodysplastic 

syndromes (Adler et al., 2014; Kurtovic-Kozaric et al., 2015; Scotti & 

Swanson, 2016). Other recurrent mutations have been found in SRSF2, U1, 

U2AF1 and SF3B1 (Bonnal, López-Oreja, & Valcárcel, 2020). The latter 

has been of particular interest in our laboratory. Xenia Serrat modelled 
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cancer-related mutations in sftb-1 (C. elegans ortholog of SF3B1) to study 

alternative splicing implications, identify genetic interactors with 

therapeutic potential, and partially humanize the gene to sensitize C. 

elegans to splicing modulators (Serrat et al., 2019).  

Thus, splicing alterations have shown to be the origin of different 

pathologies, pushing the development of therapeutic strategies to intervene 

on the splicing process (Suñé-Pou et al., 2017; Montes et al., 2019; Bonnal 

et al., 2020). Some approved and under development strategies include the 

following:  

(i) Antisense oligonucleotides (ASO) that bind pre-mRNA to alter the 

splicing of determined regions have been successfully developed to restore 

exon seven inclusion of SMN2, providing a treatment for spinal muscular 

atrophy (Meylemans & De Bleecker, 2019) (Figure I. 7). Similar 

approaches were developed for exon 51 skipping in the DMD gene to treat 

Duchenne muscular dystrophy (Syed, 2016). Eye-related dystrophies are 

also targeted with this approach (Aísa-Marín et al., 2021) 

(ii) Small molecules that modulate splicing have shown some efficacy in 

pre-clinical cancer models, and some have reached clinical trials. The most 

studied drugs target SF3B1, RBM39, and PRMT5 among other factors 

(Montes et al., 2019; Bonnal et al., 2020). 

(iii) Spliceosomal-Mediated RNA Trans-Splicing (SMaRT) allows the 

substitution of a mutated fraction of the gene during pre-mRNA splicing by 

introducing the corrected fragment of the RNA. This approach is followed 

for CFTR (cystic fibrosis), Tau (FTDP-17) correction (Figure I. 7), as well 

as for RHO (RP) among others (Montes et al., 2019; Aísa-Marín et al., 

2021). 
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(iv) Small interfering RNAs (siRNA) are also being developed for targeting 

aberrant isoforms in fibronectin gene or growth hormone deficiency (Suñé-

Pou et al., 2017; Montes et al., 2019).  

(v) Other strategies using exon-specific U1 to recognize mutated ss or 

genome editing by clustered regularly interspaced short palindromic 

repeats-Cas9 (CRISPR-Cas9) are being developed (Figure I. 7) (Montes et 

al., 2019). This last strategy has enormous potential not only for splicing-

related diseases but also for many other genetic pathologies. 

 

Figure I. 7: Examples of splicing specific therapeutic strategies. Splice 

switching oligonucleotides (SSO, also known as ASO) to promote exclusion of an 

exon in MDM4 (targets tumor growth) (i) or inclusion of an exon in SMN2 

(treatment for spinal muscular atrophy) (ii). SMaRT to promote exon ten inclusion 

of MAPT (correction of Tau protein in Alzheimer disease) (iii). Use of CRISPR-

Cas9 to delete a cryptic splice site in DMD (treatment for Duchenne muscular 

dystrophy) (iv). Dashed lines: spliced isoforms. Adapted from Montes et al. 2019.  
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1. e. Pre-mRNA splicing is similar between human and C. 

elegans 

In general terms, the C. elegans splicing process seems similar to mammals 

and yeast as splicing elements are largely conserved (Wani & Kuroyanagi, 

2017; Zahler, 2018). The consensus sequence of the 5’ ss is similar to 

human and yeast counterparts (Riddle et al., 1997a), and it is degenerated 

in most of the exon-intron boundaries (Riddle et al., 1997a; Kent & Zahler, 

2000; Zahler, 2018). Worm introns contain an AG dinucleotide with a short 

tetra-U extension at 3’ss (Riddle et al., 1997a; Zorio & Blumenthal, 1999; 

Hollins et al., 2005; Zahler, 2018). Moreover, there is no precise BP 

consensus sequence in C. elegans, and little information is available about 

the BP (Figure I. 3). The genome architecture differs from the human, 

containing shorter introns compared to exons (Zahler, 2018) (Table 1). 

Table 1: Intron-exon median lengths in yeast, roundworm and human. 

 S.cerevisiae C. elegans Human 

Exon median length (bp) 233 150 133 

Intron median length (bp) 148 65 1516 

Adapted from (Schwartz et al., 2008). 

Approximately 25-35% of C. elegans genes undergo AS, a smaller number 

compared to humans (≈95%), but still indicates an important role of AS in 

nematode biology (Ramani et al., 2011; Tourasse, Millet, & Dupuy, 2017; 

Zahler, 2018). Notably, the different methodology used for the detection of 

AS between studies might impede comparison between organisms. Thus, 

the impact of AS in humans and C. elegans could be less dissimilar than 

initially estimated (Tourasse et al., 2017).  

Several examples of developmentally regulated, or sex-specific, AS events 

have been shown (Sibley et al., 1993; Shan & Walthall, 2008; Barberan-

Soler & Zahler, 2008; Zahler, 2018). The regulation of AS is directed by 
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cis- and trans-acting factors. For instance, different SR (rsp genes) and 

hnRNPs, as well as other splicing factors were identified in C. elegans. The 

mechanism of action of these elements is not uniform, and an overlap of 

several regulators acting on the same genes occurs (Tan & Fraser, 2017; 

Zahler, 2018).  

Trans-splicing is a common mechanism in C. elegans, affecting around 

84% of all genes (Tourasse et al., 2017). In contrast to cis-splicing (intron 

removal), trans-splicing occurs between a splicing leader (SL) sequence 

and the 5’ of the pre-mRNA exon (Allen et al., 2011). This mechanism 

requires the same snRNP as for cis-splicing except for U1 (Hannon, 

Maroney, & Nilsen, 1991; Blumenthal, 2012). There are two distinct SL 

sequences: SL1 and SL2. Half of the C. elegans genes use SL1 for trans-

splicing thanks to the presence of an intron-like sequence on the 5’ of the 

first exon of the mRNA without a functional 5’ss up-stream named outron 

(Conrad et al., 1991; Zorio et al., 1994; Allen et al., 2011; Blumenthal, 

2012). Around 15-17% of C. elegans genes are codified in operons. The 

SL2-guided trans-splicing is responsible for the split between genes in 

polycistronic pre-mRNAs (Spieth et al., 1993; Allen et al., 2011; 

Blumenthal, 2012). These two mechanisms are not mutually exclusive, and 

some pre-mRNA undergo trans-splicing via both SL sequences (Allen et 

al., 2011). 
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2. Caenorhabditis elegans is a powerful 

model organism 

2. a. Basic biology and genetics of C. elegans   

The 1 mm long soil nematode Caenorhabditis elegans has become an 

important model organism in biosciences, with more than 1200 laboratories 

using it around the world (Corsi, Wightman, & Chalfie, 2015; Harris et al., 

2019). This extraordinary popularity has its beginnings in the 1970s, when 

Sydney Brenner decided to adapt this organism for laboratory means 

(Brenner, 1973, 1988; Riddle et al., 1997b; Corsi et al., 2015). Several 

characteristics make it an attractive platform to dissect diverse biological 

questions. Laboratory maintenance is easy and inexpensive on agar Petri 

plates due to its small size and the fact it can be fed with Escherichia coli 

bacteria. Commonly, a dissecting microscope is used to observe these 

roundworms on agar plates (Figure I.7) (Riddle et al., 1997b; Corsi et al., 

2015). Additionally, long-term storage of C. elegans stocks at -80oC 

freezers or in liquid nitrogen tanks and subsequent recovery is possible 

(Sulston & Hodgkin, 1988). In brief, it possesses the manageability of a 

prokaryote but it is a multi-cellular eukaryotic organism with distinct 

tissues. 

These nematodes are commonly maintained at 15oC, 20oC, or 25oC in the 

laboratory. Such range of temperatures is convenient to modulate 

temperature-sensitive phenotypes and adjust the life cycle length according 

to different experimental needs. A newly born worm gives rise to its 

progeny in only 3.5 days at 20oC (standard temperature for maintenance). 

This fast generation time allows fast escalating of populations.  
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Figure I. 7: Overview of C. elegans maintenance and manipulation. A) 

Photography of a Petri agar plate with an E. coli lawn under a dissecting 

microscope. B) C. elegans as seen through the objective. Two adults, a larva, and 

a few embryos are shown on an E. coli lawn. Adapted from Corsi et al. 2015. 

 

The embryonic development last about 16 hours. Once an embryo hatches, 

it becomes an L1 larva with more than half of the nuclei present in an adult 

worm. During postembryonic development, these L1 larvae grow in size 

and develop through three additional larval stages (L2, L3, and L4) to reach 

adulthood when they start laying eggs (Figure I. 8). Then, adult worms live 

for 10-15 additional days, which is very convenient for aging-related 

experiments (Corsi et al., 2015; Luyten et al., 2016). 

When food is unavailable and larvae are crowded, C. elegans enters into 

the so-called “dauer” stage (apparent in L2). In this stage, worms are more 

resistant to external challenges and can survive several months (Figure I. 

8) (Corsi et al., 2015). 

C. elegans can exist in two different sexual forms: hermaphrodites and 

males. Hermaphrodites self-fertilize, giving rise to about 300 offspring, 

allowing maintenance of large isogenic populations in the laboratory and 

being an excellent advantage for genetic studies. Males arise in extremely 

low proportion from a self-fertilized hermaphrodite (≈0.2%) and are 
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typically used for genetic crosses with hermaphrodites to build news strains 

with combinations of mutations or reporters (Riddle et al., 1997b; Corsi et 

al., 2015). To our convenience, male abundance could be increased by 

incubating L4 hermaphrodites at high temperature (31-34oC) for a short 

period of time. 

 

 

Figure I. 8: Life cycle of C. elegans. Images of C. elegans at different 

developmental stages as seen under a dissecting stereomicroscope. Adult males are 

smaller and thinner than hermaphrodites and present a fan-shaped tail (black arrow 

adult). Embryos give rise to L1 animals that develop through L2, L3, and L4 larval 

stages to reach adulthood. Worms increase in size and suffer morphological 

changes during development. Prior to the L4 stage, no apparent sexual 

distinguishable morphological features are observed. At L4, hermaphrodites 

present an easily discernible vulva (white arrow) and males show a little wider tail 

(black arrow). The alternative dauer stage is depicted. Adapted from Corsi et al. 

2015. 
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The first genetic study with C. elegans was performed using chemical 

mutagenesis with ethane methyl sulfonate (EMS)s. The study's main aim 

was to identify affected behavior mutants; however, other phenotypes such 

as blistered, dumpy, roller, small, and long were found (Brenner, 1974). 

C. elegans transparency and Nomarski optics (based on differential 

interference contrast) allow to easily observe different cell-types without 

the need of dissecting the animal. This feature permitted tracing the entire 

cell lineage of the whole organism (Sulston, Dew, & Brenner, 1975; Sulston 

et al., 1983; Kimble & Hirsh, 1979) and describing the connectivity of all 

302 neurons (Ward et al., 1975; White et al., 1976, 1986). Moreover, its 

transparency also facilitates the use of GFP and other fluorescent markers 

of proteins (Chalfie et al., 1994). The use of GFP in worms granted a Nobel 

prize in Chemistry to Martin Chalfie.  

The genetic pathway controlling apoptosis was another important and early 

finding made in C. elegans with significant implications in other organisms 

or diseases such as cancer (Ellis & Horvitz, 1986).  

Two Nobel prizes in Physiology or Medicine were granted to C. elegans 

researchers. One to Sydney Brenner, John Sulston, and Robert Horvitz in 

Physiology or Medicine, for their initial work in C. elegans. The other one 

was awarded to Andrew Fire and Craig Mello for the discovery of RNA 

interference (RNAi) (Fire et al., 1998). RNAi was exploited to interrogate 

functions of most of the C. elegans genes (Kamath et al., 2003; Kamath & 

Ahringer, 2003; Rual et al., 2004; Ceron et al., 2007) and is being used in 

other organisms and developed for therapeutic means (Tiemann & Rossi, 

2009). 

C. elegans was the first animal to have its genome sequenced, establishing 

an essential milestone in genomics and relevant for studies about genome 
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annotation (The C.elegans Sequencing Consortium, 1998). Posterior 

unveiling of other genomes including the human (Lander et al., 2001; Craig 

Venter et al., 2001) and continuous efforts by the scientific community 

showed important conservation of biological pathways between species. 

Nearly 40% of C. elegans genes have predicted orthologs in humans (Shaye 

& Greenwald, 2011), and up to 80% of human genes have orthologs in C. 

elegans (Kaletta & Hengartner, 2006). About 40% of disease-associated 

genes have an ortholog in C. elegans (Culetto & Sattelle, 2000). Diverse 

cellular processes and molecular mechanisms are conserved from worms to 

mammals, being of particular importance for this thesis the conservation of 

the apoptotic pathway (Choi & Woo, 2010) and splicing (Wani & 

Kuroyanagi, 2017; Zahler, 2018). All the mentioned features, and the rising 

of CRISPR genome editing, make C.elegans an excellent tool to model 

several human diseases. 

 

2. b. CRISPR-Cas9 in C. elegans   

Clustered regularly interspaced short palindromic repeats-Cas (CRISPR-

Cas) has emerged as a revolutionary genome-editing technique. CRISPR-

Cas is a bacterial defense system against bacteriophage infection, which 

was first described by Prof. Francisco Mojica. This system's rationale 

consists of recognizing bacteriophage DNA and cleaving it selectively 

(Mojica et al., 2005; Barrangou et al., 2007). It was not long until this 

system was tested in vitro (Gasiunas et al., 2012) and immediately later 

used to cleave specific sequences in bacteria and mammalian cells (Jinek et 

al., 2012; Cong et al., 2013; Hsu et al., 2013; Lander, 2016). The 

vertiginous race for the optimization and adaptation of this technique led to 

its usage in several organisms to model genetic diseases and many other 

applications (Adli, 2018; Fuster-García et al., 2020). Moreover, novel 

CRISPR systems are being identified and adapted to expand the toolbox of 
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not only genome editing but also CRISPR-based RNA editing tools 

(Matsoukas, 2018; Adli, 2018). 

In brief, the most commonly used in genome editing, class 2 system relies 

on the Cas9 protein and a guide RNA (gRNA, generally constructed by 

independent transactivating RNA (tracrRNA) base-paired to CRISPR RNA 

(crRNA)). The cleavage is produced when the preassembled gRNA-Cas9 

ribonucleoprotein encounters a 20 bp protospacer sequence complementary 

to the crRNA next to the protospacer-adjacent motif (PAM, for Cas9 is 

NGG). Then, Cas9 nuclease cut and cause a double-strand break (DSB) 

three nucleotides upstream of the PAM (Figure I. 9) (Jinek et al., 2012; 

Dickinson & Goldstein, 2016).  

 

Figure I. 9: Genome editing by CRISPR-Cas9. The ribonucleoprotein complex 

consisting of Cas9-gRNA recognizes specific DNA regions and produces a DSB 

which is then repaired by NHEJ or HDR. Adapted from Matsoukas et al. 2018. 

 

As a result of such cut, the eukaryotic cell activates the repair machinery to 

correct the damage. There are two such mechanisms: non-homologous end 

joining (NHEJ) and homology-directed repair (HDR). NHEJ is an error-

prone repair mechanism that introduces insertions/deletions (indels) in the 

repair process. This mechanism might be useful to produce loss-of-function 

alleles, as such indels sometimes change the ORF and produce premature 

STOP codons. HDR is the pathway used to introduce precise modifications. 

It requires a repair template (ssDNA or dsDNA), with arms homologous to 
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the region adjacent to the DSB, to incorporate the sequence of interest into 

the genome (Figure I. 9) (Cong et al., 2013; Dickinson & Goldstein, 2016).  

CRISPR-Cas9 has been rapidly adopted and extensively exploited in C. 

elegans (Friedland et al., 2013; Chiu et al., 2013; Cho et al., 2013; Kim et 

al., 2014; Arribere et al., 2014; Ward, 2015; Paix et al., 2015; Dickinson & 

Goldstein, 2016; Dokshin et al., 2018). Several characteristics make C. 

elegans an convenient organism for CRISPR-Cas editing (Vicencio & 

Cerón, 2021). Technically, the reagents are injected into the germ line, 

which is a nuclei-containing syncytium, allowing to potentially edit 

hundreds of individuals at the time. The short life cycle added to the 

hermaphroditism enables the isolation of homozygous individuals in a very 

short time (Figure I. 10). Moreover, several laboratories have elaborated 

optimized protocols for efficient gene editing and identification of edited 

lines with approaches such as co-CRISPR (Kim et al., 2014; Ward, 2015; 

Paix et al., 2015; Dickinson & Goldstein, 2016).  

 

Figure I. 10: Schematic representation of the segregation of an edited 

hermaphrodite. After injection of P0, heterozygous hermaphrodites are identified 

in F1. By self-fertilization in the F2, a quarter of the progeny segregates the mutation 

in homozygosis. The whole process can be achieved in less than a couple of weeks. 
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CRISPR-Cas9 permits the introduction of desired mutations and tagging 

genes with fluorescent reporters (FR) at the endogenous locus to study 

protein expression and localization in vivo. In our laboratory, CRISPR has 

been successfully used to study the role of trxr-1 in the chemoresistance to 

cisplatin (García-Rodríguez et al., 2018), optimize a protocol for efficient 

FR tagging (Vicencio et al., 2019), modelling cancer mutations and 

sensitizing C. elegans to splicing inhibition by partially humanizing sftb-1 

(Serrat et al., 2019), and studying NF-κB independent functions of IκB 

homologs: nfki-1 and ikb-1 (Brena et al., 2020).  

 

2. c. RNAi in C. elegans   

Efficient and specific gene silencing by double-stranded RNA (dsRNA), 

which was firstly described in C. elegans, received the name of RNA 

interference (RNAi) (Fire et al., 1998). Since its identification, the finding 

has been extended to different organisms and converted into a powerful 

reverse genetics’ technique. Moreover, the description of silencing by 

exogenously provided dsRNA served as a starting point to decipher 

endogenous mechanisms of silencing by micro-RNAs, Piwi-interacting 

RNAs, and endogenous small-interfering RNAs (siRNA) (Grishok, 2005; 

Billi, Fischer, & Kim, 2014). It is worth noting that RNAi in C. elegans is 

heritable and is systemic (Kamath et al., 2001; Asikainen et al., 2005).  

Shortly, the silencing is not directly produced by the dsRNA, which is 

cleaved into siRNAs by the endonuclease DICER/RDE-4 complex. The 21-

25 nt long primary siRNAs, characterized by a monophosphate tag at 5’, 

are recognized by the Argonaute RDE-1 protein, which directs the 

interaction with the complementary mRNA. Afterward, the RNA-

dependent RNA polymerase RRF-1 is recruited to the mRNA and 

transcribes 22 nt long secondary siRNA, characterized by a tri-phosphate 
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tag. Finally, worm-specific argonautes (WAGO), directed by siRNAs, 

induce the cleavage of specific mRNAs. Thus, the secondary siRNAs are 

the main effectors of the gene silencing rather than the primary siRNAs. 

(Figure I. 11) Moreover, besides the classical post-transcriptional 

inhibition described above, a nuclear role directly controlling transcription 

has been described (Grishok, 2005; Min & Lee, 2007; Billi et al., 2014; 

Gammon, 2017). 

 

Figure I. 11: Scheme of RNAi mechanism. Exogenous dsRNA is processed into 

primary siRNAs which are amplified thanks to mRNA pairing by RDE-1 and 

RNA-dependent RNA polymerase RRF-1. Finally, WAGO directs secondary 

siRNAs to cleave mRNA and inhibit gene expression. Adapted from Gammon et 

al. 2017. 

 

From a technical point of view, RNAi in C. elegans is easy and fast. There 

are three administration forms: microinjection, soaking, and feeding. 

dsRNA can be directly injected into the C. elegans gonad, and the effect is 

observed in the next generation. This is a reliable method from worm to 

worm, albeit laborious and relatively expensive (Fire et al., 1998; Min & 

Lee, 2007). Inhibition of expression is also achieved by soaking worms into 

a solution with dsRNA complementary for desired gene silencing (Tabara, 

1998; Min & Lee, 2007). The other alternative, and most common, is the 
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feeding technique, consisting of feeding C. elegans with bacteria 

expressing dsRNA. This approach is highly effective and is not dependent 

on expensive reagents or equipment (Timmons & Fire, 1998; Kamath et al., 

2001; Min & Lee, 2007; Conte et al., 2015) (Figure I. 12).  

 

Figure I. 12: Scheme of the delivery methods of dsRNA. From left to right: 

injection, soaking, and feeding. dsRNA directly injected into C. elegans, soaking 

in a concentrated dsRNA solution or feeding with dsRNA expressing bacteria 

promote effective gene silencing. 

 

Moreover, it allowed the construction of large libraries of bacteria 

expressing dsRNA targeting nearly all C. elegans genes. Currently, two of 

such libraries exist: genome-based (Arhinger’s library) or open reading 

frame (ORF) based (ORFeome’s library). In the first case, the bacterial 

library was constructed from genome fragments so that the resulting 

dsRNA contains both coding and non-coding regions (Fraser et al., 2000; 

Kamath et al., 2003). The ORFeome library only contains coding regions 

as it was constructed from a cDNA library, and thus it is thought to be more 

efficient (Rual et al., 2004; Ceron et al., 2007). 
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2. d. Drug screens in C. elegans   

Several characteristics make C. elegans a potent model for drug screening 

to cure or alleviate diseases. First of all, the basic biological traits that 

placed C. elegans in the laboratory (small size, rapid life cycle, inexpensive 

maintenance, etc.) are also desirable for testing large drug libraries. 

Moreover, several complex diseases with different traceable and scorable 

phenotypes have been modelled in C. elegans allowing testing drugs to 

alleviate such alterations. 

C. elegans, unlike cell cultures, present differentiated tissues and distinct 

cell types in the context of an organism, increasing the probability of 

identifying compounds more relevant for humans or other mammals. 

Another advantage is the possibility to test drug efficacy and initial steps of 

absorption, distribution, metabolism, excretion, or toxicity (ADMET) 

simultaneously. Finally, the availability of potent genetic tools to 

interrogate nearly all the genome facilitates identifying the target of a drug 

(Artal-Sanz, de Jong, & Tavernarakis, 2006; O’Reilly et al., 2014). And 

now, thanks to CRISPR-Cas, if the target is not present could be placed in 

C. elegans cells through genome editing (Serrat et al., 2019). 

The use of C. elegans in high-throughput screens has been implemented 

relatively recently. The first reports of drug testing in roundworms date 

from the 1970s; however, the first screening of an extensive library was 

made in 2006 (Kwok et al., 2006). Drug testing in agar plates implicates 

manual labor and larger amounts of drugs. The development of new 

handling liquid approaches allowed to scale up using from 24 well-plates 

up to 1536 well-plates. Additional advances in automatization of 

distribution, treatment, imaging acquisition, and analysis facilitated the 

implementation of high content and throughput screens (O’Reilly et al., 

2014). C. elegans has been used to identify valuable compounds for 

amyotrophic lateral sclerosis (Ikenaka et al., 2019), antimicrobial 
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compounds (Moy et al., 2006), anthelmintics (Partridge et al., 2018), anti-

aging (Matsunami, 2018), psychotic hyperphagia (Perez-Gomez et al., 

2018), and Alzheimer disease (Pérez-Jiménez et al., 2021) among others.  

Despite its many advantages, C. elegans still has many limitations for 

human disease modelling, such as the lack of certain human orthologs or 

reduced organ complexity (O’Reilly et al., 2014). Still, settings using 

multicellular organisms as C. elegans, free of ethical-issues, allows to 

reduce the number of candidates to be tested in other organisms closely 

related to humans might be convenient (Volpatti et al., 2020). 
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3. Retinitis Pigmentosa  

3. a. Retinal inherited disorders and retinitis pigmentosa  

Inherited retinal dystrophies (IRD) are a leading cause of vision loss in 

working-age people. Globally, IRD affect around 4.5 million worldwide, 

and the most prevalent of IRDs is RP (Hohman, 2017; Dockery et al., 2017; 

Verbakel et al., 2018). A study in Ireland has found more than 40% of IRDs 

cases accounted for RP (Dockery et al., 2017), and it is estimated to affect 

1.5 million people worldwide (Verbakel et al., 2018). The incidence of RP 

is thought to be 1 per 4000 people worldwide; however, this number varies 

greatly in different geographic locations (Hartong, Berson, & Dryja, 2006; 

Parmeggiani et al., 2011; Verbakel et al., 2018).  

Clinically, RP is manifested by initial nyctalopia (difficult vision in reduced 

light conditions) followed by a progressive reduction in visual acuity and 

field in a characteristic tunnel manner (Figure I. 13).  

 

Figure I. 13: Visual field reduction in RP patients. Comparison of a scene 

perceived in normal conditions (left) and in patients with advanced RP (right). 

Retrieved from: https://www.webmd.com/eye-health/what-is-retinitis-

pigmentosa#1. 
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These symptoms usually appear in adolescence, but there is considerable 

variability even between members of the same family (Daiger, Bowne, & 

Sullivan, 2007; Parmeggiani et al., 2011; Verbakel et al., 2018; Kiser et al., 

2019). The gradual loss of visual ability may ultimately lead to complete 

blindness. At a cellular level, these manifestations are in concordance with 

the initial loss of rods and posterior loss of cons and retinal pigment 

epithelium (RPE) observed in RP patients (Hartong et al., 2006; Daiger et 

al., 2007; Parmeggiani et al., 2011; Verbakel et al., 2018). Apoptosis is the 

mechanism by which photoreceptor loss is thought to occur, albeit the 

precise mechanism is still not unveiled (Wert, Lin, & Tsang, 2014; Zhang, 

2016). Clinical features include fundus abnormalities such as bone-spicule 

deposits, attenuated retinal vessels, waxy pallor of the optic nerve, 

nystagmus, disease-associated refractive error, macular complications, 

photophobia, dyschromatopsia, or cataracts (Figure I. 14) (Fahim, Daiger, 

& Weleber, 1993; Parmeggiani et al., 2011; Verbakel et al., 2018). 

Importantly, clinical manifestations are widely varying and overlapping 

with other IRD. Thus, different functional and imaging techniques are used 

to characterize the visual function and diagnose RP differentially (Fahim et 

al., 1993; Hartong et al., 2006; Verbakel et al., 2018). 

 

Figure I. 14: Fundi alterations in RP patients. Fundoscopy of a healthy 

individual (left) and an RP patient (right). Diseased eye shows attenuated vessels, 

optic-disc pallor, and bone-spicule deposits. Adapted from Hartong et al. 2006. 
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RP is mainly presented in a non-syndromic form (affecting only retina); 

however, a minor fraction of patients also present affection in other tissues 

in a syndromic form of the disease. Moreover, systemic affections may lead 

to a secondary RP as a result. The syndromic forms account for 25% of all 

patients being the Usher syndrome and the Bardet-Biedl syndrome the most 

common of this kind (Hartong et al., 2006; Daiger et al., 2007; Parmeggiani 

et al., 2011; Verbakel et al., 2018). Usher syndrome patients present 

additional neurosensory hearing loss and Bardet-Biedl patients present 

polydactyly, cognitive impairment, renal disease, hypogonadism or obesity. 

A phenocopy of RP-like symptoms may arise due to factors such as 

medication (e.g. Thioridazine, chlorpromazine, or quinolines) or 

inflammatory disease sequela among others and thus is classified as 

pseudo-RP. Some of these conditions are not the consequence of a genetic 

alteration and are amenable for treatment (Verbakel et al., 2018).  

Importantly, there is no cure for RP. The management is limited to the 

treatment of derived complications and improving the patient’s functional 

abilities. Currently, efforts on developing strategies based on gene therapy, 

stem cell transplants, retinal implants, neuroprotective molecules, 

transcorneal electric stimulation, or optogenetics are being made (Zhang, 

2016; Verbakel et al., 2018). 

Since the discovery of the RHO gene as causative of RP in 1990, more than 

80 other genes have been identified (Dryja et al., 1990; Daiger et al., 1998; 

Verbakel et al., 2018). It is estimated that many more genes are involved in 

RP since a significant number of patients still do not have a genetic 

diagnosis (Salmaninejad et al., 2019; Perea-Romero et al., 2021). As in 

clinical manifestations, there is an overlap of affected genes with other IRD 

(Verbakel et al., 2018). RP genes can be classified according to their 

inheritance mode (Hartong et al., 2006; Daiger et al., 2007; Parmeggiani et 

al., 2011; Verbakel et al., 2018) (Table 2). However, this task has proven 
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difficult and inaccurate for some variants since different mutations in the 

same gene may be inherited in different ways provoking lack or 

misinterpretation of the pedigree (Daiger, Bowne, & Sullivan, 2015).  

Table 2: Prevalence of RP depending on the heritance mode. 

RP inheritance mode 
Aproximate percentatge of 

patients 

Autosomal recessive RP 

(arRP) 
50-60% 

Autosomal dominant RP 

(adRP) 
30-40% 

X-linked RP 5-15% 

Extracted from Verbeckel et al. 2018 and Hartong et al. 2006.  

The RP genes are involved in several pathways including: 

phototransduction, visual cycle, ciliary structure and transport, or splicing, 

among others (Hartong et al., 2006; Parmeggiani et al., 2011; Verbakel et 

al., 2018).  

 

3. b. Splicing-related autosomal dominant retinitis 

pigmentosa (s-adRP)  

RP caused by alterations in splicing factors (s-adRP) rise a still not fully 

unanswered question of why mutations on ubiquitously expressed and 

essential genes produce a tissue-specific phenotype. The degenerative 

nature, late and highly variable onset, and progression of the disease are 

also not well understood (Mordes et al., 2006; Parmeggiani et al., 2011; 

Růžičková & Staněk, 2017). Genes mutated in RP related to splicing 

include: PRPF3, PRPF4, PRPF6, PRPF8, PRPF31, SNRNP200/Brr2, 

RP9/PAP1, and more recently DHX38 and CWC27 were found (Růžičková 

& Staněk, 2017; Verbakel et al., 2018). The s-adRP identified mutations 
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occur in genes that form part of U4/U6.U5 tri-snRNP components and 

follow an autosomal dominant mode of inheritance (Supplementary Table 

I. 1).  

Different hypotheses were postulated to explain the implication of splicing 

alterations in RP etiology. One possible explanation might be due to higher 

transcriptional requirements of the retina, thus being more sensitive to 

alterations in splicing machinery compared to other tissues. Despite the fact 

that none of the s-adRP proteins participate in the splice site recognition, 

but in the catalysis reaction, s-adRP mutations affect AS widely and 

unevenly, being some transcripts more susceptible to changes. Retina-

specific AS events might thus explain tissue specificity; however, there are 

not strong evidence yet supporting this theory. Nevertheless, 

comprehension of AS in the retina is essential to understand its role in 

pathogenesis and improve genetic diagnosis (Aísa-Marín et al., 2021). 

Other hypotheses include pathological aggregation of mutated proteins in 

photoreceptors or damaged RPE cells provoking photoreceptors’ cell death 

as secondary effect (Mordes et al., 2006; Růžičková & Staněk, 2017). 

Although there are different hypotheses, the precise mechanism is still far 

from being uncovered, and different model organisms (Graziotto et al., 

2008; Yin et al., 2011) are being used to tackle the functional impact of RP 

mutations . 

 

3. c. C. elegans  as a model to study s-adRP 

RP has been modelled in several settings ranging from in vitro cell lines 

including iPSC or yeast to the generation of more complex rodent models 

(Towns et al., 2010; Graziotto et al., 2011; Brydon et al., 2019). In our 

laboratory, C. elegans was used for such aim as apoptosis and splicing are 

highly conserved, and it is easy to manipulate while containing 
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differentiated tissues. Peña-Rubio et al. made the initial efforts to model 

s-adRP, taking advantage of deletion alleles of prp-8 and prp-31, reporter 

strains, and RNAi. RNAi of splicing factors present in U4/U6.U5 tri-snRNP 

showed two distinct phenoclusters being U4 associated genes the ones that 

present milder phenotypes. Transcriptomic analyses did not show any 

major modifications in AS events; however, there was upregulation of the 

pro-apoptotic gene egl-1 and the DNA damage sensor atl-1. Moreover, this 

upregulation was produced unevenly, being hypodermal cells the most 

affected tissue.  

These findings set C. elegans as a model for s-adRP. Similar to humans, 

nematodes showed tissue-specific sensitivity to partial inactivation of 

splicing factors. Moreover, up-regulation of atl-1 and egl-1 led to the 

establishment of a working model. Based on the co-transcriptional nature 

of splicing, the model established altered splicing as a source of R-loop 

accumulation which leads to genome instability and ultimately apoptosis 

(Figure I. 6, 15) (Rubio-Peña et al., 2015). 

 

Figure I. 15: Working model based on the previous finding in C. elegans. 

Altered spliceosome induces R-loop accumulation, which leads to genomic 

instability through different mechanisms (sensitivity to DNA damage or replisome 

collision). Partially or inefficiently spliced transcripts may negatively impact 

retinal cells. Adapted from Karinna Rubio-Peña doctoral thesis. 
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The advent of CRISPR-Cas9 technology allows the construction of models 

to better reproduce the actual alterations of s-adRP patients. Karinna Rubio-

Peña took advantage of this to model s-adRP missense mutations in prp-8 

and snrp-200 genes. The result was four strains: two strains with strong 

phenotypes (prp-8(cer14[H2302del]) and snrp-200(cer23[V676L])), and 

two strains with no overt alterations (prp-8(cer22[R2303G]) and 

snrp-200(cer24[S1080L]) (Kukhtar et al., 2020). In this thesis, I explore 

the utility of these strains as a pre-clinical model, and I describe potential 

mechanisms of the disease while expanding the toolkit of s-adRP strains.
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1. To to mimic splicing-related adRP mutations in the C. elegans genome 

using CRISPR-Cas9 and characterize its effects. 

 

2. Use RNAi to identify genetic interactions with mimicked s-adRP 

mutations that might unveil modifiers of the disease. 

 

3. To evaluate the preclinical value of C. elegans s-adRP mutants for drug 

screens. 

 

4. To investigate the molecular mechanisms by which s-adRP splicing-

related mutations cause apoptosis in specific cell types. 

 

5. To establish the use of C. elegans s-adRP mutants as a diagnostic tool 

for variants of uncertain significance (VUS).  

 

6. To explore the limits of the splicing factor humanization in C. elegans 

through gene replacement of the prp-3 gene.  
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1. CRISPR-Cas9 allows mimicking of 

s-adRP mutations in C. elegans 

 

As stated in the introduction, four different strains that mimicked s-adRP 

mutations were generated by a former member of the laboratory (Karinna 

Rubio-Peña). Three strains mimic actual patients’ mutations, prp-8(cer22), 

snrp-200(cer23), and snrp-200(cer24), while prp-8(cer14) removes a 

residue that is affected in RP patients and was obtained unwittingly. All 

strains present developmental delay, and two mutants, prp-8(cer14) and 

snrp-200(cer23), display overt phenotypes (Rubio-Peña, 2017; Kukhtar et 

al., 2020). The two mutants with overt phenotypes were considered strong 

alleles, and mutants with no obvious phenotypes weak alleles. 
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1. a. Impact of s-adRP mutations in fertility 

Since we observed a sterile phenotype on prp-8(cer14) animals, we 

quantified the brood size of s-adRP mutants at 25oC. snrp-200(cer23) 

worms presented a reduced brood size (about half of the progeny) (Figure 

R. 1A), and prp-8(cer14) animals were sterile (Figure R. 1B). Thus, the 

characterization of the brood size confirms the two strong alleles have an 

important impact on fertility, while weak alleles do not show this effect. 

The temperature-sensitive sterility of prp-8(cer14) allows its maintenances 

at 15oC, thus facilitating the development of the project with all four strains 

(Figure R. 1B). 

 

Figure R. 1: s-adRP mutants prp-8(cer22) and snrp-200(cer23) present altered 

fertility. Brood size of s-adRP mutants at 25oC (A) and of the prp-8(cer14) at 

permissive (15oC) and restrictive (25oC) temperature (B). (A) The brood size of 

snrp-200(cer23) animals is significantly reduced compared to wildtype (N=2; 

n≥20). (B) The brood size of prp-8(cer14) at permissive temperature is reduced 

and complete sterility emerges at restrictive temperature (N=1; n≥10). (A) Kruskal-

Wallis with Dunn’s post-hoc was applied. ns indicates not significant and **** 

p<0.0001. (B) Mann-Whitney test was applied to compare mutant to WT at each 

temperature. **** p<0.0001. Collaborative results between Karinna Rubio-Peña 

and Dmytro Kukhtar.  
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1. b. All s-adRP mutants cause a functional impairment  

Karinna Rubio-Peña observed diverse overt alterations in the strong alleles. 

(Rubio-Peña, 2017; Kukhtar et al., 2020). Formal quantification at 25oC 

confirmed snrp-200(cer23) displays a variety of postembryonic phenotypes 

at low penetrance and embryonic lethality (Emb) (Figure R. 2). 

 



 

48 
  

Figure R. 2: snrp-200(cer23) along with the double mutant prp-8(cer22); 

snrp-200(cer24) presents higher frequency of embryonic lethality and 

pleiotropic phenotypes. 

(A) Cumulative frequencies of overt phenotypes under the stereomicroscope and 

(B) frequency of dead embryos laid (N=1, n≥1753). prp-8(cer14) is not included 

as it is sterile at 25oC. χ2 comparing each of the mutant strains to the wildtype (WT) 

was applied. ns indicates not significant, **p<0.01, *** p<0.001 and **** 

p<0.0001. 

Abbreviations: Bag: bag of worms, Dpy: dumpy, Gro: slow growth, Let: lethality, 

Lvl: larval lethality, Muv: multivulva, Pvl: protruding vulva, Rol: roller, Rup: 

ruptured, Sck: sick. 

 

These alterations were not observed on weak alleles. To uncover the 

functional impact of weak alleles, a double mutant of prp-8(cer22) and 

snrp-200(cer24) was generated. This strain presents increased pleiotropic 

phenotypes in a synergistic manner and additive Emb percentage. This data 

shows that although weak alleles do not show overt phenotypes, there is a 

functional impact caused by these mutations (Figure R. 2). 
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2. Prognosis: weak alleles permit the 

identification of potential disease modifiers   

 

As mentioned in the introduction, a considerable variation in onset and 

progression of RP exists, often in members of the same family carrying the 

same mutation (Kiser et al., 2019). This variability probably arises due to 

environmental and genetic factors. Identifying elements that could predict 

how the disease will evolve is not only of interest for patients, but it can 

also point towards novel therapeutic strategies.  

 

C. elegans’ powerful genetics can help in identifying other genetic 

alterations that modify the effect of s-adRP mutations. For that means, I 

performed an RNAi screen on the weak alleles prp-8(cer22) and 

snrp-200(cer24) to identify potential genetic modifiers of the disease. 
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2. a. Weak alleles are suitable to detect genetic interactors 

through RNAi screens  

Weak alleles without apparent functional alterations are suitable for screens 

in search of genetic interactors that worsen their impact, thus pointing to 

genes that might guide patient prognosis. 

I gathered a library of 98 validated bacterial clones expressing dsRNA 

targeting genes related to the splicing process (Supplementary table R. 1). 

Splicing-related genes were selected as they would have more chances to 

functionally interact with s-adRP mutants; however, any group of genes is 

amenable for such screens. 

I performed the RNAi screen in 24-well plates, testing RNAi clones in 

duplicates in wildtype (WT) and the mutant background (Figure R. 3 A). 

As a result, three enhancers of prp-8(cer22) were identified: isy-1, cyn-15, 

and mog-2.  

isy-1(RNAi) produces stronger larval arrest (Lva) in mutants (Figure R. 3 

B and D), while cyn-15(RNAi) and mog-2(RNAi) induce nearly 100% 

sterility only in mutants, but not in the WT (Figure R. 3 C and D). 

A careful look into the germline of the RNAi treated worms confirmed 

isy-1(RNAi) produces animals with undeveloped germlines while 

cyn-15(RNAi) and mog-2(RNAi) produce masculinization of germline 

(Mog) phenotype (Figure R. 4 and R. 5). 

We show how s-adRP weak alleles can be used for RNAi screens that might 

be escalated in size. The identification of three prp-8(cer22) modifiers 

supports our strategy for the identification of other genes involved in 

disease development and validates the use of weak alleles for this aim. 
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Figure R. 3: General procedure of the RNAi screen (A) and characterization 

of the identified genetic modifiers of prp-8(cer22). 

(A) Schematic of the RNAi screen procedure. 98 splicing-related genes were 

assayed on WT, prp-8(cer22), and snrp-200(cer24) mutants in a 24-well plate 

format. Hits were validated on individual agar plates. (B) Body length of WT and 

prp-8(cer22) animals at 72 h post L1, grown at 25oC (N=3; n≥61). Each dot 

represents the body length of a single worm, and bars represent the median with 

interquartile range (IQR). (C) Progeny of WT and prp-8(cer22) mutants (N=2; 

n≥25). Each dot represents the offspring of a single worm, and bars represent the 

median with IQR. (D) Representative images of WT and prp-8(cer22) animals fed 

with RNAi clones targeting isy-1, cyn-15 and mog-2. Kruskal-Wallis with Dunn’s 

post-hoc analysis: ns indicates not significant and **** p<0.0001. 

 

Figure R. 4: DAPI staining of prp-8(cer22) worms shows undeveloped 

germlines upon isy-1(RNAi) and Mog phenotype in cyn-15(RNAi) and mog-

2(RNAi).  



RESULTS 

53 
 

isy-1(RNAi) induces undeveloped germlines in both WT and prp-8(cer22), more 

prominent in mutants with smaller size and abnormal morphology. In 

cyn-15(RNAi) and mog-2(RNAi), WT worms present normal morphology, while 

mutants show an abnormal accumulation of sperm (arrows) known as Mog 

phenotype. Scale bars 100 µm. 

 

Figure R. 5: DAPI staining of the gonads of cyn-15(RNAi) and mog-2(RNAi) 

confirms Mog phenotype. Scale bars 100 µm. 

 

2. b. prp-8(cer22)  can serve as a platform for SNPs testing 

from genetic interactors 

Once we identified genes that interact with the weak mutant prp-8(cer22), 

we wondered whether single nucleotide polymorphisms (SNPs) that cause 

missense mutations in human orthologs of isy-1 (ISY1) and cyn-15 

(PPWD1) could genetically interact with prp-8(cer22) allele as well, 

explaining the patients’ variability in disease progression. For this purpose, 

from the 20 most prevalent SNPs from healthy individuals retrieved from 

gnomAD (Karczewski et al., 2020), I selected one residue for each gene 

that may have an impact on the protein when mutated based on in silico 

predictors from Ensembl (Hunt et al., 2018; Zerbino et al., 2018) and are 
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conserved in C. elegans. In parallel, I also produced a small deletion allele 

of cyn-15 covering nine residues from the first WD40 repeat, presumably 

an essential domain for the protein function (Jain & Pandey, 2018) (Figure 

R.6).
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Figure R. 6: Alignment of ISY-1 (A) and CYN-15 (B) with their human 

counterparts ISY1 and PPWD1. Blue shade indicates residues affected by 

missense mutations in healthy individuals. The intensity of shades corresponds to 

the frequency of each mutation with the maximum, median, and minimum 

indicated. Arrows point to the residues for which mutations were generated, and 

the shaded red area denotes the deletion allele of cyn-15.  

Thus, we generated three mutant strains by CRISPR-Cas9: 

isy-1(cer115[G170S]), cyn-15(cer119[D74Q]) and 

cyn-15(cer173[D66_D74del]). None of the three strains had any overt 

phenotype. A more careful characterization showed that the two missense 

mutations did not present developmental delay nor alterations in fertility 

and did not interact with prp-8(cer22) (Figure R. 7).  

 

Figure R. 7: isy-1(cer115[G170S]) and cyn-15(cer119[D74Q]) do not present 

developmental delay (A and B), nor fertility alterations (C) alone or in 

combination with prp-8(cer22). (A) Developmental timing. The size of each dot 

is proportional to the percentage of the population at a given developmental stage, 

starting with a synchronized population and grown at 20oC (N=2, n≥81). χ2 

comparing each of the mutant strains to the WT was applied. ns indicates not 

significant, ** p<0.01, and **** p<0.0001. (B) Violin plot of the length 

distribution of a synchronized population across time at 20oC, each dot represents 

the length of an individual worm (N=1, n≥22). (C) Brood size. Each dot represents 

the brood of an individual worm (N=1, n≥15). (C, D) Kruskal-Wallis with Dunn’s 

post-hoc analysis was used. ns indicates not significant, * p<0.05, and **** 

p<0.0001. 
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Isolation of the double mutant of cyn-15(cer173) deletion allele with the 

prp-8(cer22) resulted impossible at any temperature as such worms are 

sterile, suggesting a synthetic interaction. A deeper look into the progeny 

of prp-8(cer22); cyn-15(cer173[D66_D74del])/+ showed no effect of 

cer173[D66_D74del] allele alone, nor in heterozygosis; however, double 

mutants were sterile (Figure R. 8). Hence, I confirmed the interaction 

identified in the RNAi screen with a genetic mutant of cyn-15. 

Although I did not identify any interaction between SNPs mimicked from 

humans and the prp-8(cer22) mutant, presented findings demonstrate how 

CRISPR-Cas9 in C. elegans can be easily implemented to test genetic 

interactions in a mutant background. 
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Figure R. 8: cyn-15(cer173[D66_D74del]) interacts genetically with 

prp-8(cer22). 

(A) Schematic representation of the segregation pattern. Mutations are represented 

as cross marks in chromosomes (bars), and percentages indicate the expected 

segregation rates. I was able to maintain cyn-15(cer173[D66_D74del]) as 

homozygotes. Around 25% of singled worms from cyn-15[D66_D74del]/+ 

heterozygotes on prp-8(cer22) background were sterile. Genotyping by PCR 

showed that all sterile worms were homozygotes for the cyn-15[D66_D74del]. (B) 

Progeny of the cyn-15(cer173[D66_D74del]) and of the singled-out worms from 

prp-8(cer22); cyn-15(cer173[D66_D74del])/+ at 25oC (left) and 20oC (right) 

(N=1; n≥9). Each dot represents the offspring of a single worm, bars represent the 

median with the IQR, and whiskers the ± 1.5 product of IQR. Kruskal-Wallis with 

Dunn’s post-hoc analysis: ns indicates not significant, ** p<0.01, *** p<0.01, and 

**** p<0.0001. 
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3. Therapy: A drug screen on the strong 

mutant prp-8(cer14) identified dequalinium 

as a potentially damaging molecule 

 

The lack of effective treatments for RP encourages the search for 

personalized therapies. Genome editing and stem cell therapy are promising 

horizons; however, their application in clinics for RP is still distant. Thus, 

the implementation of other approaches that could alleviate the progression 

of the disease is of significant interest. One strategy to identify novel drugs 

is through a screen of a library of compounds. Typically, a hit from such a 

screen would take years until it arrives to the clinics; however, if the 

identified molecule has already been approved for its use in humans, this 

period would be drastically shortened. With this in mind, I proceeded to 

screen a library of primarily FDA-approved small molecules in the 

prp-8(cer14) strong allele to identify potential treatments. 
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3. a. Strong allele prp-8(cer14)  is amenable for drug screens  

The temperature-sensitive prp-8(cer14) is an ideal strain for drug screens 

as the rescued sterility would be easily detected. Using a library of 929 

drugs, mostly FDA-approved (Supplementary Table R. 2), I screened for 

any compound capable of rescuing prp-8(cer14) sterility. C. elegans is 

particularly convenient for such experiments as it can be grown in liquid 

medium in 96 well-plates, allowing thus the scaling of the drug screen.  

The effect of drugs in animals was studied using a movement tracker device 

WMicrotracker (PhylumTech & InVivo Biosystems) (i), and by visual 

scoring (ii) (Figure R. 9).  

(i) Since prp-8(cer14) worms are sterile at 25oC, motility at prp-8(cer14) 

wells will be lower than WT at day four when F1 larvae appear. (Figure R. 

10). 

(ii) Visual scoring showed obvious phenotypes in about 16% of tested 

drugs, validating our library. Even though we did not observe any rescue, 

we observed a correlation of visually observable phenotypes and reduction 

in motility, indicating that motility may be used as an indicator of toxicity 

(Figure R. 10). 

In summary, we demonstrate how the strong allele prp-8(cer14) is 

amenable for small molecule screens. I validated the efficacy of our drug 

library and observed a correlation between motility recordings and animal 

fitness. Unfortunately, I did not identify any drug that rescues prp-8(cer14) 

sterility. 



 

60 
  

  

Figure R. 9: Drug screen scheme.  

Representation of the drug screen procedure. Drugs were tested in liquid medium 

at a final concentration of 50 µM and 0.5% DMSO, being 40 drugs tested per each 

96-well plate. Plates were scored visually in search of a differential response 

between prp-8(cer14) and WT, and motility was recorded with the WMicrotracker 

device.  

 

Figure R. 10: Motility results of WT and prp-8(cer14) classified by the 

presence (Yes) or absence (No) of visually observable drug effect.  
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Violin plot and boxplot of the motility of WT and prp-8(cer14) worms. 

prp-8(cer14) animals present reduced motility even at control conditions. In both 

WT and prp-8(cer14), the motility is drastically reduced in the case of drugs 

causing a phenotype. Box plots indicate the median with the IQR and whiskers the 

± 1.5 product of IQR. Kruskal-Wallis with Dunn’s post-hoc analysis comparing the 

motility of the drugs that did have (Yes) or not (No) visible effects on worms to 

control DMSO condition was applied. ns indicates not significant, *** p<0.001, 

and **** p<0.0001. 

 

3.b. prp-8(cer14) drug screen uncovers potentially damaging 

effects of dequalinium on snrp-200 mutants 

To our surprise, I found drugs that produce a stronger phenotype in mutants 

compared to WT, indicating a toxic synergy between s-adRP mutations and 

the compound. All four candidates are FDA-approved drugs and could be 

prescribed to RP patients. These molecules are potentially harmful by 

inducing more substantial side effects or even worsening RP progression. 

I proceeded with the validation of four identified compounds on agar plates: 

dequalinium chloride, flutamide, doxycycline hyclate, and dronedarone 

(Figure R. 11 and Supplementary Figure R. 1). The strong alleles 

prp-8(cer14) and snrp-200(cer23) show artefactual resistance to the drugs, 

probably due to their reduced body size. Similarly, inexplicable resistance 

in prp-8(cer22) worms treated with doxycycline is seen (Supplementary 

Figure R. 1). Only dequalinium chloride consistently affected more 

severely snrp-200 mutants at precise concentrations (Figure R. 11).  

Our findings demonstrate that C. elegans can not only be valuable for 

molecule screens with therapeutic means but also as a tool to identify 

potentially toxic interactions between drugs and particular genotypes. 
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Figure R. 11: Dequalinium chloride produces sensitivity in snrp-200 mutants.  

Worm length of WT and s-adRP strains upon treatment with dequalinium chloride 

(N=3, except N=2 at 50 µM; n≥69). Each dot represents the length of an individual 

worm, box plot indicates the median with the IQR, and whiskers the ± 1.5 product 

of IQR. The difference between control concentration 0 and the tested drug 

concentrations in WT worms was compared to the difference in the mutants. 

Aligned rank transformation followed by two-way ANOVA and F test to test 

interaction was applied. ns indicates not significant, * p<0.05 and ** p<0.01. The 

snrp-200(cer23) mutant shows sensitivity at 50 µM concentration of dequalinium 

Cl and the snrp-200(cer24) at 250 µM.  
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4. Mechanism – Genome instability could 

be present in some s-adRP mutants 

 

Rubio-Peña et al. (2015), based on RNAi experiments, proposed genome 

instability might lead to apoptosis as a potential mechanism involved in 

disease etiology. The interplay between splicing and transcription might 

provide a rationale for DNA damage accumulation due to splicing defects 

and explain the degenerative nature of the disease. This hypothesis is 

supported by the fact that knockdown of s-adRP genes produces 

upregulation of the genome instability marker atl-1 (ATR in humans) and 

the pro-apoptotic gene egl-1. Moreover, the upregulation of egl-1 was 

primarily seen in somatic seam cells (Rubio-Peña et al., 2015). Thus, we 

were interested in studying if the same molecular alterations occur in our s-

adRP mutants supporting this hypothesis. 
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4. a. Pegl-1::gfp reporter did not unveil s-adRP 

upregulation of egl-1even under hydroxyurea (HU) and 

UV-C induced stress  

To further explore if s-adRP mutants also present increased expression of 

egl-1, I crossed them with a reporter strain carrying 3 kb of the upstream 

region of egl-1 fused to 2xNLS and GFP (Pegl-1::gfp). However, none of 

the s-adRP mutant backgrounds seemed to induce ectopic GFP expression 

at standard growing conditions. 

We hypothesized exposure to DNA damaging elements such as 

hydroxyurea (HU) and UV light could uncover the sensitivity of s-adRP 

mutants, as these treatments induce upregulation of both egl-1 and atl-1 

(Rubio-Peña et al., 2015). The strong allele snrp-200(cer23) was initially 

chosen to assess if Pegl-1::gfp was induced as a result of HU and UV 

exposure.  

A HU dose-dependent increase in Pegl-1::gfp signal was observed in WT 

and snrp-200(cer23) with no apparent sensitivity of the mutant (Figure R. 

12 A and B). Surprisingly, when other s-adRP strains were treated with 10 

mM HU for 48h, both prp-8 mutants showed fewer cells expressing GFP 

than the control (Figure R. 12 D). Premature cell death might explain this 

finding in such strains, resulting in less GFP-expressing nuclei. 

Similarly, up-regulation of Pegl-1::gfp but not sensitivity is observed upon 

UV light treatment of the strong allele snrp-200(cer23) (Figure R. 12 C). 

The strong allele prp-8(cer14) was the only mutant that might have 

sensitivity to this agent (Figure R. 12 E). A deeper look into the data 

showed high inter-experimental variability, which indicates low reliability 

of the Pegl-1::gfp signal (Supplementary Figure R. 2).  

Thus, Pegl-1::gfp reporter strain seems not to be an adequate tool to answer 

our question, probably due to the lack of other cis- and trans-regulatory 

regions controlling GFP expression. 
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Figure R.12. HU and UV light induce up-regulation of an egl-1 reporter with 

no clear sensitivity in s-adRP mutants.  

(A) snrp-200(cer22) worms expressing the Pegl-1::gfp construct and treated with 

HUshow ectopic GFP expression. Scale bar 100 µm. (B-E) Green fluorescence 

quantification in s-adRP strains crossed with Pegl-1::gfp (simplified with the name 

of s-adRP strain) upon exposure to HU (B and D) and UV light (C and E). Both 

treatments induce GFP expression in the strong allele snrp-200(cer23); however, 

no sensitivity is observed (B, N=4, n≥156 and C, N=3, n≥89). prp-8 mutants show 

a reduction in the number of GFP expressing cells upon HU treatment compared to 

WT (D, N=2, n≥65), and prp-8(cer14) might be sensitive to UV (E, N=3, n≥89). 

Each dot represents the number of GFP expressing cells, bars represent the median 

with the IQR and whiskers ± 1.5 product of IQR. Kruskal-Wallis with Dunn’s post-

hoc analysis between concentrations (B) and to WT conditions (B-E): ns indicates 

not significant, *** p<0.01 and **** p<0.0001. 

 

 

4. b. Single molecule Fluorescence In Situ Hybridization 

(smFISH) allows the detection of atl-1 induction upon 

splicing defects 

Along with egl-1, the DNA damage marker atl-1 was also upregulated upon 

RNAi of s-adRP genes (Rubio-Peña et al., 2015). We were interested to see 

if our s-adRP mutants induced such upregulation and if this occurred in 

somatic tissues. Instead of using a reporter strain, I took advantage of 

smFISH, a technique that allows detection of individual transcripts, thus 

providing quantitative information about gene expression along with its 

localization. smFISH is based on the hybridization of fluorescently tagged 

oligonucleotides along an mRNA of interest, enriching the signal in the 

transcript locus resulting in discrete fluorescent foci (Figure R. 13). This 

approach not only allows the detection of specific gene expression but poly 

(T) tagged probes show the overall distribution of transcripts 

(Supplementary Figure R. 3).  
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Figure R. 13: Schematic of smFISH procedure (A) and atl-1 smFISH results 

in the whole animal (B). (A) In fixed animals, fluorescently tagged probes 

complementary to the desired transcript are incubated to allow its hybridization. 

After washing, the sample is visualized in an inverted fluorescent microscope. Each 

detected spot corresponds to a single transcript locus. (B) Images of smFISH using 

an atl-1 probe with DAPI counterstaining in wildtype L3 larvae. Accumulation of 

foci indicates an increased expression in the germline (dashed lines), and some 

transcripts are also present in somatic nuclei. Scale bar 100 µM. 
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atl-1 smFISH showed high expression of the gene in the germline. 

Unexpectedly, atl-1 transcripts were detected in somatic cells across the 

whole body (Figure R. 13 B). We selected the strong allele 

snrp-200(cer23) for subsequent testing for atl-1 upregulation in the soma. 

I used prp-8(RNAi) as a positive control as it was previously shown to 

strongly induce atl-1 expression (Rubio-Peña et al., 2015). As expected, 

prp-8(RNAi) caused an immense increase in atl-1 transcription in somatic 

cells across the whole body (Figure R. 14). Neurons did not show this 

induction, probably due to their resistance to exogenously induced RNAi 

(data not shown). Such an evident increase in atl-1 mRNA expression was 

not clearly seen in snrp-200(cer23) worms (Figure R. 14). 

In summary, I successfully achieved detection of atl-1 transcript through 

smFISH. atl-1 expression was mainly located in germ cells; however, some 

signal was seen in the soma. Thus, a mild atl-1 induction by s-adRP 

mutations might be camouflaged by basal signal and not clearly detected. 

However, the strong splicing defect induced by prp-8(RNAi) has clearly 

shown atl-1 induction in the soma, indicating splicing defects activate DNA 

damage response. 
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Figure R. 14: prp-8(RNAi) induces atl-1 overexpression in somatic cells as 

revealed by smFISH. atl-1 transcripts appear in the nuclei of somatic cells 

(arrows) when prp-8 is downregulated. snrp-200(cer23) has no evident 

upregulation in somatic cells compared to WT. Scale bar 100 µm. 
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4. c. Mortal germline (Mrt) phenotype of the weak allele 

prp-8(cer22)  points towards the presence of genome 

instability  

As egl-1 and atl-1 expression did not clearly show s-adRP mutations were 

causing apoptosis or DNA damage, we moved to a different strategy. We 

wondered if our s-adRP strains present mortal germline (Mrt), a phenotype 

observed in C. elegans mutants affected in telomerase activity and DNA 

damage checkpoints among others (Ahmed & Hodgkin, 2000; Gartner, 

Boag, & Blackwell, 2008; Yanowitz, 2008).  

Mrt consists in a gradual reduction in brood size until complete sterility of 

strains maintained over generations. To test this hypothesis, at 25oC six L1 

larvae were transferred to a fresh plate every two generations, and the brood 

size was scored at different generations during the experiment. All alleles 

present a reduction in the brood size over generations, being the strong 

allele snrp-200(cer23) and the weak allele snrp-200(cer22) particularly 

affected, with the latter achieving complete sterility (Table R. 1 and Figure 

R. 15). 

 

Figure R. 15: All strains present different degrees of fertility reduction at 25oC 

after several generations, with prp-8(cer22) having the most substantial effect 

that results in complete sterility. 
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Each dot represents the brood size of a single worm, and bars represent the median 

with the IQR and whiskers ± 1.5 product of IQR (N=1, n≥8). prp-8(cer14) is not 

included as it presents temperature-sensitive sterility at 25oC. 

Table R. 1: Mrt of prp-8(cer22) and prp-8(cer22); snrp-200(cer24). 

Strain Generation at which sterile 

(replicate 1/ replicate 2) 

prp-8(cer22) 25/22 

prp-8(cer22); snrp-200(cer24) 19/23 

 

This experiment shows how splicing alterations derived from mimicking s-

adRP mutations cause a mortal germline phenotype, which is characteristic 

of mutants responsible for DNA integrity, pointing thus towards the 

presence of DNA damage. 

 

4.d. The synthetic interaction between the weak allele 

prp-8(cer22)  and a mutation in polymerase (Pol) II supports 

splicing-transcription interplay as a possible mechanism in 

disease 

In previous results, we detected evidence that alteration of splicing either 

by RNAi or s-adRP mutations induces genome instability. To investigate if 

the interplay between splicing and transcription plays a role in this effect, I 

mimicked in C. elegans a missense mutation of Pol II that affects its 

transcriptional rate (Chen et al., 1996) (Figure R. 16). This mutation was 

initially identified in Drosophila melanogaster (Chen et al., 1993), and 

studies in human cell lines confirmed its functional impact in splicing (Fong 

et al., 2014). 

ama-1(cer135[R743H]) has overt phenotypes and developmental delay per 

se, suggesting a functional impact on C. elegans transcription. I crossed the 

ama-1(cer135) with the s-adRP mutations in search of synthetic 

interactions. I did not observe any synergistic effect in terms of 



 

72 
  

developmental delay, embryonic lethality (Emb), or obvious phenotypes 

(Supplementary Figure R. 4).  

On the contrary, brood size quantification unveiled a synthetic interaction 

between ama-1(cer135) and the weak allele prp-8(cer22) as the drop in 

progeny size of double mutants is not explained by the additional effect of 

each mutation alone (Figure R. 17 A). 

 

Figure R. 16: Exon-intron representation of the ama-1 gene with the location 

of R743H mutation and the CRISPR-Cas9 design to model it. The R743 residue 

is codified in exon 7 of the gene. Local alignment between human (H.s.), D. 

melanogaster (D.m.), and C. elegans (C.e.) shows the residue of interest is 

conserved. The top row of the shadowed grey area pictures the edited region with 

the codon of interest (white shadow). The PAM sequence is underlined with the 

cut site indicated by an arrow. The gRNA direction is depicted. The bottom row 

shows the repair template provided with 35-bp homology arms, the missense 

mutation of interest (red), and silent mutations (orange) introduced to avoid re-

cutting by Cas9 and to facilitate genotyping by PCR.  

 

In summary, s-adRP mutations could produce genome instability as 

suggested by the Mrt phenotype. Moreover, the interaction of the weak 

allele of prp-8(cer22) with the ama-1(cer135) missense mutation indicates 

splicing defects have an impact on transcription, suggesting a plausible 

mechanism for genome instability. 
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Figure R. 17: Brood size characterization revealed a synthetic interaction 

between ama-1(cer135) and the weak allele prp-8(cer22). Brood size of s-adRP 

mutants alone and on the ama-1(cer135) background grown at 20oC. Shadowed 

areas denote prp-8(cer22) alone and crossed with ama-1(cer135) mutant. Each dot 

represents the brood size of a single worm, and bars represent the median with the 

IQR and whiskers ± 1.5 product of IQR (N=2, n≥21). Kruskal-Wallis with Dunn’s 

post-hoc analysis: ns indicates not significant and *** p<0.001.  
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5. Diagnosis: C. elegans s-adRP models 

could be helpful for variants of uncertain 

significance (VUS) evaluation 

 

Many RP patients still do not have a genetic diagnosis justifying the need 

for detection of novel genes and mutations involved (Zhang, 2016; 

Verbakel et al., 2018; Birtel et al., 2019). Genome and exome sequencing 

are being actively implemented into clinics for this task. By sequencing, 

lots of mutations and variants have been identified; however, it is not 

always easy to establish if such genetic modifications are causing disease, 

especially in the case of novel mutations (missense or isolated cases). We 

propose using C. elegans to model newly identified variants and VUS to 

assess its potential implication in RP through functional assays or 

association with biomarkers. 

Our results demonstrate how some phenotypic features might be used as 

indicators of altered function in s-adRP mutants, such as the presence of 

postembryonic or germline phenotypes and interaction with cyn-15(cer173) 

or ama-1(cer135) mutants. In this section, we expand the panel of 

parameters that can be used for VUS study. As proof of principle, we 

examined a VUS identified by our collaborator Dr. Miguel Carballo.  
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5. a. snrp-200(cer23)  strong allele produces specific AS 

events that might serve as s-adRP markers 

The advent of third generation sequencing techniques allows sequencing of 

whole transcripts facilitating the identification of AS events that might be 

missed with the assembly of short-read sequencing. PacBio and Oxford 

Nanopore Technologies (ONT) are the leading companies in those 

technologies. Conveniently, ONT offers the affordable, portable device 

MinION with a protocol that enriches the sample for full transcripts. 

Moreover, nanopore sequencing is not only suitable for DNA, but it can 

directly sequence RNA molecules, avoiding bias induced by enzymatic 

retro-transcription or PCR amplification and providing information about 

RNA modifications. 

We decided to take advantage of nanopore-based technology for the 

identification of AS events specific to s-adRP mutations. I proceeded with 

the RNA sequencing from mixed populations of WT and snrp-200(cer23), 

as this is a strong allele and would presumably present more alterations. 

Two approaches were followed: cDNA-PCR and direct-RNA-based 

sequencing. The former relies on reverse transcription and PCR 

amplification of transcripts with primers that would enrich the sample for 

full transcripts. In contrast, the latter allows direct sequencing of RNA 

molecules avoiding enzyme-induced bias (Figure R. 18). Since we were 

interested in qualitative changes rather than quantitative, we sequenced 

each sample once. 

For both direct RNA and cDNA-PCR approaches, WT samples led to 

smaller yields than those of the mutant as WT samples were the first to be 

sequenced and were thus subjected to protocol optimization. Direct RNA 

sequencing produced fewer reads than the cDNA-PCR approach; however, 

the quality filtering, which indicates the reliability of the signal for base 

calling, showed slightly better results for direct RNA. However, the cDNA-
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PCR absolute number of profitable reads is higher due to better 

performance in the total sequenced transcripts (Table R. 2). In both cases, 

reads that are filtered out correspond to smaller lengths (Figure R. 19). 

Curiously, the mean and median read lengths, as well as the longest read 

sequenced, are longer without amplification compared to PCR amplified 

samples. A closer look at the read length distribution shows over-

representation of fragments around 1000 bp in cDNA-PCR compared to 

direct RNA, thus explaining the shift of the read length parameters and 

indicating PCR bias towards these lengths (Table R. 2; Figure R. 20). 

 

Figure R. 18: Comparison of sample preparation in direct RNA sequencing 

and cDNA-PCR approach. In direct RNA method, an optional reverse 

transcription step is followed by adapters ligation needed for sequencing. Although 

a retro-transcription is performed to enhance sequencing, mRNA remains as the 

sequenced molecule. In cDNA-PCR method, PCR amplification is performed 

before adapter ligation, and cDNA is the molecule being sequenced 
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Table R. 2: Sequencing results characteristics. 

Kit direct RNA cDNA-PCR 

Sample WT snrp-200 

(cer23) 

WT snrp-200 

(cer23) 

total reads 812.926 2.262.147 4.246.298 8.556.627 

%QC filter 

passed 

93,9% 96,5% 81,8% 81,4% 

Mean read 

length 

1.048 bp 1.079 bp 972 bp 858 bp 

Median read 

length 

1.322 bp 1.357 bp 1.157 bp 1.044bp 

Longest read 16.541bp  22.116 bp 9.486 bp 9.181 bp 

 

 

Figure R. 19: Histograms of the distribution of reads by length. Distribution of 

quality-control (QC) passed and failed reads of direct RNA (A and B), and cDNA-

PCR (C and D) approaches. Mean read length and median (N50) are depicted. 

Overall, a preference towards smaller reads during sequencing is observed. In all 

cases, reads that fail to pass QC are primarily encountered in the lower range of 

lengths. The red arrow points to the enrichment of reads seen in cDNA-PCR 

compared to the absence in direct RNA approach around 1000 bp, indicating a 

possible PCR bias. 
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Nanopore sequencing is a relatively new technique, so there is not much 

user-friendly software for data analysis available. cDNA-PCR data were 

subjected to the analysis due to higher amounts of total reads sequenced. I 

applied a pipeline developed and released by the Nanopore community to 

identify novel isoforms by comparing the transcripts from our dataset to an 

annotated reference transcriptome (Figure R. 20).  

 

Figure R. 20: Simplified schematic of the analysis pipeline applied. Steps are 

indicated with the bioinformatic tools in parentheses. After selection for complete 

transcripts and alignment, an annotation GFF file is generated. After several phases 

of refinement, the generated annotation from sequencing is compared to the 

reference, and alternative intron-exon boundaries are identified. 

 

Afterward, manual curation of the candidates was performed, and only high 

confidence hits were subjected to the posterior validation, and double 

checked with the direct RNA sequenced samples (Figure R. 21).  
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Figure R. 21: Example of coverage histograms showing an intron retention 

event in the brd-1 gene. Reads that cover the whole transcript are enriched with 

the bioinformatic pipeline, providing coverage histograms that nicely reproduce 

exon (bars) and intron (bridges) boundaries. The red arrow points to the intron 

between exons 8 and 9 where no mapped reads are observed in the wildtype; 

however, around half of the reads map to this location in the snrp-200(cer23) 

mutant. 

Curiously, even the WT sample led to the identification of several novel 

exon-intron boundaries compared to the annotated transcriptomic data. I 

only considered events observed in the snrp-200(cer23) dataset and not in 

the WT. This approach led to the identification of AS events present in 

snrp-200(cer23) and completely or nearly completely absent in the WT. Six 

of such events were selected for further validation: brd-1, rnf-1, pcm-1, 

C05C10.7, F11A10.6, and ugt-50. (Table R. 3).  

Table R. 3: Summary of the hits’ numbers from the bioinformatic 

pipeline and manual curation. 

Sample Hits from pipeline (nº 

transcripts/ nº genes) 

Manual revision (nº 

total/ nº to validate) 

WT 352 / 322 
10 / 6 to validate 

snrp-200(cer23) 530 / 479 
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I performed a semiquantitative RT-PCR on the RNA extracted from mixed 

populations to validate AS events with primers specifically designed to 

distinguish different isoforms. brd-1 and C05C10.7 present intron retention 

events while rnf-1 and F11A10.6 present exon skipping.(Figure R. 22). 

 

Figure R. 22: Four out of six candidates were successfully validated by 

semiquantitative RT-PCR. On the left, gels showing electrophoresis results with 

the alternatively spliced (AS) and canonically spliced transcript sizes depicted. On 

the right, a schematic of the design of primers (arrows) for the semiquantitative 

RT-PCR and affected introns and exons (red) are shown. Only brd-1, rnf-1, 

C05C10.7, and F11A10.6 clearly show alternative splicing events. Intron retention 

is observed in brd-1 and C05C10.7, while rnf-1 and F11A10.6 show exon skipping. 

Actin (act-1) was used as an endogenous control. 

 

To see if such events occur in other s-adRP mutants, I performed a 

semiquantitative-PCR from RNA extracted from other strains. I firstly used 

synchronized populations grown at 25oC at 27 h (L3/L4 stage), 40 h (Young 

adults with no embryos inside), and 50 h (Egg-laying adults) post L1. The 

strong allele prp-8(cer14) was the only allele with visible defects on brd-1, 

rnf-1, and C05C10.7 at 50 h (Supplementary Figure R. 5). A re-extraction 

of RNA of mixed populations and of embryos purified with hypochlorite 
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treatment showed that snrp-200(cer23) reproducibly presents AS events on 

brd-1, rnf-1, and C05C10.7 during embryonic development. However, the 

low AS signal cannot fully explain the differences observed in the mixed 

populations, suggesting other stages might be affected. (Figure R. 23). 

 

Figure R. 23: Semiquantitative RT-PCRs of mixed population (left) and 

embryos (right) show AS events in brd-1, rnf-1, and C05C10.7. Gels showing 

electrophoresis results with the alternatively spliced (AS) and canonically spliced 

transcript sizes depicted. AS in three of the validated genes are enriched only in 

snrp-200(cer23) mutant after RNA extraction. Actin (act-1) was used as an 

endogenous control. 

 

Summing up, I demonstrate how nanopore-based technology can be used 

to identify AS events specific to some s-adRP mutants. These events are 

amenable to be used as molecular markers to evaluate newly identified 

mutations and VUS related to s-adRP, helping thus in the evaluation of 

pathogenicity. 
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5. b. Herboxidiene (HB) and α-amanitin treatment does not 

clearly magnify s-adRP alterations 

The genetic interactions between the deletion allele of cyn-15(cer173) or 

ama-1(cer135) and the weak allele prp-8(cer22) are indicative of how 

splicing or transcriptional defects could magnify functional alterations 

produced by a splicing-related mutation without overt phenotypes. This 

points to a strategy to identify functional alterations produced by VUS in 

splicing-related genes.  

While C. elegans has a short life cycle, a genetic cross is needed to assess 

such interaction between VUS and genetically altered splicing or 

transcription, slowing the evaluation process. To overcome this hindrance, 

we explored the use of two small molecules: herboxidiene (splicing 

modulator) (Hasegawa et al., 2011) and α-amanitin (affects transcription) 

(Montanaro, Novello, & Stirpe, 1971) to induce splicing and transcriptional 

defects. 

HB targets SF3B1, a splicing factor recurrently mutated in myelodysplastic 

syndrome and other tumors (Bonnal, López-Oreja, and Valcárcel 2020). A 

former member of the lab (Xènia Serrat) tested HB on C. elegans and did 

not observe any response due to slight differences in the drug binding 

pocket of SFTB-1 (worm homolog of SF3B1). She introduced small 

modifications by CRISPR-Cas9 to resemble the human structure of the 

protein in the drug binding site (sftb-1(cer144)), thus sensitizing C. elegans 

to HB (Serrat et al., 2019). I crossed snrp-200 s-adRP mutants and the slow 

Pol II ama-1(cer135) with sftb-1(cer144) while the double mutant 

prp-8(cer22); sftb-1(cer144) was CRISPR-Cas9 engineered by X. Serrat as 

both genes are located in the same chromosome. HB treatment on the 

humanized background was successful, but hypersensitivity in s-adRP 

mutants was not observed. In the strong allele snrp-200(cer23) and the slow 

Pol II allele ama-1(cer135), resistance is seen by a mechanism that we still 
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do not understand. In any case, differences between the WT and s-adRP 

mutants were not as overt as we would like to implement HB to identify the 

functional impact of VUS (Figure R. 24).  

To test whether pharmacological alteration of transcription enhances 

s-adRP functional impact, we used α-amanitin, a drug that targets Pol II 

affecting its transcriptional rate. As in the case of HB, this drug causes 

larval arrest of the worms. Curiously, a previous screen for α-amanitin 

resistant mutants in C. elegans discovered ama-1(m322) mutation 

(Rogalski, Bullerjahn, & Riddle, 1988), which was later identified as 

equivalent to the slow Pol II D. melanogaster R741H (Bowman, Riddle, & 

Kelly, 2011). We tested α-amanitin on the ama-1(cer135) allele, which 

presented resistance to the drug as expected (Figure R. 25). However, I did 

not detect α-amanitin sensitivity in s-adRP mutants in different drug 

concentrations. Thus, we discarded the use of α-amanitin as a rapid test for 

uncovering the functional impact produced by s-adRP mutations (Figure 

R. 25). 

In summary, pharmacological impairment of splicing with HB and 

transcription with α-amanitin failed as rapid tests to detect the functional 

impact of s-adRP mutations. 
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Figure R. 24: Herboxidiene induces sensitivity of the strong allele 

snrp-200(cer23) and the slow Pol II mutant ama-1(cer135).  

Worm length of WT and s-adRP strains upon treatment with herboxidiene and 

doxycycline as a positive control (N=3, n≥123). Each dot represents the length of 

an individual worm, box plot indicates the median with the IQR, and whiskers the 

± 1.5 product of IQR. The difference between control concentration 0 and the tested 

drug concentrations of the WT was compared to the difference of the mutants. 

Aligned rank transformation followed by two-way ANOVA and F test to test 

interaction was applied. ns indicates not significant, ** p<0.01 and *** p<0.001. 

The positive and negative control conditions were compared by a Mann-Whitney 

test. The red color of the asterisks indicates that the observed differences stand 

against our initial hypothesis of sensitivity. 

Figure R. 25: Representative picture of α-amanitin-treated weak allele 

prp-8(cer22) and the slow Pol II ama-1(cer135). α-amanitin induces larval arrest 

in the WT and the s-adRP mutant but not in the ama-1(cer135) mutant. Scale bar 

1 mm. 
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5. c. Gamma radiation seems to have a stronger effect on the 

weak allele snrp-200(cer24)  

A pharmacological approach to enhance the functional consequence of s-

adRP mutations did not give the expected result. Thus, we induced DNA 

damage with gamma radiation as an additional agent that may uncover the 

sensitivity of these mutants to DNA damage. A synchronized population of 

L1 worms was irradiated with different doses of gamma radiation, and the 

size of survivors was measured at 72 h. As a positive control, a strain from 

the C. elegans knockout consortium with mutations in met-2 and set-25 was 

used, as it was previously reported to present genome instability (Zeller et 

al., 2016). met-2(n4256); set-25(n5021) animals show sensitivity to gamma 

radiation as expected, and the weak allele snrp-200(cer24) was also 

sensitive (Figure R. 26).  

This preliminary data suggests gamma radiation could be used for VUS 

testing, and it encourages a more profound study of this effect.
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Figure R. 26: Weak s-adRP snrp-200(cer24) mutant is sensitive to gamma 

radiation.  

(A) Worm length upon irradiation with different doses of gamma radiation (N=1, 

n≥81). Each dot represents the length of an individual worm, box plots indicate the 

median with the IQR, and whiskers the ± 1.5 product of IQR. The difference 

between dose 0 and each of the tested doses of the WT was compared to the 

difference of the mutants. Aligned rank transformation followed by two-way 

ANOVA and F test to test interaction was applied. ns indicates not significant, * 

p<0.05 and *** p<0.001. The red asterisk indicates apparent resistance of the 

strain. (B) Representative images of WT and sensitive strains. The sensitivity is 

detectable even without quantification. 
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5. d. Generation of a panel of features to test patient -

derived VUS functional impact 

With the previously obtained results, we gathered a panel of features 

derived from our s-adRP mutants that can indicate if a given mutation has 

a functional impact. These features might be helpful to provide functional 

data about VUS and therefore help in the assessment of their pathogenicity 

(Table R. 4). 

Table R. 4: Panel of features identified in s-adRP mutants 
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1 Overt phenotypes + - + - 

2 Veiled phenotypes (Gro, Rbs, Mrt…) + + + + 

3 cyn-15(cer173) interaction - + - - 

4 ama-1(cer135) interaction - + - - 

5 Detected AS events + - + - 

6 Sensitivity to gamma radiation - - - + 
Gro: Growing defects; Rbs: Reduced brood size; Mrt: Mortal germline. 

To determine whether this panel can be used for VUS characterization, I 

mimicked the PRPF8 Ala2125Thr variant (prp-8(cer210[A2118T]) in C. 

elegans), a VUS that was identified by the team of our collaborator Dr. 

Miguel Carballo at Terrassa hospital. There is not enough information to 

classify it as a pathogenic or benign variant, remaining thus as a VUS. 

Along with this mutation, the in frame pathogenic Val2325_Glu2330 

deletion of PRPF8 (prp-8(cer209T2319_E2325del]) in C. elegans) was 

mimicked (Martínez-Gimeno et al., 2003) (Figure R. 27). 

Notably, the generation of the VUS variant was achieved by a modified 

version of the Cas9 enzyme named SpG Cas9 (Walton et al., 2020), which 

presents missense mutations that permit edition in NGN PAM sequences 
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instead of the conventional NGG. Thus, we provide data on in vivo use of 

SpG Cas9, which expands the spectrum of potentially editable genome 

regions (Figure R. 27).  

I began with the characterization of the growing delay (Gro) phenotype and 

the identification of AS defects in both mutants. None of the mutants seems 

to present developmental delay or AS defects described above (Figure R. 

28). Other features described in the panel still have to be further assayed. 

 

Figure R. 27: Exon-intron representation of prp-8 gene with the location of 

A2118T and T2319_E2325del mutations and the CRISPR-Cas9 designs.  

A2118 residue is located in exon 8, alignment between human (H.s.) and C. elegans 

(C.e.) shows the residue of interest is conserved. T2319_E2325del locates at the 

last exon, and five of seven affected residues are conserved. The top of the 

shadowed grey area pictures the edited region with the codon of interest (white 

shadow). PAM is underlined with the cut site indicated by an arrow. The gRNA 

direction and sequences are depicted. On the bottom, the repair template provided 

with 35 bp homology arms, mutations of interest (red), and silent mutations 

(orange) to avoid re-cutting by Cas9 and facilitate genotyping by PCR are shown. 

Capital letters denote exon sequences and lowercase introns. 
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Figure R. 28: Developmental delay or AS are not present in the VUS prp-

8(cer210[A2118T]) or the pathogenic variant prp-8(cer209T2319_E2325del]). 

(A) Violin plot of the length distribution of a synchronized population across time 

at 20oC, each dot represents the length of an individual worm (N=1, n≥45). (B) 

Gels showing electrophoresis results with the alternatively spliced (AS) and 

canonically spliced transcript sizes depicted. snrp-200(cer23) is used as a positive 

control. Actin (act-1) is used as an endogenous control. 
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The current data does not support the presence of a functional impact by the 

newly engineered VUS and the pathogenic deletion; however, further 

validation is needed. Nevertheless, we show the ease of CRISPR-Cas9 to 

model novel mutations in C. elegans. The usage of SpG Cas9 in vivo 

demonstrates the ability of a more flexible Cas9 use on NGN PAM, 

expanding the editable genome. And finally, we propose a panel of features 

to evaluate the functional impact of VUS, which might have a clinical 

impact. 
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6. Improvement of s-adRP models: prp-3 

gene tolerates partial sequence 

humanization  

 

Splicing genes are highly conserved across evolution from yeast to humans. 

C. elegans is not an exception. Most of the s-adRP missense pathogenic 

variants are amenable to be modelled by CRISPR-Cas9 (Supplementary 

Table I. 1). However, subtle differences in protein sequences can have a 

substantial impact on the function. One example is the humanized sftb-1 in 

which only five residue changes are sufficient to provide sensitivity to HB 

(Serrat et al., 2019). Thus, functional alterations provoked by s-adRP 

mutations in human proteins might be missed when modelled in other 

organisms. To overcome this obstacle, we decided to explore the 

humanization of the prp-3 gene by substituting the coding sequence for the 

human PRPF3 in the endogenous locus. 
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6. a. prp-3 allows partial humanization  

Previous efforts of functional replacement in C. elegans have been focused 

on non-essential genes and did not conserve all endogenous regulatory 

regions (McDiarmid et al., 2018; Zhu et al., 2020). To begin with the 

functional replacement of s-adRP genes, we chose PRP-3 due to its 

relatively small size and number of exons, and the fact that s-adRP 

mutations are clustered in a short region. PRP-3 presents an additional 

challenge to achieving a functional replacement as it is a core splicing factor 

and it is thus essential for worm viability. Human PRPF3 is slightly larger 

in length compared to PRP-3 and has an additional domain in the C-

terminus. Still, the PRP3 and DUF1115 domains are conserved, suggesting 

the human protein might be functional in C. elegans (Figure R. 29). 

 

Figure R. 29: Alignment of human PRPF3 and C. elegans PRP-3 shows PRP3 

and DUF1115 domains are conserved.  

Colour shades denote identified domains in each of the proteins. Red arrows mark 

s-adRP mutations selected for mimicking.  
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Moreover, we intended to preserve as much as possible the regulatory 

regions of the gene, while modifying the encoded protein. To achieve this 

aim, our approach was based on exon-by-exon substitution of the C. elegans 

sequence for human coding PRPF3. (Figure R. 30 A).  

I proceeded with the humanization of the exon 3, where s-adRP mutations 

occur. To substitute the desired sequence, two Cas9 cuts at each of the ends 

of the exon were performed, and a double-stranded DNA (dsDNA) donor 

containing the human homolog sequence for this region was provided. The 

resulting strain contains a chimeric PRP3 domain and the remaining protein 

intact (Figure R. 30 A and B). The attempt to substitute exon 3 was 

successful, and the resulting human-elegans hybrid PRP-3 protein was at 

least partially functional as the strain was viable. 

Then, I proceeded with the humanization of the largest exon of the gene, 

exon 2 (Figure R. 30 C). Fortunately, my attempt to replace exon 2 was 

successful, albeit the strain was not viable in homozygosis.  

Our work shows that complete humanization of an essential splicing gene 

in the endogenous locus might not be possible; however, I achieved partial 

humanization of nearly 25% of the protein. This strain might serve as a 

platform for variant modelling. Thus, my current work is centred on 

modelling two s-adRP mutations: Ala489/425Asp and Thr494/430Met 

(H.s./C.e. numbering) (Figure R. 29) in the WT and partially humanized 

backgrounds to inspect if humanization improves s-adRP modelling. 
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Figure R. 30: Stepwise exon replacement for humanization of prp-3 scheme 

(A), and CRISPR-Cas9 designs of exon 3 (B) and 2 (C). (A) Two CRISPR-Cas9 

cuts at exon boundaries followed by homology-directed repair (HDR) with a 

provided dsDNA donor containing the PRPF3 coding sequence leads to a partially 

humanized sequence. (B and C) PAM sequences are underlined with the cut site 

indicated by an arrow. The gRNA direction and sequences, homology arms used 

for HDR, and replaced residues (red) are depicted. Capital letters denote exon 

sequences and lowercase introns. 
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1. CRISPR-Cas9 for the generation of 

s-adRP C. elegans models 

1. a. s-adRP proteins PRPF8/PRP-8 and 

SNRNP200/SNRP-200  

Splicing is an ubiquitous process, meaning that s-adRP genes develop their 

function in different cell types. Thus, why defects in essential genes 

specifically affect the retina remains a mystery (Mordes et al., 2006; 

Parmeggiani et al., 2011; Růžičková & Staněk, 2017). Some studies suggest 

high transcriptional and splicing demands for the continuous renewal of 

photoreceptor discs could explain this phenomenon; however conflicting 

data from model organisms on splicing genes expression in the retina does 

not fully support this theory (Comitato et al., 2007; Graziotto et al., 2008; 

Cao et al., 2011). 

s-adRP genes normally present missense or small in frame mutations, being 

PRPF31 the only gene which tolerates deletion and causes disease by 

haploinsufficiency (Rio Frio et al., 2008; Růžičková & Staněk, 2017). 

Among s-adRP affected genes, we chose PRPF8 and SNRNP200 (BRR2 in 

Saccharomyces cerevisiae) to model s-adRP alterations in C. elegans. 

Firstly, both proteins, along with PRPF6 (also affected in s-adRP), form 

part of the U5 snRNP, which is implicated in several genetic disorders 

(Schneider et al., 2010; Wood et al., 2021). In C. elegans, RNAi of these 

three genes produces a stronger phenotype than U4 s-adRP genes, probably 

because the U5 particle participates in subsequent splicing steps after 

recruitment while U4 is released during Bact complex formation (Rubio-

Peña et al., 2015).  

PRPF8 is the largest protein of the spliceosome located in its catalytic core, 

interacting with U5 proteins and functioning at the 3’and 5’ splice sites. The 
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PRPF8 C-terminal region, where all the RP-related mutations are 

encountered, interacts with EFTUD2 (SNU114 in Saccharomyces 

cerevisiae) and SNRNP200. Both PRPF8 and EFTUD2 regulate 

SNRNP200 helicase activity, essential for U4/U6 duplex unfolding 

required for Bact formation (Häcker et al., 2008; Plaschka et al., 2019; 

Wilkinson et al., 2020).  

In summary, these two genes were selected for s-adRP modelling due to 

their strong RNAi phenotype and the fact that PRPF8 and SNRNP200 

proteins are physically and functionally interacting. This fact suggests 

mutations in both genes could be affecting splicing similarly. In our hands, 

combining weak mutations in prp-8 and snrp-200 points towards this 

direction in terms of visually observable phenotypes; however, in 

embryonic development the effect seems additive. 

 

1. b. Functional impact of mimicked s-adRP mutations 

In recent years, CRISPR-Cas9 genome editing technology has facilitated 

the development of numerous genetic disease models of inherited retinal 

disorders (Fuster-García et al., 2020). The fast life cycle, its 

hermaphroditism, the ease of large population maintenance along with 

standard microinjection techniques for CRISPR-Cas9 delivery place 

multicellular C. elegans in a good position as a tool for genetic disease 

modelling (Vicencio & Cerón, 2021). 

No photoreceptors, a cell type that presents high rates of transcriptional and 

metabolic activities due to continuous renewing of components of the outer 

segment, are found in C. elegans (Bramall et al., 2010). Nonetheless, C. 

elegans presents high metabolic rate and transcriptional levels during larval 

development (Houthoofd et al., 2002; Grün et al., 2014), suggesting 

splicing alterations would produce postembryonic phenotypes.  
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Karinna Rubio-Peña mimicked Arg2310Gly (R2303G in C. elegans) and 

additionally isolated a deletion allele of the equivalent human residue 

His2309. To date, three different missense mutations affecting Arg2310 

have been identified in human patients: the mimicked change to Gly, to 

Lys, and to Ser. Two other mutations were reported at His2309 residue: 

His2309Pro and His2309Arg (Růžičková & Staněk, 2017) 

(Supplementary Table I. 1). These findings suggest Arg2310 and His2309 

have a crucial functional role in splicing. 

Our avatar strain prp-8(cer22), which mimics Arg2310Gly variant, did not 

develop severe phenotypes. Still, the mortal germline phenotype and the 

genetic interactions support the presence of a functional alteration caused 

by this mutation and the value of our model. The prp-8(cer14), equivalent 

to the deletion of His2309 residue, presents a remarkable strong 

temperature-dependent sterility among other phenotypes. Consistently, 

yeast models of R2310G, R2310K, and H2309P have previously shown 

temperature-sensitive phenotypes such as growing defects (Maeder, 

Kutach, & Guthrie, 2009; Mozaffari-Jovin et al., 2013). Interestingly, 

patients with mutations His2309Pro and His2309Arg present worse 

prognosis than Arg2310Lys patients (Towns et al., 2010).  

At the molecular level, previous studies reported reduced formation of the 

U4/U6·U5 caused by PRPF8 mutations (Mozaffari-Jovin et al., 2013), 

affecting splicing efficiency (Mayerle & Guthrie, 2016). Microarray 

analysis of transcripts from blood samples of His2309Arg individuals 

supports inefficient splicing in approximately 20% of analysed exons 

(Korir et al., 2014). SNRNP200/BRR2 U4/U6 unwinding activity has been 

shown to be influenced by PRP8 C-terminus, and negatively affected by the 

RP-associated mutations (Maeder et al., 2009). Similarly, in vitro studies 

by Malinová et al. (2017) reported splicing inefficiency of retina-specific 

genes and defects in U5 assembly. RP-associated mutations of PRPF8 seem 
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to misslocalize the protein to the nucleus which might be contributing to 

the inefficient splicing (Malinová et al., 2017). Although we did not explore 

PRPF8 subcellular localization, it could be studied with fluorescent tags. 

Conveniently, a CRISPR-based approach to endogenously tag proteins was 

developed by our group (Vicencio et al., 2019).  

SNRNP200 modelled mutations are found in the active helicase domain of 

the protein (Santos et al., 2012; Růžičková & Staněk, 2017). Val683Leu 

(V676L in C. elegans) has no previous functional data reported, while 

Ser1087Leu (S1080L in C. elegans) decreases the RNA binding activity 

and ATPase activity (Santos et al., 2012) and is detrimental for unwinding 

and splicing (Zhao et al., 2009). In our hands, the V683L equivalent 

mutation in C. elegans shows a range of overt phenotypes including 

embryonic lethality, in contrast to S1087L which has a limited phenotypic 

impact. 

In summary, the fact that all four generated mutants present different levels 

of functional impact correlate with previous studies and indicates each 

mutation has a unique functional implication. Altogether these findings 

justify the use of personalized models for each of the mutations for 

following aims. 
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2. C. elegans is a powerful model for the 

identification of genetic modifiers of 

s-adRP mutations 

Curiously, there is phenotypic variation between RP patients carrying the 

same mutation (Daiger et al., 2007; Parmeggiani et al., 2011; Verbakel et 

al., 2018; Kiser et al., 2019). This fact might be explained due to the 

existence of mutations in other genes that might influence disease onset and 

progression. CNOT3 is a modifier in trans of PRPF31, which acts as a 

transcriptional regulator of the splicing factor and would modify the 

functional impact of any mutation on this gene (Venturini et al., 2012). 

Other genes might be interacting with s-adRP mutations and altering 

disease progress too. To identify such interactors, we performed an RNAi 

screen in our avatar worms. 

Weak alleles are an excellent choice for this aim since they have a limited 

functional impact, but there is room for its modulation to uncover 

detrimental interactions. Curiously, although the screen was done on weak 

alleles, we only identified interactors of the prp-8(cer22). Three interactors 

were uncovered: isy-1/ISY1, mog-2/SNRPA1, and cyn-15/PPWD-1. 

ISY1 (Ntc30 in yeast) forms part of the Nineteen Complex (NTC) and is 

implicated in branching, the first transesterification reaction of splicing 

(Wilkinson et al., 2021). Interestingly, ISY1 was recently linked to base 

excision repair by interacting with apurinic/apyrimidinic endonuclease 1 

(APE1) and enhancing its activity (Jaiswal et al., 2020). This is an example 

of how splicing defects contribute to genome instability and is further 

discussed in section four of the discussion. 
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SNRPA1 forms part of U2 and is also localized to the catalytic spliceosome. 

Loss of SNRPA1 was linked to male infertility in Drosophila (Wu et al., 

2016), and its depletion is linked to DNA damage (Tanikawa et al., 2016), 

as well as to cancer (Zeng et al., 2019; Feng et al., 2020). 

PPWD1 is a peptidyl prolyl isomerase identified in the C complex of the 

spliceosome. Recent structural data suggests the tryptophan (W) aspartic 

acid (D) reach domain (WD40) interacts with RP-affected Jab1 Domain of 

PRPF8 to help in BRR2 repression. The strong interaction identified 

between both RNAi and the deletion allele of WD40 with an s-adRP 

missense mutation supports the importance of PPWD1 in splicing. PPWD1 

also interacts with ISY1 and U2 and presumably plays an important role in 

C complex structure stabilization (Bertram et al., 2020). Thus, the three 

identified modifiers of the prp-8 weak allele might be implicated in the 

disruption of the C complex. 

We did not find an interaction with missense mutations in PPWD1 and 

ISY1, which might cause protein function defects in healthy individuals. 

Recently published structural data might point towards mutations that 

specifically affect ISY1-PPWD1-PRPF8 (Bertram et al., 2020) 

interactions, supporting our findings. 

The interactors described above are not only interesting for RP but can also 

be studied for cancer therapeutic strategies. In fact, synthetic lethality 

screens have been used for that means before and have an interest for the 

identification of novel therapeutic targets (Ceron et al., 2007; Serrat et al., 

2019). 
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In summary, s-adRP C. elegans models allowed the identification of three 

modifiers of the prp-8(cer22), which might point to disease progression 

modifiers. Our RNAi screen was restricted to splicing-related genes. A 

larger RNAi screen may uncover functional interactions with other 

pathways regulating the activity of the spliceosome.  
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3. C. elegans s-adRP models as a tool for 

drug screens 

Currently, there is no cure for RP. Nonetheless, some management 

strategies in different phases of development such as cell replacement 

(Uyama, Mandai, & Takahashi, 2021; Holan, Palacka, & Hermankova, 

2021), electronic devices (Ostad-Ahmadi, Modabberi, & Mostafaie, 2021), 

transcorneal electrical stimulation (Wagner et al., 2017), ASO (Gemayel, 

Bhatwadekar, & Ciulla, 2020; Aísa-Marín et al., 2021), or gene editing 

(Russell et al., 2017), among others exist (Verbakel et al., 2018). These 

strategies are high cost and need high specialization, hampering widespread 

adaptation for RP treatment. Thus, the identification and implementation of 

simpler treatments would be of great value. 

One possibility is the identification of small molecules through drug screens 

to at least alleviate the disease symptoms. C. elegans has previously been 

used for drug screens and has proven to be a valuable model for identifying 

hit compounds (Moy et al., 2006; Artal-Sanz et al., 2006; Matsunami, 2018; 

Ikenaka et al., 2019). 

Conveniently, prp-8(cer14) strain presents a reliable temperature-sensitive 

sterility, allowing strain maintenance at low temperatures and screening for 

sterility rescue at higher temperatures. I performed a drug screen of mainly 

FDA-approved drugs, which would reduce the implementation time into 

the clinics of a potential hit. Around 16% of the tested drugs had a visually 

observable effect on C. elegans, validating our drug library. We wondered 

whether motility could be a helpful indicator of fitness as it has been 

previously used for toxicity detection (Bianchi et al., 2015; Spensley et al., 

2018). Accordingly, we found a correlation between visually observable 

phenotypes induced by drugs and motility reduction. The s-adRP strain 
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presented reduced movement records presumably due to lack of progeny, 

so motility rescue might be used as an indicator for restored fertility and 

allows partial automation and escalation of the number of drugs screened. 

Contrary to our expectations, we identified a drug that induces toxicity in 

snrp-200 mutants instead of rescuing the phenotype. Dequalinium is a 

cytotoxic drug currently used for infection treatment (Mendling et al., 

2016), and its derivates are in research for treating different cancer types 

(Pajuelo et al., 2011; Timaner et al., 2015). Different modes of action 

including disruption of membrane permeability, perturbation of osmotic 

exchange, interfering with different enzymes, or direct DNA binding were 

associated with dequalinium (Mendling et al., 2016).  Interaction between 

drugs and gene variants have been identified principally for cytochromes 

that participate in its metabolism and clearance (Westervelt et al., 2014; 

FDA, 2020). Our study suggests that mutations in splicing factors could 

also interfere with the drug response. From the clinical point of view, a 

drug-gene interaction can result in an inefficient response or increase of 

adverse effects. In the case of pathogenic mutations of a degenerative 

disease like RP, such interactions could imply a faster disease progression. 

Health systems should work in this direction and fund studies to identify 

harmful drugs for specific conditions. 

Thus, we demonstrate C. elegans s-adRP disease models might be used not 

only for a drug screen to identify compounds that rescue a phenotype and 

evaluate their toxicity, but also to identify specific genotype-drug 

interactions. 
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4. Genome instability might be present in 

s-adRP mutants 

Apoptosis of photoreceptors is thought to cause visual loss in RP (Wert et 

al., 2014; Zhang, 2016). The mechanism by which cell death occurs is still 

unknown; however, the degenerative nature of the disease points to a 

cumulative process through years. Our previously established working 

model stands accumulation of R-loops might expose DNA to damaging 

agents, and such cumulative damage may result in apoptosis (Rubio-Peña 

et al., 2015).  

The interplay between transcription and splicing, or cotranscriptional 

splicing, is well known (Girard et al., 2012; De Conti et al., 2013; Saldi et 

al., 2016; Shenasa & Hertel, 2019). Thus, alterations in splicing might be 

linked to DNA damage through this process. Accordingly, depletion of 

splicing factors SRSF1 as well as of SLU7 has been linked to an 

accumulation of R-loops and increased DNA damage (Li & Manley, 2005; 

Paulsen et al., 2009; Shkreta & Chabot, 2015; Jiménez et al., 2019).  

Previous data obtained from RNAi in C. elegans point towards the presence 

of genomic instability upon splicing defects (Rubio-Peña et al., 2015). 

RNAi of splicing factors enhances the accumulation of RPA-1, a protein 

that coordinates DNA repair response (Haring et al., 2008; Hefel et al., 

2021) upon UV-light-induced damage. Moreover, up-regulation of atl-

1/ATR, which phosphorylates Ser15 in cep-1/p53 might be critical for 

apoptosis activation (Tibbetts et al. 1999). egl-1, an apoptosis activator, was 

also upregulated upon RNAi of s-adRP genes (Rubio-Peña et al., 2015). 

These data indicate that splicing defects have an implication in the DNA 

damage response and may be linked to activation of the apoptotic pathway. 
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Initial data on s-adRP mutants have shown sensitivity to HU-induced 

damage (Rubio-Peña, 2017).  

In this work, I confirm DNA damaging agents HU and UV-light induce 

upregulation of the proapoptotic gene egl-1, suggesting DNA damage 

produces somatic cell death. s-adRP mutants did not present an evident 

sensitivity to these agents. However, further technical optimization seems 

to be needed as evidenced by reduced egl-1 upregulation in prp-8 mutants 

upon HU treatment and high interexperimental variability in UV 

experiments. To overcome these barriers, endogenous egl-1 tagging might 

be an alternative. 

Regarding DNA damage, smFISH of atl-1 showed an increased expression 

in the germline. This is coherent with previous findings and its functional 

role during meiosis and mtDNA maintenance (Aoki et al., 2000; Mori, 

Takanami, & Higashitani, 2008; Suetomi et al., 2013; Pacheco et al., 2018). 

Surprisingly, low expression levels were also present in somatic cells 

suggesting alternative functions of this gene in somatic cells. prp-8(RNAi) 

produced substantial upregulation of atl-1, confirming previous 

observations (Rubio-Peña et al., 2015). This upregulation was observed in 

somatic cells indicating RNAi of prp-8 produces DNA damage response in 

the soma. The strong allele of snrp-200 did not clearly show the same 

effects. It is plausible to think that the mutation may have functional impact 

after the cumulative effect of DNA damage, meaning that atl-1 upregulation 

could be visible later in life or after several generations under stressful 

conditions. It would be of interest to explore such effects; however, in our 

hands, the permeability of adults to smFISH probes was low, impeding its 

use in this stage. 

The weak allele prp-8(cer22) showed Mrt phenotype, which consists of 

gradual loss of germ cell immortality. This phenotype phenocopies 
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observations from DNA integrity maintenance mutants (Ahmed & 

Hodgkin, 2000; Gartner et al., 2008; Yanowitz, 2008), thus hinting that an 

s-adRP mutation can cause DNA damage. Moreover, the genetic interaction 

between this allele and an ama-1 (Pol II) mutant demonstrates how a 

splicing mutation functionally interacts with transcription alteration.  

Thus, we provide evidence that s-adRP mutations affect germ cell 

immortality in a degenerative manner, presumably through DNA damage 

and the interaction with altered transcription, pointing to splicing-

transcription interplay as a possible disease mechanism. Linked to RP 

patients, the accumulation of DNA damage in photoreceptors could cause 

apoptosis in the retinal cells and explain the degenerative nature of the 

disease. If such alterations exist in s-adRP patients, exploring other DNA 

damage derivate conditions such as increased cancer incidence would be of 

interest. 
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5. CRISPR-Cas9 allows VUS evaluation in 

C. elegans 

Although more than 80 genes have been linked to RP (Daiger et al., 1998; 

Verbakel et al., 2018), different studies show only 30-50% of patients have 

a genetic diagnosis indicating the existence of unknown RP mutations 

(Salmaninejad et al., 2019; Perea-Romero et al., 2021). Next generation 

sequencing (NGS) is becoming a new standard in identifying novel variants 

in patients (Salmaninejad et al., 2019). These techniques identify plenty of 

novel mutations with a causative potential, but it is not always clear which 

are causing the disease. Current guidelines establish criteria for a variant 

classification, which usually ranges from pathogenic to benign based on 

current evidence. In some cases, it is impossible to establish a variant as 

pathogenic or rule out its implication in the disease and thus these variants 

are generally classified as variants of unknown significance (VUS) 

(Richards et al., 2015). Moreover, cis-mutations that affect splicing might 

be erroneously classified as missense, nonsense, or silent, additionally 

hamstring the assessment of pathogenicity (Aísa-Marín et al., 2021).  Thus, 

functional data of the variant impact is a relevant hint on the pathogenicity 

of VUS. 

Validation of putative pathogenic variants with functional assays in model 

organisms such as Zebrafish is being implemented in clinics (Zhang et al., 

2021). Similarly, in vivo and in vitro models along with CRISPR-Cas9 

technology are being investigated for VUS functional testing (Harnish et 

al., 2019; Nazlamova et al., 2021). In this study, we propose using C. 

elegans to evaluate the functional implication of s-adRP VUS. The ease and 

fast generation of mutants by CRISPR-Cas, with the high conservation of 

splicing genes, encourages C. elegans use as a platform for functional study 
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of variants. We also demonstrate the utility of SpG Cas9 (Walton et al., 

2020) with a more flexible NGN PAM requirement to expand the editable 

genome and thus facilitate mimicking virtually any desired variant. 

We established a panel of phenotypic features that were identified in C. 

elegans s-adRP mutants (Table R. 4). Thus, any VUS presenting similar 

phenotypes would be a candidate for pathogenicity.  

(1) The four s-adRP strains show different degrees of developmental delay 

with two strains presenting overt phenotypes (Rubio-Peña, 2017; Kukhtar 

et al., 2020). The overt phenotypes are easily detected and are an indicator 

of the functional impact of a mutation. 

(2) Phenocopying of veiled phenotypes such as delayed growth, reduced 

brood size, or mortal germline could indicate altered function caused by a 

VUS. However, careful characterization is needed for its detection. 

Interactions with (3) cyn-15(cer173) (splicing-related) and (4) 

ama-1(cer135) (transcription-related) uncover the functional impact of the 

weak allele prp-8(cer22). The need for characterization and performing 

genetic crosses might be a difficulty in its implementation as a practical 

test. To facilitate uncovering of the interaction, we attempted to alter 

splicing pharmacologically with herboxidiene (Hasegawa et al., 2011) or to 

inhibit transcription with α-amanitin (Montanaro et al., 1971). Functional 

impact magnification with small compounds failed, thus not being a 

promising approach for VUS testing. Interestingly, we could confirm the 

slow Pol II mutant resistance to α-amanitin described in a previous report 

(Bowman et al., 2011). Similarly, other spliceosome modulators could be 

tested, such as BRR2 inhibitors or late spliceosome assembly inhibitor N-

palmitoyl-L-leucine (DeNicola & Tang, 2019). 
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(5) Nanopore sequencing was used to detect AS events specific to the 

strong allele of snrp-200(cer23). This technology offers a small-sized and 

relatively inexpensive solution for long-read sequencing (Kraft & Kurth, 

2020). Its use is growing in laboratories and is also being investigated for 

application in clinics (Miller et al., 2020; Ptasinska et al., 2020). We 

compared cDNA-PCR and direct RNA sequencing of the samples and 

identified a PCR enrichment of transcripts around 1000 bp in length. Since 

the primers used for PCR are intended to select for full transcripts, the 

enriched length seems to correspond to such transcripts. Direct RNA 

sequencing might be used for an unbiased transcriptomic study, to detect 

RNA modifications, and to study poly (A) tail length (Workman et al., 

2019; Li et al., 2020; Roach et al., 2020; Motorin & Marchand, 2021). Such 

characteristics might provide additional clues of the role of s-adRP 

mutations in RNA biology and additional biomarkers. 

In our hands, nanopore sequencing detected novel AS transcripts and 

identified three reliable events on the strong allele snrp-200(cer23): brd-1, 

rnf-1, and C05C10.7. These events were later confirmed in prp-8(cer14). 

brd-1 is a homolog of the human BARD1 involved in genome integrity 

maintenance in cooperation with BRCA1 (Morris & Solomon, 2004). It 

might be interesting to investigate if this novel isoform has any functional 

impact on genome instability or if it is a mere by-product of altered splicing. 

In the case of rnf-1 and C05C10.7, no functional data has been published 

so far. Independently of its biological relevance, all three events are 

candidates for a panel of features for VUS evaluation. 

(6) Gamma radiation induces double-strand breaks in the DNA, one of the 

biggest features of genome instability (Vignard, Mirey, & Salles, 2013). It 

seems to have a more substantial effect on snrp-200(cer24) weak allele and 

might be pointing to subjacent genome instability that was not uncovered 
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by other tests. The preliminary data shows it might be used for functional 

impact testing, but more investigation in this direction is needed. 

We show how CRISPR-Cas9 generated C. elegans s-adRP mutants provide 

a set of phenotypic features that might be used for VUS testing. I generated 

a VUS in the prp-8 gene and started with its characterization. 

Unfortunately, due to time constraints, I could not finish the complete 

evaluation.  

This panel of features might be helpful in the identification of other s-adRP 

related genes. Systemic disruption of splicing-related genes in C. elegans 

in search of phenocopying of features in our panel might point to novel s-

adRP genes. Such novel genes would be great candidates for sequencing in 

genetically undiagnosed patients and possibly identifying novel variants. 
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6. Humanization for s-adRP genes to 

improve C. elegans models 

Most of the residues affected by s-adRP missense mutations are conserved 

in C. elegans, allowing their direct modelling in this model system. 

However, there are still not conserved residues hampering s-adRP study in 

C. elegans (Supplementary Table I. 1). Moreover, although the splicing 

process presents globally high conservation, there are still differences that 

might modify a conserved residue protein context, thus masking or 

modifying the effect of a mutation on such residues. 

To better understand the impact of a mutation modelled in a model 

organism, we designed a strategy to replace the C. elegans prp-3 for the 

human PRPF3. Previously, gene replacement for human orthologs or 

“humanization” has been made in different model organisms.  

In yeast, it has been shown that roughly half of more than four hundred 

essential genes tested for humanization could restore viability. Thus, a 

functional replacement of yeast proteins was achieved with human 

orthologs. The number of successful humanizations was different between 

pathways being the success rate in transcription and translation around half 

of the tested genes (Kachroo et al., 2015).  

There are two published studies of humanization in C. elegans. One 

replaces unc-18 with human STXBP1 encoded in plasmids that were 

incorporated as extrachromosomal arrays. Functional replacement was 

achieved, and several mutations implicated in epilepsy syndromes 

provoked an impact on protein function (Zhu et al., 2020). The second 

performs a single copy replacement of daf-18 with the open reading frame 

of PTEN in the endogenous locus. This strategy maintains the worm 3’ and 
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5’ UTRs however, it removes all worm introns. Human protein successfully 

functionally replaced the missing ortholog, and a cancer-related variant 

drastically impaired protein function (McDiarmid et al., 2018). 

InVivoBiosystems, a company centered on the use of model organisms for 

disease modelling is also implementing the humanization of several non-

essential genes for variant testing (Hopkins, 2021). 

The studies commented above do not entirely maintain the regulatory 

regions of the replaced genes. Recently, a strategy based on CRISPR-Cas9 

succeeded in nearly fully humanize Drosophila Gαo, a gene implicated in 

epilepsy. This approach allowed humanizing the coding sequence but 

maintaining the regulatory regions almost intact (Savitsky et al., 2020). 

In our project, we followed a similar method replacing prp-3 exon by exon. 

Its human homolog PRPF3 presents a similar size and conserved domains. 

The identity is around 34% and the similarity is 52%, indicating that 

important differences exist between both proteins. Previous attempts of 

functional substitution of non-essential genes failed with protein identities 

lower than 53% (Hopkins, 2021). 

Successful humanization of the exon three, as evidenced by at least partial 

functional replacement was achieved. The addition of a humanized exon 

two failed, as evidenced by the loss of viability in homozygosis. Thus, we 

partially humanized PRP-3 protein with close to a quarter of its sequence 

replaced. Notably, the humanized region contains the identified up to date 

s-adRP mutations (Supplementary Table I. 1) 

We show how CRISPR-Cas9 can be used to humanize essential genes at 

the endogenous locus at least partially, thus preserving most of the 

regulatory regions. Our future work will be centred in modelling two 

s-adRP mutations of prp-3 on the WT and humanized backgrounds to assess 

if humanization improves s-adRP modelling. 
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7. C. elegans role in personalized medicine 

and final remarks 

Personalized medicine has been gaining weight in clinics. The stratification 

of the patients to improve treatments and to predict prognosis enhances the 

quality of medical care (Chan & Ginsburg, 2011). Basic and translational 

research are making efforts to investigate in this direction.  

Patients of rare diseases can probably benefit the most from personalised 

medicine. One example of success in this matter is the Undiagnosed 

Disease Network (UDN), dedicated to investigate rare gene variants using 

C. elegans, Dario rerio, and D. melanogaster. The aim of this network is 

to provide useful data of novel variants for diagnosis, therapy choice, and 

to study disease mechanisms (Wangler et al., 2017). To date, UDN took 

advantage of functional assays in model organisms to diagnose more than 

400 patients buy identifying the mutation causing their disease. 

We have used CRISPR-Cas9 to generate personalized models of the rare 

disease s-adRP. The generation of our “avatar” relies in the aminoacidic 

conservation from nematodes to humans. Such conservation implies a 

functional relevance for the protein, although the consequence of 

modifications of these residues are not always evident (as in veiled 

phenotypes).  

The implementation of C. elegans in the health system as a diagnostic tool 

is feasible. Handling and manipulation of this model organism are easy to 

teach in few weeks. In fact, C. elegans is widely used for teaching purposes 

even at scholar level (Deffit, Neff, & Kowalski, 2017). Moreover, C. 

elegans is a model that fits within the 3Rs principles that promote reduction 

of animals in experimentation. Ethical committees do not consider 
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invertebrates, such as C. elegans, as an animal. Thus, its use in the 

laboratory lacks ethical issues. 

The ease of genetic editing in C. elegans allows rapid modelling of genetic 

variants. However, more research is needed to establish which genes are 

suitable for VUS studies in C. elegans. Once the gene list is established, the 

use of C. elegans for diagnosis could be assessed in more depth and even 

implemented in the health systems. Thus, it would be easy to expand the 

models to most of the identified s-adRP mutations thanks to CRISPR-Cas9, 

studying the particularity of each mutation individually.  

Summarising, we made one step forward in using C. elegans to model a 

rare genetic disease with CRISPR-Cas9 and provide a valuable pre-clinical 

tool to support personalized medicine. 
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1. Strains mimicking s-adRP mutations have a functional impact but are 

viable in homozygosis, allowing RNAi and drug screens. 

 

2. Genetic interactors, uncovered by RNAi, of the weak allele prp-8(cer22) 

are potential disease modifiers and might be explored for prognostic means. 

Expanding the RNAi screen to genes unrelated to splicing might uncover 

additional pathways implicated in s-adRP. 

 

3. Drug screen on s-adRP mutant strain can identify drugs potentially 

harmful for s-adRP patients, as evidenced by the dequalinium sensitivity of 

snrp-200 mutants. 

 

4. s-adRP mutant strains might have genome instability that is evidenced 

through generations or upon DNA damage. 

 

5. Strong s-adRP alleles present AS events that might serve as markers of 

functional alteration related to s-adRP mutations. 

 

6. We proposed a panel of tests in C. elegans to assign functions to VUS in 

s-adRP genes. Such a panel needs to be consolidated by testing more VUS. 

 

7. prp-3 allows exon three substitution for the human counterpart, making 

a nematode-human protein chimera that is functional. However, additional 

replacement of exon two causes lethality. The benefit of partial gene 

humanization for s-adRP modelling still needs to be assessed.
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1. C. elegans maintenance and strains 

Standard methods for culturing were applied (Brenner, 1974). Worms were 

grown on NGM (Nematode Growth Media) agar plates seeded with an 

overgrown culture of the Escherichia coli strain OP50 at temperatures 

between 15°C and 25°C. Worms were synchronized following the sodium 

hypochlorite treatment (Porta-de-la-Riva et al., 2012). Bristol N2 was used 

as the WT strain. 

Table M. 1: List of strains: 

Strain Genotype 

CER255 prp-8(cer14[2303del]) III 

CER240 prp-8(cer22[R2303G]) III 

CER256 snrp-200(cer23[V676L]) II 

CER248 snrp-200(cer24[S1080L]) II 

CER440 prp-8(cer22[R2303G]) III; snrp-200(cer24[S1080L]) II 

CER456 isy-1(cer115[G170S]) V 

CER465 cyn-15(cer119[D74Q]) I 

CER544 prp-8(cer22[R2303G]) III; isy-1(cer115[G170S]) V 

CER545 prp-8(cer22[R2303G]) III; cyn-15 (cer119[D74Q]) I 

CER578 cyn-15(cer173[D66_D74del]) I 

CER580 
cyn-15(cer173[D66_D74del])/+ I; prp-8(cer22[R2303G]) 

III 

WS1973 opIs56 [egl-1p::2xNLS::GFP] 

CER267 prp-8(cer14[2303del]) III; opIs56 [egl-1p::2xNLS::GFP] 

CER268 prp-8(cer22[R2303G]) III; opIs56 [egl-1p::2xNLS::GFP] 

CER265 snrp-200(cer23[V676L]) II; opIs56 [egl-1p::2xNLS::GFP] 

CER266 snrp-200(cer24[S1080L]) II; opIs56 [egl-1p::2xNLS::GFP] 

CER536 ama-1(cer135[R743H]) IV 

CER537 ama-1(cer135[R743H]) IV; prp-8(cer14[2303del]) III 
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Strain Genotype 

CER538 ama-1(cer135[R743H]) IV; prp-8(cer22[R2303G]) III 

CER539 ama-1(cer135[R743H]) IV; snrp-200(cer23[V676L]) II 

CER540 ama-1(cer135[R743H]) IV; snrp-200(cer24[S1080L]) II 

CER529 sftb-1(cer144[S1090A, A1095T, I1096V, F1101Y]) III 

CER568 
sftb-1(cer144[S1090A, A1095T, I1096V, F1101Y]) III; 

prp-8(cer22[R2303G]) III 

CER569 
sftb-1(cer144[S1090A, A1095T, I1096V, F1101Y]) III; 

snrp-200(cer23[V676L]) II 

CER570 
sftb-1(cer144[S1090A, A1095T, I1096V, F1101Y]) III; 

snrp-200(cer23[V676L]) II 

CER607 
sftb-1(cer144[S1090A, A1095T, I1096V, F1101Y]) III; 

ama-1(cer135[R743H]) IV 

GW638 met-2(n4256); set-25(n5021) 

CER628 prp-8(cer209[T2319_E2325del]) III 

CER629 prp-8(cer210[A2118T]) III 

CER611 prp-3(cer194) III (exon 3 humanized) 

CER666 
prp-3(cer231/cer194) III (exon 3 humanized in 

homozygosis, exon 2 humanized in heterozygosis) 

 

2. Brood size, overt phenotypes, and Emb 

L4 larvae were singled out in 35-mm NGM agar plates and transferred to a 

fresh plate every 8-12 h until egg-laying ceased. Two days after P0 was 

removed, the number of F1 larvae, overt phenotypes, and dead embryos 

from each plate were manually scored, and total offspring per 

hermaphrodite was calculated. P0 and the previous generation were grown 

at experimental temperature. 
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For ama-1(cer135) and s-adRP double mutants, visually observable 

phenotypes were scored daily from singled L1. 

 

3. Developmental delay assay 

After worm synchronization with sodium hypochlorite treatment (Porta-de-

la-Riva et al., 2012), each strain was seeded on an OP50 plate for one-hour 

recovery. Afterward, worms were singled onto a 24-well plate containing 

OP50 bacteria and grown at the experimental temperature.  

Stage determination based on the size and morphological structures of the 

worms was carried out every 24 h for three to four days. Length 

measurements were also made in a portion of the experiments. 

 

4. RNAi screen 

Bacteria expressing dsRNA against a library of 128 splicing-related RNAi 

clones (Kerins et al., 2010) was obtained from the ORFeome library (Rual 

et al., 2004) or the Ahringer library (Kamath & Ahringer, 2003). Each clone 

was authenticated by determining the size of the insert by PCR, and six 

randomly selected clones were Sanger sequenced before its usage. The 

result was 98 validated clones for RNAi by feeding (Supplementary Table 

R. 1). The screen was carried out in 24-well plates containing NGM agar 

supplemented with 12.5 µg/ml tetracycline, 50 µg/ml ampicillin, and 3 mM 

IPTG (RNAi plates) at 25oC. Ten to twenty of either wildtype or weak 

mutants (prp-8(cer22) or snrp-200(cer24)) worms per well from the 

synchronized L1 stage were tested for each clone in duplicates. gfp(RNAi) 

was used as a negative control. Worms were scored at 72 and 96 h post-

seeding. 
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isy-1(RNAi) validation was done at 25oC, measuring worm-length as 

described below. Validation of cyn-15(RNAi) and mog-2(RNAi) brood sizes 

as previously described using RNAi plates. 

 

6. Worm length 

Synchronized L1 were seeded in 55-mm with or without treatments 

depending on the experiment. 72 h post-seeding, 35 to 40x magnified 

pictures of the plates were taken using the stereoscopic NIKON SMZ800 

or Zeiss Stemi 305 microscope attached to a DS‐2MV or Axiocam ERc 5s 

camera, respectively. To score the length of such animals, a line from the 

anterior to the posterior part of the body was drawn and measure using the 

NIS Elements 3.10 software or Fiji ImageJ 1.53c. 

 

7. DAPI staining 

Worms were recovered in M9 buffer (Stiernagle, 2006) and, after washing 

out bacteria were placed in a Pyrex dish. Afterward, residual M9 was 

removed, and Carnoy's fixative (Chloroform 30%, acetic acid 60%, and 

ethanol 10%) was added for 30 minutes. Next, washes of 10 minutes with 

PBS-Tween 20 0,1% were performed. Finally, worms were transferred to a 

slide, DAPI-Fluoromount-G® (Southern Biotech ref: 0100-20) was added, 

and a coverslip was placed on top of the slide and sealed with nail polish. 

Pictures were taken on a Nikon ECLIPSE TI-s inverted microscope 

attached to a Nikon DS-2Mv camera. 

For gonad extrusion, tetramisole 0,33 mM was added to recovered worms 

in a Pyrex dish, and gonads extracted by cutting worms with 20 gauges 



MATERIALS AND METHODS 

129 
 

syringes. Then, 4% paraformaldehyde was added for 20-30 min and was 

visualized as explained. 

8. CRISPR editing  

Karinna Rubio-Peña generated prp-8(cer14), prp-8(cer22), 

snrp-200(cer23), and snrp-200(cer24) mutants (Rubio-Peña, 2017; 

Kukhtar et al., 2020) and Xenia Serrat sftb-1(cer144) by CRISPR-Cas9 

(Serrat et al., 2019). isy-1(cer115), cyn-15(cer119), ama-1(cer135), 

prp-8(cer209), prp-8(cer210), prp-3(cer194), and prp-3(cer231) mutant 

worm lines were generated via CRISPR-Cas9 following previously 

described methods (Paix et al., 2015; Paix, Folkmann, & Seydoux, 2017; 

Dickinson & Goldstein, 2016). 

Alt-R™ CRISPR-Cas9 tracrRNA, crRNAs, Cas9 Nuclease 3xNLS, single-

stranded oligodeoxynucleotide (ssODN) repair templates (for point 

mutations and small deletions), gBlocks gene fragments (for exon 

replacement), and primers were purchased from Integrated DNA 

Technologies.  

crRNA containing a guide sequence adjacent to a protospacer motif (PAM) 

was injected with purified Cas9 enzyme, repair template ssODN, and 

dpy-10 crRNA with ssODN for the dpy-10(cn64) allele as a co-CRISPR 

marker. Repair templates for small mutations contained the desired 

modification, silent mutations to avoid re-cutting by Cas9, and homology 

arms of 35 bp to allow recombination (Table M. 2, Figure R. 27, and 

Figure R. 30). For exon replacement, gBlocks with the desired sequence 

were cloned into pDONR221 vector and transfected into DH5α. After 

plasmid purification, a PCR product with primers complementary to 

homology arm sequences was used to amplify repair templates (Table M. 

3).  
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I isolated Dpy, Rol, and pools of WT worms from the brood of injected P0. 

Mutants were identified by PCR using specific primers and confirmed by 

Sanger sequencing (Table M. 4). 

 

Table M. 2: Summary of crRNAs and repair templates for point 

mutations and small deletions. 

Gene Allele crRNA Repair template 

isy-1 cer115 GGTTACTTGGATGACGAAGA 

TATTGAGAAATATCGACGCTCACTA

TTTTGGTTACCTTGACGATGAGGAC

TCTCGCTTAATTCCTTTGGAAAAAC

TAATTGAAGAGA 

cyn-15 cer119 ATAATCACTGCAAGCGTCGA 

CACGTTATCGCGACAAAAACCGAT

TTTATAATCACAGCGTCTGTGCAAG

GACACCTGAAATTCTGGAAAAAGA

AGCATTCCGA 

cyn-15 cer173 ATAATCACTGCAAGCGTCGA 

GGGACACAATTTCTCACGTTATCG

CGACAAAAACCGGACACCTGAAAT

TCTGGAAAAAGAAGCATTCCGA 

ama-1 cer135 GAACGACGCTCGTGATCGAA 

CAGACTTTTGAGAATAAAGTCAATC

AGATTTTGAATGATGCACACGACC

GTACTGGTAGTTCTGCGCAGAAGA

GTTTGTCTGAATTCAA 

prp-8 cer209 TGCAAATGCATCCTCGCGAT 

AGATAAAATAAGAAAAATGATTATG

CAAATGCATCTCCAAGTGGATCGT

CGAATGCCTAAAATGAAAGAA 

prp-8 cer210 CATACATGAATCCAGCAATC 

ATTATCAGGTGGCGATACACCATA

CATGAATCCAGTGATTTGTGTTCGA

AGATCCGAGATAGTGATGAACTTCT

T 

prp-3 cer194 

5’ exon 3 

CAGCTACGACGAAATCCCTG 

3' exon 3 

GTCGACGGCGGTTAATGTTT 

Repair templates Table M. 3 

prp-3 cer231 

5’ exon 3 

TTTCGACTGCTTCGATTACC 

3' exon 3 

GGATATGTTGGTGTTGGATA 

Repair templates Table M. 3 
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Table M. 3: Repair templates prp-3 exon 2 and 3 replacement. 

prp-3 exon 3 

gagtttattaacaatttttaacttagaaaacctcaaaaataaaattttttgcagCTACGACGAAATCC/CTGCGGAAAAC

GACATGGAAAGATACTCACAGACAGTTTCCGAACTCGTAGAGCACCCGATTTCAATGAG

AGCACCCACTGAGCCATTAACTCAACAATATCTGAAAGTATACTTGACAACAAAAGAAA

AAAAGAAGATTCGTCGTCAAAATCGTAAGGAAGTACTGAAAGAGAAGACAGAGAAGATT

CGTTTGGGACTGGAAAAGGCTCCGGAGCCAAAAGTCAAAATTAGTAATTTAATGAGAGT

TCTTGGAAATGAAGCAATCCAGGATCCGACGAAAATGGAAGCACAAGTTCGGAAACAAA

TGGCTGAAAGATTGAAGAAACATGAGACATTGAATGCTGAGAGAAAGCTTACCGAAGAT

CAGAAACGCGCGAAAAAGACGAAAAAACTGTCTGAGGATACGTCGACGGCGGTTAATG

TTTCGGTTTATAGgtaattttacgtcgaacaatttttttcacgaaaaatttgaaatt 

prp-3 exon 2 

aaacctaaaaaaatcctataattttaaatttccagAGGGTACTTGGATTTTCGGAACCGACCGTAGTTACGG

CAGCGTTGAATTGTGTTGGAAAAGGCATGGATAAAAAGAAAGCAGCGGACCATTTAAAA

CCATTTCTTGATGACTCCACGTTACGTTTCGTAGACAAACTTTTCGAGGCAGTGGAAGAA

GGCCGTTCCAGTCGACACAGTAAATCCTCTTCGGATAGAAGTCGTAAGCGTGAGCTGAA

AGAAGTGTTCGGTGATGACTCAGAGATTTCCAAAGAATCCAGTGGTGTCAAGAAAAGAC

GTATTCCTCGTTTCGAGGAGGTCGAAGAAGAGCCTGAAGTCATTCCTGGTCCGCCATCG

GAGAGTCCAGGAATGCTTACAAAATTGCAAATTAAACAAATGATGGAGGCAGCAACGAG

ACAGATTGAGGAACGAAAAAAGCAGCTGTCCTTTATTTCGCCTCCAACACCACAGCCTA

AAACTCCATCATCTTCACAGCCGGAGCGTTTGCCGATTGGTAATACGATACAACCTAGT

CAAGCTGCAACGTTCATGAATGACGCCATCGAGAAGGCGCGAAAGGCCGCAGAGTTGC

AAGCGCGAATTCAAGCACAGCTGGCCTTGAAGCCGGGCTTGATAGGCAATGCTAACATG

GTTGGCTTAGCGAACTTACATGCCATGGGAATCGCCCCTCCTAAGGTAGAGTTAAAAGA

TCAGACTAAGCCAACGCCACTTATCTTAGACGAACAGGGCAGAACTGTGGACGCCACTG

GAAAGGAAATTGAGCTGACACACAGAATGCCTACATTGAAGGCTAATATCAGAGCCGTT

AAGCGTGAACAGTTTAAGCAGCAGCTGAAGGAAAAACCTTCGGAAGATATGGAATCAAA

CACCTTCTTTGACCCACGAGTATCCATCGCTCCGTCACAACGACAACGACGTACCTTCAA

GTTTCATGACAAGGGTAAGTTCGAGAAGATAGCACAAAGACTTAGAACCAAGGCACAAC

TTGAGAAATTGCAGGCGGAAATATCTCAAGCCGCCAGAAAAACTGGCATCCATACTTCT

ACTCGACTTGCATTAATCGCACCAAAAAAAGAGCTCAAGGAAGGAGACATACCTGAAAT

AGAATGGTGGGACTCCTATATTATTCCCAAgtgagtacttttttttttttgatttttgggatg 

Majuscules: exons, minuscules: introns, underlined: homology arms. 
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Table M. 4: Primers to genotype each allele, Sanger sequencing, and 

amplify repair templates for gene replacement. 

Gene Allele Primers to genotype Primers for Sanger 

isy-1 cer115 

WT specific Fwd 

TTACTTGGATGACGAAGATGG 

cer115 specific Fwd 

GTTACCTTGACGATGAGGACTC 

Sanger Fwd 

TAATTGCAGGGTCCTATTGC 

common Rev 

CCGCTCAGTTTACTTGTATT 

cyn-15 cer119 

WT specific Fwd 

TAATCACTGCAAGCGTCGAT 

cer119 specific Fwd 

TAATCACAGCGTCTGTGCAA 

Sanger Rev 

CCTCAATTATCTTGACTGGCG 

common Fwd 

CACAACTCAAGCATGAATCAG 

cyn-15 cer173 

Fwd 

CACAACTCAAGCATGAATCAG 

Rev 

TGACAAACTCGACTCCTTCG 

WT and cer173 discernible by size 

Same as for cer119 

ama-1 cer135 

WT specific Rev  

AGAACTACCCGTTCGATCAC 

cer135 specific Rev 

AGAACTACCAGTACGGTCGT 

Sanger Rev  

GGATCGAAGGGATCGAAGAT 

common Fwd 

TTCTCGCTTATCATTCCTGG 

prp-8 cer209 

WT specific Rev 

ATTATGCAAATGCATCCTCG 

cer209 specific Rev 

ATGATTATGCAAATGCATCTCC 

Sanger Rev 

GGGGGTTTGGGAAAATACAC 

common Fwd 

TATGGTGTATCGCCACCTGA 

prp-8 cer210 

WT specific Rev 

CCATACATGAATCCAGCAATC 

cer210 specific Rev 

ACCATACATGAATCCTGTGATT 

Sanger Rev 

GCAGTCAGAGAAACAGATCC 

common Fwd 

AAGACTACTATCACCGAGCC 

prp-3 cer194 

repair amplification Fwd 

GAGTTTATTAACAATTTTTAAC 

WT specific Fwd 

ATACTCACAGACAGTTTCCG 

cer194 specific Fwd 

CGGCTTTGATCTTACAGAGG 

Sanger Fwd 

CTTTTTCGTTAAAAGTGGCG 

repair amplification Rev 

AATTTCAAATTTTTCGTG 

WT specific Rev 

ATACTCACAGACAGTTTCCG 

cer194 specific Rev 

ACCGATATGTGTACCCCCTG 

Sanger Rev 

GACTTTTTCATTTTCATCAC 
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Gene Allele Primers to genotype Primers for Sanger 

prp-3 cer231 

repair amplification Fwd 

AAACCTAAAAAAATCCTATA 

cer231 Fwd A 

TGCGACCAGTATTTGAGCAG 

cer231 Fwd C 

CCAACACCACAGCCTAAAAC 

repair amplification Rev 

CATCCCAAAAATCAAAAA 

cer231 Rev B 

ATTTCCTTTCCAGTGGCGTC 

cer231 Rev E 

GGCAAATTGCGAGTTTACCG 

  

 

 

Combinations of A+B, C+D to genotype cer231 specifically and Sanger. 

A+D to distinguish WT and cer231 by size. 

Fwd: forward primer, Rev: reverse primer. 

 

9. Genetic crosses 

Males were induced by placing six plates with six L4 larvae each at 31oC 

for 4 h. Male worms were recovered from the F1 and used for crosses 

(directly between strains or self-cross to generate more males). I placed five 

males with two hermaphrodites in 35-mm plates in triplicates. P0 males and 

hermaphrodites were passed to a fresh plate daily and maintained at 20oC. 

Hermaphrodites were singled from plates containing F1 males, indicative of 

successful cross, and genotyped once laid eggs. Homozygous double 

mutants were isolated by singling out from individual hermaphrodites and 

PCR genotyping. 
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10. Drug screen and drug treatment 

10.a. Drug screen and validation 

I tested a library of 929 drugs (853 FDA approved and 76 epigenetic drugs) 

from Selleck Chemicals DMSO-diluted at 10 mM 

(www.selleckchem.com). The screen was performed in 96-well plates 

containing 50 µM of each drug in S-basal (Stiernagle, 2006) supplemented 

with 5 µg/ml cholesterol, 50 µg/ml ampicillin, 12.5 µg/ml tetracycline, and 

OP50 as a food source. Approximately 10 of either WT or prp-8(cer14) 

synchronized L1 worms were seeded to each well and maintained in a 

humidified chamber at 25oC. The scoring was done on day three and day 

four by visual observation and a 15 min WmicrotrackerTM (PhylumTech, 

Santa Fe, Argentina) measurement. DMSO 0.5% was used as a negative 

control. Potential candidates were retested under the same condition in 

triplicates, and the four selected candidates proceeded to validation in agar 

plates. 

Further validation was done in duplicate in 35-mm plates containing NGM 

agar with OP50 that was freeze-thawed three times at -80oC as a food 

source. Drugs obtained from Sigma-Aldrich were used: dequalinium 

chloride (ref: PHR1300), flutamide (ref: F9397), dronedarone 

hydrochloride (ref: D9696), and doxycycline hyclate (ref: D9891). Drugs 

were added on top of the agar and kept at 4oC overnight to allow its 

diffusion. Around 50 synchronized L1 worms of each strain were added to 

each plate and kept at 25oC. At 48 h post-seeding, pictures of the worms 

were taken, and length measured as described in part six. 

 

 

 



MATERIALS AND METHODS 

135 
 

10. b. Herboxidiene and α-amanitin treatment 

Herboxidiene and α-amanitin were dissolved in DMSO. C. elegans were 

treated in liquid as described above, adjusting final concentrations of the 

drug. For herboxidiene, after 48 h, worms were recovered and seeded onto 

NGM plates to take pictures for worm length measurement. For α-amanitin, 

worms were scored on day two, three, and four to check the progress. For 

representative pictures, worms were recovered in NGM plates as described 

for herboxidiene. 

11. UV-C and HU treatment 

11. a. UV-C treatment 

Synchronized worms 24 h post-seeding were recovered and washed in M9. 

Then, transferred to a bacteria-free 55-mm NGM plate and irradiated with 

100 J/m2 UV in a UV crosslinker (model 2400, Stratagene). After, worms 

were returned to OP50-containing plates for additional 24 h and mounted 

on slides with levamisole 0,3 M for GFP signal scoring through an inverted 

fluorescence microscope Nikon ECLIPSE TI-s. 

11. b. HU treatment 

500 µl of H2O diluted HU (Sigma, H8627) was added to 55-mm NGM 

OP50-containing plates and let dry and diffuse for three hours minimum. 

Afterward, synchronized L1s were seeded on and left for 24 h. Finally, 

worms were mounted on slides with levamisole 0,3 M for GFP signal 

scoring through an inverted fluorescence microscope Nikon ECLIPSE TI-s. 
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12. smFISH 

Quasar 570 labeled Stellaris FISH Probes against atl-1 transcript were 

ordered from Bioresearch Technologies.  

Worms were recovered in M9 and washed three times. Next, fixed with 

3.7% vol/vol formaldehyde in PBS (Sigma, P4417) for 45 min in agitation. 

After a couple of washes permeabilized overnight in 70% ethanol. Then, 

washed for two to five minutes in Stellaris RNA FISH Wash Buffer A 

(Bioresearch Technologies Cat# SMF-WA1-60) and hybridized with 

probes in the formamide containing Stellaris RNA FISH Hybridization 

Buffer (Bioresearch Technologies Cat# SMF-HB1-10) overnight at 37oC. 

Finally, after a 30 min wash in Stellaris RNA FISH WASH Buffer A, 

counterstaining with DAPI along with a short five minutes wash with 

Stellaris RNA FISH WASH Buffer B (Bioresearch Technologies Cat# 

SMF-WB1-20), worms were mounted and visualized on an inverted 

fluorescence microscope (Zeiss Axio Observer Z1). 

13. Mortal germline 

Before the experiment beginning, all the strains were outcrossed. Six L1 

larvae were transferred to a fresh 55-mm OP50 containing plates every two 

generations and maintained at 25oC until complete sterility of prp-8(cer22). 

In the first replicate, during the experiment brood size of the worms was 

tracked weekly following the methodology of part two. 
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14. Nanopore sequencing and 

semiquantitative PCR 

14.a. RNA extraction 

Total RNA for cDNA-PCR sequencing was extracted using Invitrogen 

Purelink RNA Mini Kit (Thermo Fischer, 12183020). Before direct RNA 

sequencing mRNA was isolated from the total RNA with Poly (A) mRNA 

Magnetic Beads (New England BioLabs, E7490G). For semiquantitative 

PCR of synchronized populations and re-extracted RNA an in-house RNA 

extraction protocol was used. Shortly, worms were recovered in M9 and 

after several washes resuspended in TRI Reagent (Molecular Research 

Center, TR118). Then, five freeze-thaw cycles were applied, and 

chloroform was added. Samples were allowed to separate phases, and after 

a centrifuge, the aqueous phase was recovered. Nucleic acids were 

precipitated with isopropanol, and the pellet after two washes with 75% 

ethanol was resuspended in nuclease-free water. 

 

14.b. Nanopore sequencing 

For cDNA-PCR sequencing, the SQK-PCS108 kit was employed following 

the manufacturer's instructions. Briefly, retrotranscription and strand 

switching steps were performed. The sample was then amplified with 

primers intended to select for full transcripts, and sequencing adapters were 

added to the library prior to loading into the flow cell (Figure R. 18). 

For direct RNA sequencing, the SQK-RNA001 kit was used, and the 

manufacturer's instructions were followed. The initial amount of mRNA 

was >500 ng. The optional retrotranscription step to improve sequencing 
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quality was performed. Note that despite retrotranscription of the first 

strand, the sequenced molecule is still RNA (Figure R. 18).  

14.c. Bioinformatic pipeline  

I used a pipeline intended to identify novel transcripts 

(https://community.nanoporetech.com/knowledge/bioinformatics/using-

pinfish-for-gene-tra/tutorial consulted 25/04/2021) and developed by the 

Nanopore community. This pipeline uses pychopper tool to select for full-

length cDNA, then it maps these reads to an annotated genome and creates 

a genome index with minimap2 (Li, 2018). Afterward, the selected reads 

are mapped to the genome (minimap2), sorted, and indexed with samtools 

(Li et al., 2009). A GFF annotation file from mapped reads is then generated 

with Pinfish, and a consensus sequence correction with Racon (Vaser et al., 

2017) of Pinfish clustered reads is done. Next, clustered and polished reads 

are remapped to the genome with minimap2, to generate a new GFF file 

from such clean reads (Pinfish). Finally, partial and redundant transcript 

annotations are collapsed (Pinfish), and GFFcompare is used to compare 

reference genome annotation with our generated GFF in order to identify 

novel isoforms. In parallel, a FASTA file from collapsed annotations is 

generated (gffread) (Figure R. 20 and Table R. 3). 

After the candidates were retrieved from the pipeline, a manual revision in 

Integrative Genomic Viewer was done to select candidates for validation.  

14.d. Semiquantitative PCR  

For the initial validation of AS events, the same RNA as for sequencing 

was used. RNA was purified by an in-house extraction method described 

above for synchronized populations and re-extraction of mixed populations. 

Prior to retrotranscription, DNAse (ThermoFischer, EN0521) treatment of 

extracted nucleic acids was performed. cDNA was prepared with 

ReverseAid H Minus First Strand cDNA sequencing Kit (Fermentas, 
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K1632) from 1 µg of initial total RNA. Then, cDNA was amplified by PCR 

with selected primers (Table M. 5 and Figure R. 22) and products resolved 

by electrophoresis. 

Table M. 5: Primers used for semiquantitative PCR. 

Gene Forward primer Reverse primer 

brd-1 AGTGTGAAATCAGAGCAACG AACTCTCTGTTCAGTCTTGA 

rnf-1 CTGCTATCAGCCTTTTAATG AGTCTCAGAATCGCTGTCTC 

C05C10.7 TTGCCCTGAAAACAACCTAG CAACAAATAGGAATGACGGC 

F11A10.6 TACGGAATAATGCGTTACCG CAATGGTGTCAGGAAGAAAC 

pcm-1 TGCCAGTCAAAGAGCCTACG AATCCTTGACGACCGTCTCCCT 

ugt-50 GGATAGATATGTGTGCAGAT TAGGTTCCACGCAACCTTGT 

act-1 GAGGCCCAATCCAAGAGAGGTATC TCAGCGGTGGTGGTGAAAGAGTAA 

 

15. Gamma radiation 

Synchronized L1 populations seeded on 55-mm NGM agar plates with 

OP50 were exposed to different doses of gamma radiation at Scientific and 

Technologic Centres of University of Barcelona (CCiTUB). Afterward, 

worms were left at 20oC for 72 h and length measured as explained above. 

16. Statistical analyses and figures 

"N" stands for the number of experimental replicates, and "n" the total 

number of individual worms for each group. The parametricity of the data 

was assessed using the Kolmogorov-Smirnov test. Figure legends indicate 

the statistical analysis used for each of the experiments. Results in Figures 

R 1, R. 2, R. 3B-C, R. 7, R. 8, and R. 26 are analyzed using GraphPad Prism 

v6 and v8.3.0 software. Figures R. 10, R. 11, R. 12, R. 17, R. 24, and Suppl. 

Figures R. 1 and R. 4C were analyzed in R 4.0.3. Data from the effect of 

the drugs on worm length was processed using the aligned rank 

transformation approach with ARTool v0.10.6. Later, the interaction 
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between drug concentrations and strains was compared by regular two-way 

ANOVA. To determine which groups presented differences in worm 

length, F-test with Bonferroni correction was applied using TestInteraction 

function from the package phia v0.2-1. Figures A. 1, R. 9, R. 13 A, and R. 

18 are created with BioRender.com. 

 

 

 

 

 

 

 

  



 

 

 

 

 

 

 

 

SUPPLEMENTARY 

DATA



 

 

 
 



 

 
 Su

pp
le

m
en

ta
ry

 T
ab

le
 I.

 1
: M

is
se

ns
e 

m
ut

at
io

ns
 o

f t
he

 s
-a

dR
P 

ge
ne

s w
ith

 a
 c

le
ar

 C
. e

le
ga

ns
 o

rt
ho

lo
g 

re
po

rt
ed

 in
 sc

ie
nt

ifi
c 

ar
tic

le
s. 

G
en

e 
N

uc
le

ot
id

e 
m

ut
at

io
n 

A
m

in
o 

ac
id

 
co

ns
eq

ue
nc

e 

C
. e

le
ga

ns
 

eq
ui

va
le

nt
 

re
si

du
e 

R
ef

er
en

ce
s 

PR
PF

3 
pr

p-
3 

c.
13

45
C

>G
 

p.
A

rg
44

9G
ly

 
p.

A
rg

38
5 

(Z
ho

ng
 e

t a
l.,

 2
01

6)
 

c.
14

66
C

>A
 

p.
A

la
48

9A
sp

 
p.

A
la

42
5 

(G
am

un
di

 e
t a

l.,
 2

00
8)

 
c.

14
78

C
>T

 
p.

Pr
o4

93
Se

r 
p.

Pr
o4

29
 

(C
ha

ka
ro

va
 e

t a
l.,

 2
00

2;
 S

ul
liv

an
 e

t a
l.,

 2
00

6)
 

c.
14

82
C

>T
 

p.
Th

r4
94

M
et

 
p.

Th
r4

30
 

(C
ha

ka
ro

va
 e

t a
l.,

 2
00

2;
 M

ar
tín

ez
-G

im
en

o 
et

 a
l.,

 2
00

3;
 W

ad
a 

et
 a

l.,
 

20
04

; S
ul

liv
an

 e
t a

l.,
 2

00
6;

 V
ac

la
vi

k 
et

 a
l.,

 2
01

0;
 A

ud
o 

et
 a

l.,
 2

01
2;

 K
im

 
et

 a
l.,

 2
01

2;
 X

u 
et

 a
l.,

 2
01

4;
 M

ar
tin

-M
er

id
a 

et
 a

l.,
 2

01
8;

 G
ao

 e
t a

l.,
 

20
19

; Z
am

pa
gl

io
ne

 e
t a

l.,
 2

02
0)

 
c.

15
32

A
>C

 
p.

H
is

51
1P

ro
 

p.
H

is
44

7 
(Z

ho
ng

 e
t a

l.,
 2

01
6)

 

PR
PF

4 
pr

p-
4 

c.
55

6C
>G

 
p.

Pr
o1

87
A

la
 

*p
.A

rg
16

0 
(B

en
ag

lio
 e

t a
l.,

 2
01

4)
 

c.
57

5G
>A

 
p.

A
rg

19
2H

is
 

p.
A

rg
16

5 
(L

in
de

r e
t a

l.,
 2

01
4)

 
c.

94
4C

>T
 

p.
Pr

o3
15

Le
u 

p.
Pr

o2
88

 
(C

he
n 

et
 a

l.,
 2

01
4)

 

PR
PF

6 
pr

p-
6 

c.
51

5G
>A

 
p.

A
rg

17
2G

ln
 

p.
A

rg
18

5 
(G

ao
 e

t a
l.,

 2
01

9)
 

c.
51

4C
>T

 
p.

A
rg

17
2T

rp
 

(H
ua

ng
 e

t a
l.,

 2
01

5;
 K

oy
an

ag
i e

t a
l.,

 2
01

9;
 G

ao
 e

t a
l.,

 2
01

9)
 

c.
54

2C
>T

 
p.

Pr
o1

81
Le

u 
p.

Pr
o1

94
 

(H
ua

ng
 e

t a
l.,

 2
01

7)
 

c.
55

1A
>G

 
p.

A
sp

18
4G

ly
 

p.
A

sp
19

7 
(H

ua
ng

 e
t a

l.,
 2

01
5)

 
c.

55
0G

>C
 

p.
A

sp
18

4H
is

 
(O

is
hi

 e
t a

l.,
 2

01
4)

 
c.

55
0G

>A
 

p.
A

sp
18

4A
sn

 
(Z

am
pa

gl
io

ne
 e

t a
l.,

 2
02

0)
 

c.
21

85
C

>T
 

p.
A

rg
72

9T
rp

 
p.

A
rg

75
6 

(T
an

ac
ko

vi
c 

et
 a

l.,
 2

01
1)

 

143

SUPPLEMENTARY DATA



   
 

G
en

e 
N

uc
le

ot
id

e 
m

ut
at

io
n 

A
m

in
o 

ac
id

 
co

ns
eq

ue
nc

e 

C
. e

le
ga

ns
 

eq
ui

va
le

nt
 

re
si

du
e 

R
ef

er
en

ce
s 

PR
PF

8 
pr

p-
8 

 

c.
50

41
C

>T
 

p.
A

rg
16

81
Tr

p 
p.

A
rg

16
74

 
(Z

ha
ng

 e
t a

l.,
 2

01
6)

 
c.

57
92

C
>T

 
p.

Th
r1

93
1M

et
 

p.
Th

r1
92

4 
(J

on
es

 e
t a

l.,
 2

01
7)

 
c.

58
04

G
>A

 
p.

A
rg

19
35

H
is

 
p.

A
rg

19
28

 
(X

u 
et

 a
l.,

 2
01

4;
 L

un
gh

i e
t a

l.,
 2

01
9)

 
c.

63
53

C
>T

 
p.

Se
r2

11
8P

he
 

p.
Se

r2
11

1 
(T

ow
ns

 e
t a

l.,
 2

01
0;

 M
au

ba
re

t e
t a

l.,
 2

01
1)

 
c.

64
70

T>
A

 
p.

V
al

21
57

G
lu

 
p.

V
al

21
50

 
(E

lli
ng

fo
rd

 e
t a

l.,
 2

01
6;

 A
ve

la
 e

t a
l.,

 2
01

8)
 

c.
68

40
C

>A
 

p.
A

sn
22

80
Ly

s 
p.

A
sn

22
73

 
(V

an
 C

au
w

en
be

rg
h 

et
 a

l.,
 2

01
7)

 
c.

69
01

C
>A

 
p.

Pr
o2

30
1T

hr
 

p.
Pr

o2
29

4 
(M

cK
ie

 e
t a

l.,
 2

00
1)

 
c.

69
01

C
>T

 
p.

Pr
o2

30
1S

er
 

(Z
iv

ie
llo

 e
t a

l.,
 2

00
5;

 T
es

ta
 e

t a
l.,

 2
00

6;
 S

ul
liv

an
 e

t a
l.,

 2
01

3)
 

c.
69

12
C

>G
 

p.
Ph

e2
30

4L
eu

 
*p

.T
yr

22
97

 
(M

cK
ie

 e
t a

l.,
 2

00
1;

 S
ul

liv
an

 e
t a

l.,
 2

00
6,

 2
01

3;
 X

u 
et

 a
l.,

 2
01

4;
 V

an
 

C
au

w
en

be
rg

h 
et

 a
l.,

 2
01

7;
 K

oy
an

ag
i e

t a
l.,

 2
01

9;
 Z

am
pa

gl
io

ne
 e

t a
l.,

 
20

20
) 

c.
69

10
T>

C
 

c.
69

26
A

>C
 

p.
H

is
23

09
Pr

o 
p.

H
is

23
02

 
(M

cK
ie

 e
t a

l.,
 2

00
1;

 T
ow

ns
 e

t a
l.,

 2
01

0)
 

c.
69

26
A

>G
 

p.
H

is
23

09
A

rg
 

(M
cK

ie
 e

t a
l.,

 2
00

1;
 W

al
ia

 e
t a

l.,
 2

00
8;

 T
ow

ns
 e

t a
l.,

 2
01

0;
 B

ra
vo

-G
il 

et
 

al
., 

20
17

; R
ie

ra
 e

t a
l.,

 2
01

7;
 Z

am
pa

gl
io

ne
 e

t a
l.,

 2
02

0)
 

c.
69

26
G

>A
 

p.
A

rg
23

10
Ly

s 

p.
A

rg
23

03
 

(M
cK

ie
 e

t a
l.,

 2
00

1;
 T

ow
ns

 e
t a

l.,
 2

01
0)

 

c.
69

28
A

>G
 

p.
A

rg
23

10
G

ly
 

(M
cK

ie
 e

t a
l.,

 2
00

1;
 M

ar
tín

ez
-G

im
en

o 
et

 a
l.,

 2
00

3;
 S

ul
liv

an
 e

t a
l.,

 2
00

6;
 

To
w

ns
 e

t a
l.,

 2
01

0;
 M

ar
tin

-M
er

id
a 

et
 a

l.,
 2

01
8;

 K
oy

an
ag

i e
t a

l.,
 2

01
9;

 
Ze

nt
en

o 
et

 a
l.,

 2
02

0)
 

c.
69

30
G

>C
 

p.
A

rg
23

10
Se

r 
(T

ow
ns

 e
t a

l.,
 2

01
0;

 M
au

ba
re

t e
t a

l.,
 2

01
1;

 C
ar

rig
an

 e
t a

l.,
 2

01
6;

 W
u 

et
 

al
., 

20
18

) 
c.

69
42

C
>A

 
p.

Ph
e2

31
4L

eu
 

p.
Ph

e2
30

7 
(M

cK
ie

 e
t a

l.,
 2

00
1;

 A
ve

la
 e

t a
l.,

 2
01

9)
 

144



 

 
 

G
en

e 
N

uc
le

ot
id

e 
m

ut
at

io
n 

A
m

in
o 

ac
id

 
co

ns
eq

ue
nc

e 

C
. e

le
ga

ns
 

eq
ui

va
le

nt
 

re
si

du
e 

R
ef

er
en

ce
s 

PR
PF

8 
pr

p-
8 

c.
69

85
G

>A
 

p.
A

sp
23

29
A

sn
 

p.
A

sp
23

23
 

(X
u 

et
 a

l.,
 2

01
4)

 
c.

69
92

A
>G

 
p.

G
lu

23
31

G
ly

 
p.

G
lu

23
25

 
(A

ud
o 

et
 a

l.,
 2

01
2)

 
c.

70
00

T>
A

 
p.

Ty
r2

33
4A

sn
 

*p
.P

he
23

28
 

(D
e 

Er
ke

ne
z,

 B
er

so
n,

 &
 D

ry
ja

, 2
00

2;
 T

ow
ns

 e
t a

l.,
 2

01
0)

 
c.

70
06

T>
C

 
p.

Te
r2

33
6A

rg
 

Te
r2

33
0 

(M
ar

tín
ez

-G
im

en
o 

et
 a

l.,
 2

00
3;

 V
an

 C
au

w
en

be
rg

h 
et

 a
l.,

 2
01

7)
 

c.
70

08
A

>G
 

p.
Te

r2
33

6T
rp

 
(G

ao
 e

t a
l.,

 2
01

9)
 

c.
70

07
G

>C
 

p.
Te

r2
33

6S
er

ex
t

Te
r4

1 
(Z

am
pa

gl
io

ne
 e

t a
l.,

 2
02

0)
 

PR
PF

31
 

pr
p-

31
 

c.
31

9C
>G

 
p.

Le
u1

07
V

al
 

*p
.Il

e1
16

 
(R

iv
ol

ta
 e

t a
l.,

 2
00

6;
 R

io
 F

rio
 e

t a
l.,

 2
00

8)
 

c.
34

1T
>A

 
p.

Ile
11

4A
sn

 
*p

.V
al

12
3 

(E
lli

ng
fo

rd
 e

t a
l.,

 2
01

6;
 W

he
w

ay
 e

t a
l.,

 2
01

9)
 

c.
41

3C
>A

 
p.

Th
r1

38
Ly

s 
p.

Th
r1

47
 

(W
as

ee
m

 e
t a

l.,
 2

00
7)

 
c.

58
1C

>A
 

p.
A

la
19

4G
lu

 
p.

A
la

20
3 

(V
ith

an
a 

et
 a

l.,
 2

00
1)

 
c.

59
0T

>C
 

p.
Le

u1
97

Pr
o 

p.
Le

u2
06

 
(W

u 
et

 a
l.,

 2
01

8;
 B

ry
an

t e
t a

l.,
 2

01
8,

 2
01

9)
 

c.
64

6G
>C

 
p.

A
la

21
6P

ro
 

p.
A

la
22

5 
(V

ith
an

a 
et

 a
l.,

 2
00

1)
 

c.
73

6G
>A

 
p.

A
la

24
6T

hr
 

*p
.S

er
25

5 
(X

u 
et

 a
l.,

 2
01

4;
 M

ar
tin

-M
er

id
a 

et
 a

l.,
 2

01
8)

 
c.

76
4A

>T
 

p.
G

ln
25

5L
eu

 
*p

.T
hr

26
4 

(O
is

hi
 e

t a
l.,

 2
01

4)
 

c.
81

5G
>T

 
p.

G
ly

27
2V

al
 

p.
G

ly
28

1 
(S

ul
liv

an
 e

t a
l.,

 2
00

6;
 D

ai
ge

r e
t a

l.,
 2

01
4)

 
c.

83
9T

>G
 

p.
V

al
28

0G
ly

 
p.

V
al

28
9 

(B
irt

el
 e

t a
l.,

 2
01

8)
 

c.
89

6G
>A

 
p.

C
ys

29
9T

yr
 

*p
.V

al
30

8 
(B

ha
tia

 e
t a

l.,
 2

01
8)

 

c.
89

5T
>C

 
p.

C
ys

29
9A

rg
 

*p
.V

al
30

8 
(S

ul
liv

an
 e

t a
l.,

 2
00

6;
 B

la
nc

o-
K

el
ly

 e
t a

l.,
 2

01
2;

 X
u 

et
 a

l.,
 2

01
2;

 M
ar

tin
-

M
er

id
a 

et
 a

l.,
 2

01
7,

 2
01

8;
 M

ye
rs

, I
an

na
cc

on
e,

 &
 B

id
el

m
an

, 2
01

7)
 

145

SUPPLEMENTARY DATA



   
 

G
en

e 
N

uc
le

ot
id

e 
m

ut
at

io
n 

A
m

in
o 

ac
id

 
co

ns
eq

ue
nc

e 

C
. e

le
ga

ns
 

eq
ui

va
le

nt
 

re
si

du
e 

R
ef

er
en

ce
s 

PR
PF

31
 

pr
p-

31
 

c.
91

0C
>T

 
p.

A
rg

30
4C

ys
 

p.
A

rg
31

3 
(H

ua
ng

 e
t a

l.,
 2

01
5;

 Z
am

pa
gl

io
ne

 e
t a

l.,
 2

02
0)

 
c.

12
22

C
>T

 
p.

A
rg

40
8T

rp
 

p.
A

rg
41

9 
(H

ua
ng

 e
t a

l.,
 2

01
7;

 X
ia

o 
et

 a
l.,

 2
01

7;
 Je

sp
er

sg
aa

rd
 e

t a
l.,

 2
01

9)
 

SN
RN

P2
00

 
sn

rp
-2

00
 

c.
15

47
G

>T
 

p.
C

ys
51

6P
he

 
*p

.T
hr

51
0 

(Y
us

uf
 e

t a
l.,

 2
01

9)
 

c.
16

14
T>

G
 

p.
Ile

53
8M

et
 

p.
Ile

53
2 

(H
ua

ng
 e

t a
l.,

 2
01

5)
 

c.
16

25
C

>T
 

p.
A

la
54

2V
al

 
p.

A
la

53
6 

(B
ow

ne
 e

t a
l.,

 2
01

3;
 D

ai
ge

r e
t a

l.,
 2

01
4)

 
c.

16
31

T>
C

 
p.

M
et

54
4T

hr
 

p.
M

et
53

8 
(H

ua
ng

 e
t a

l.,
 2

01
5)

 
c.

16
34

G
>A

 
**

p.
A

rg
54

5H
is

 
*p

.L
ys

53
9 

(G
er

th
-K

ah
le

rt 
et

 a
l.,

 2
01

9)
 

c.
18

71
G

>A
 

p.
A

rg
62

4L
ys

 
p.

A
rg

61
8 

(O
is

hi
 e

t a
l.,

 2
01

4;
 E

lli
ng

fo
rd

 e
t a

l.,
 2

01
6)

 
c.

19
81

G
>T

 
p.

V
al

66
1L

eu
 

p.
V

al
65

5 
V

an
 C

au
w

en
be

rg
h 

et
 a

l. 
20

17
 

c.
20

41
C

>T
 

p.
A

rg
68

1C
ys

 

p.
A

rg
67

4 

(B
en

ag
lio

 e
t a

l.,
 2

01
1;

 B
ow

ne
 e

t a
l.,

 2
01

3;
 W

an
g 

et
 a

l.,
 2

01
4a

; X
u 

et
 a

l.,
 

20
14

; C
ou

ss
a 

et
 a

l.,
 2

01
5;

 E
lli

ng
fo

rd
 e

t a
l.,

 2
01

6;
 V

an
 C

au
w

en
be

rg
h 

et
 

al
., 

20
17

; M
ar

tin
-M

er
id

a 
et

 a
l.,

 2
01

8;
 Y

us
uf

 e
t a

l.,
 2

01
9;

 G
ao

 e
t a

l.,
 

20
19

; J
es

pe
rs

ga
ar

d 
et

 a
l.,

 2
01

9)
 

c.
20

42
G

>A
 

p.
A

rg
68

1H
is

 

(B
en

ag
lio

 e
t a

l.,
 2

01
1;

 B
ow

ne
 e

t a
l.,

 2
01

3;
 P

an
 e

t a
l.,

 2
01

4;
 O

is
hi

 e
t a

l.,
 

20
14

; V
an

 C
au

w
en

be
rg

h 
et

 a
l.,

 2
01

7;
 M

ar
tin

-M
er

id
a 

et
 a

l.,
 2

01
8;

 W
u 

et
 

al
., 

20
18

; K
oy

an
ag

i e
t a

l.,
 2

01
9;

 G
ao

 e
t a

l.,
 2

01
9;

 Z
am

pa
gl

io
ne

 e
t a

l.,
 

20
20

) 
N

ot
 st

at
ed

 
p.

A
rg

68
1L

ys
 

(D
ai

ge
r e

t a
l.,

 2
01

4)
 

c.
20

44
C

>T
 

p.
Pr

o6
82

Se
r 

p.
Pr

o6
75

 
(B

ow
ne

 e
t a

l.,
 2

01
3;

 K
oy

an
ag

i e
t a

l.,
 2

01
9)

 
SN

RN
P2

00
 

sn
rp

-2
00

 
c.

25
04

7G
>T

 
p.

V
al

68
3L

eu
 

p.
V

al
67

6 
(B

en
ag

lio
 e

t a
l.,

 2
01

1;
 O

is
hi

 e
t a

l.,
 2

01
4;

 K
oy

an
ag

i e
t a

l.,
 2

01
9)

 

146



 

 
 

G
en

e 
N

uc
le

ot
id

e 
m

ut
at

io
n 

A
m

in
o 

ac
id

 
co

ns
eq

ue
nc

e 

C
. e

le
ga

ns
 

eq
ui

va
le

nt
 

re
si

du
e 

R
ef

er
en

ce
s 

SN
RN

P2
00

 
sn

rp
-2

00
 

c.
20

66
A

>G
 

p.
Ty

r6
89

C
ys

 
p.

Ty
r6

82
 

(B
en

ag
lio

 e
t a

l.,
 2

01
1)

 

c.
23

59
G

>A
 

p.
A

la
78

7T
hr

 
p.

A
la

78
0 

(W
an

g 
et

 a
l.,

 2
01

4b
; X

u 
et

 a
l.,

 2
01

4;
 C

os
ta

 e
t a

l.,
 2

01
7;

 M
ar

tin
-M

er
id

a 
et

 a
l.,

 2
01

8;
 Y

us
uf

 e
t a

l.,
 2

01
9)

 
c.

25
93

G
>A

 
p.

G
ly

86
5S

er
 

p.
G

ly
85

8 
(K

oy
an

ag
i e

t a
l.,

 2
01

9)
 

c.
26

53
C

>G
 

p.
G

ln
88

5G
lu

 
p.

G
ln

87
8 

(L
iu

 e
t a

l.,
 2

01
2)

 
c.

28
79

C
>T

 
p.

A
la

96
0V

al
 

p.
A

la
95

8 
(E

lli
ng

fo
rd

 e
t a

l.,
 2

01
6;

 v
an

 D
oo

rm
aa

l e
t a

l.,
 2

01
7)

 

c.
32

60
C

>T
 

p.
Se

r1
08

7L
eu

 
p.

Se
r1

08
0 

(Z
ha

o 
et

 a
l.,

 2
00

9;
 B

en
ag

lio
 e

t a
l.,

 2
01

1;
 B

ow
ne

 e
t a

l.,
 2

01
3;

 F
er

na
nd

ez
-

Sa
n 

Jo
se

 e
t a

l.,
 2

01
5;

 C
ou

ss
a 

et
 a

l.,
 2

01
5;

 E
lli

ng
fo

rd
 e

t a
l.,

 2
01

6;
 M

ar
tin

-
M

er
id

a 
et

 a
l.,

 2
01

8;
 G

er
th

-K
ah

le
rt 

et
 a

l.,
 2

01
9;

 K
oy

an
ag

i e
t a

l.,
 2

01
9;

 
G

ao
 e

t a
l.,

 2
01

9;
 Z

en
te

no
 e

t a
l.,

 2
02

0;
 Z

am
pa

gl
io

ne
 e

t a
l.,

 2
02

0)
 

c.
32

69
G

>T
 

p.
A

rg
10

90
Le

u 
p.

A
rg

10
83

 
(L

i e
t a

l.,
 2

01
0;

 C
va

čk
ov

á,
 M

at
ěj

ů,
 &

 S
ta

ně
k,

 2
01

4)
 

c.
34

54
C

>T
 

p.
A

rg
11

52
C

ys
 

p.
A

rg
11

45
 

(H
ua

ng
 e

t a
l.,

 2
01

7)
 

c.
53

56
G

>A
 

p.
A

rg
17

79
H

is
 

p.
A

rg
17

78
 

(Z
ha

ng
 e

t a
l.,

 2
01

3;
 G

ao
 e

t a
l.,

 2
01

9)
 

c.
60

25
C

>T
 

p.
A

rg
20

09
C

ys
 

p.
A

rg
20

08
 

(H
ua

ng
 e

t a
l.,

 2
01

7)
 

D
H

X3
8 

m
og

-1
 

c.
97

1G
>A

 
**

p.
A

rg
32

4G
ln

 
p.

A
rg

23
1 

(L
at

if 
et

 a
l.,

 2
01

8)
 

c.
99

5G
>A

 
**

p.
G

ly
33

2A
sp

 
*p

.A
la

23
9 

(A
jm

al
 e

t a
l.,

 2
01

4)
 

*N
ot

 c
on

se
rv

ed
 in

 C
. e

le
ga

ns
. *

* 
A

ut
os

om
al

 re
ce

ss
iv

e 
m

ut
at

io
ns

. C
W

C2
7 

an
d 

PA
P1

 e
xc

lu
de

d 
as

 n
on

 o
f t

he
 C

W
C2

7 
m

ut
at

io
ns

 is
 m

is
se

ns
e 

an
d 

PA
P1

 la
ck

s o
f a

 C
. e

le
ga

ns
 o

rth
ol

og
. 

  

147

SUPPLEMENTARY DATA



   
 

Su
pp

le
m

en
ta

ry
 T

ab
le

 R
. 1

. L
ist

 o
f g

en
es

 te
st

ed
 in

 th
e 

RN
Ai

 sc
re

en
 w

ith
 th

e 
ph

en
ot

yp
es

 o
bt

ai
ne

d.
 

 
 

 
pr

p-
8(

ce
r2

2[
R

23
03

G
])

 
sn

rp
-2

00
(c

er
24

[S
10

80
L

])
 

R
N

A
i 

lib
ra

ry
 

R
N

A
i c

lo
ne

 
C

. e
le

ga
ns

 
lo

cu
s 

W
T

 (N
2)

 
pr

p-
8(

ce
r2

2)
 

W
T

 (N
2)

 
sn

rp
-2

00
(c

er
24

) 

A
 

T
08

A
11

.2
 

sf
tb

-1
 

Lv
a 

Lv
a 

Lv
a 

Lv
a 

V
 

K
02

F2
.3

 
te

g-
4 

R
bs

, E
m

b 
R

bs
, E

m
b 

pS
te

, E
m

b 
pS

te
, E

m
b 

V
 

H
20

J0
4.

8 
m

og
-2

 
N

o 
ph

en
ot

yp
e 

R
bs

, p
Em

b,
 p

Le
t 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

V
 

Y
71

D
11

A
.2

 
sm

r-
1 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

A
 

F1
1A

10
.2

 
re

po
-1

 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
R

bs
 

R
bs

 
A

 
C

08
B

11
.5

 
sa

p-
49

 
St

e,
 L

va
, p

Pv
l 

St
e,

 L
va

, p
Pv

l 
St

e,
 L

va
 

St
e,

 L
va

 
V

 
F5

6D
2.

6 
dd

x-
15

 
St

e,
 p

Lv
a,

pP
vl

 
St

e,
 p

Lv
a,

pP
vl

 
St

e,
 p

Lv
l, 

pP
vl

 
St

e,
 p

Lv
l, 

pP
vl

 
V

 
C

33
H

5.
12

 
rs

p-
6 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

V
 

D
10

81
.8

 
cd

c-
5L

 
Lv

a,
 m

ov
em

en
t 

ab
no

rm
al

 
Lv

a,
 m

ov
em

en
t 

ab
no

rm
al

 
Lv

a,
 p

Lv
l, 

m
ov

em
en

t 
ab

no
rm

al
 

Lv
a,

 m
ov

em
en

t 
ab

no
rm

al
 

V
 

T
10

F2
.4

 
pr

p-
19

 
St

e,
 p

Le
t 

St
e,

 p
Le

t 
St

e,
 p

Le
t, 

pP
vl

 
St

e,
 p

Le
t, 

pP
vl

 
V

 
D

10
54

.1
5 

pl
rg

-1
 

pP
vl

,p
Lv

a,
 p

St
e 

pP
vl

,p
Lv

a,
 p

St
e 

Lv
a,

 p
Pv

l 
Lv

a,
 p

Pv
l 

V
 

T
11

G
6.

8 
rb

m
-2

2 
St

e,
 p

Pv
l, 

pL
va

, p
Le

t 
St

e,
 p

Pv
l, 

pL
va

, p
Le

t 
 p

Pv
l, 

Lv
a,

 p
Le

t 
 p

Pv
l, 

Lv
a,

 p
Le

t 
A

 
Y

11
6A

8C
.3

2 
sf

a-
1 

pE
m

b,
 p

St
e,

 R
bs

 
pE

m
b,

 p
St

e,
 R

bs
 

pE
m

b,
 R

bs
 

pE
m

b,
 R

bs
 

V
 

F4
3G

9.
10

 
m

fa
p-

1 
pP

vl
,S

te
 

pP
vl

,S
te

 
R

bs
 

R
bs

 
A

 
F3

3A
8.

1 
le

t-8
58

 
Lv

a 
Lv

a 
Lv

a 
Lv

a 
A

 
C

04
H

5.
6 

m
og

-4
 

pS
te

,p
Lv

a 
pS

te
,p

Lv
a 

pS
te

 
pS

te
 

A
 

M
03

C
11

.7
 

pr
p-

3 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
V

 
C

36
B

1.
5 

pr
p-

4 
pP

vl
, p

Lv
a,

 S
te

 
pP

vl
, p

Lv
a,

 S
te

 
pP

vl
, p

Lv
a,

 S
te

 
pP

vl
, p

Lv
a,

 S
te

 
A

 
Z

K
32

8.
2 

ef
t-1

 
Lv

a,
 S

ck
, p

Lv
l 

Lv
a,

 S
ck

, p
Lv

l 
Lv

a 
Lv

a 
V

 
F4

4G
4.

4 
td

p-
1 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

A
 

F0
8B

4.
1 

di
c-

1 
St

e,
 p

Em
b 

St
e,

 p
Pv

l 
St

e,
 p

Em
b 

St
e,

 p
Em

b 

148



 

 
  

 
 

pr
p-

8(
ce

r2
2[

R
23

03
G

])
 

sn
rp

-2
00

(c
er

24
[S

10
80

L
])

 
R

N
A

i 
lib

ra
ry

 
R

N
A

i c
lo

ne
 

C
. e

le
ga

ns
 

lo
cu

s 
W

T
 (N

2)
 

pr
p-

8(
ce

r2
2)

 
W

T
 (N

2)
 

sn
rp

-2
00

(c
er

24
) 

V
 

F4
3G

9.
12

 
  

pP
vl

, S
te

, p
Lv

a 
pP

vl
, S

te
, p

Lv
a 

pP
vl

, S
te

, p
Lv

a,
 S

ck
, 

pL
et

 
pP

vl
, S

te
, p

Lv
a,

 S
ck

, 
pL

et
 

V
 

Y
75

B
12

B
.2

 
cy

n-
7 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

V
 

R
08

D
7.

1 
  

St
e,

 p
Pv

l 
St

e,
 p

Pv
l 

St
e,

 E
m

b 
St

e,
 E

m
b 

V
 

K
07

C
5.

6 
  

Lv
a 

(a
ls

o 
pP

vl
, p

Le
t) 

Lv
a 

pL
vl

, S
te

 
pL

vl
, S

te
, p

Le
t 

V
 

W
08

E
3.

1 
sn

r-
2 

pP
vl

, p
Lv

a,
 p

Lv
l 

pP
vl

, p
Lv

a,
 p

Lv
l 

Lv
a,

 p
Lv

l 
Lv

a,
 p

Lv
l 

A
 

F5
8B

3.
7 

  
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
A

 
Z

K
68

6.
4 

sn
u-

23
 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

A
 

F4
3G

9.
5 

cf
im

-1
 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

A
 

Y
54

E
10

A
.9

 
vb

h-
1 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

V
 

B
03

36
.9

 
sw

p-
1 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

A
 

B
04

95
.8

 
  

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

V
 

B
05

11
.7

 
  

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

A
 

C
07

A
4.

1 
tia

r-
3 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

V
 

C
07

E
3.

1 
st

ip
-1

 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
A

 
C

07
H

6.
4 

  
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
A

 
C

14
A

4.
4 

cr
n-

3 
St

e 
St

e 
St

e 
St

e 
A

 
C

16
A

3.
8 

th
oc

-2
 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

V
 

C
26

D
10

.2
 

he
l-1

 
Lv

a,
 S

ck
, p

Lv
l, 

m
ov

em
en

t a
bn

or
m

al
 

Lv
a,

 S
ck

, p
Lv

l, 
m

ov
em

en
t a

bn
or

m
al

 
Lv

a,
 p

Lv
l 

Lv
a,

 p
Lv

l 

V
 

C
30

B
5.

4 
  

pP
vl

, p
Lv

a,
 p

Le
t 

pP
vl

, p
Lv

a,
 p

Le
t 

pP
vl

, p
Lv

a,
 p

Le
t, 

pE
m

b 
pP

vl
, p

Lv
a,

 p
Le

t, 
pE

m
b 

V
 

C
34

D
4.

12
 

cy
p-

12
 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

V
 

C
50

D
2.

5 
  

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

Lv
a,

 p
Lv

l 
Lv

a,
 p

Lv
l 

V
 

C
50

F2
.3

 
sy

f-
1 

Lv
a,

 S
ck

 
Lv

a,
 p

Lv
l 

G
ro

 
G

ro
 

149

SUPPLEMENTARY DATA



   
 

 
 

 
pr

p-
8(

ce
r2

2[
R

23
03

G
])

 
sn

rp
-2

00
(c

er
24

[S
10

80
L

])
 

R
N

A
i 

lib
ra

ry
 

R
N

A
i c

lo
ne

 
C

. e
le

ga
ns

 
lo

cu
s 

W
T

 (N
2)

 
pr

p-
8(

ce
r2

2)
 

W
T

 (N
2)

 
sn

rp
-2

00
(c

er
24

) 

V
 

C
C

4.
3 

sm
u-

1 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
R

bs
 

R
bs

 
V

 
D

20
89

.1
 

rs
p-

7 
Lv

a,
 S

ck
 

Lv
a,

 S
ck

 
Lv

a 
Lv

a 
V

 
E

01
A

2.
2 

  
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
A

 
E

E
E

D
8.

5 
m

og
-5

 
Lv

a,
 p

Pv
l, 

Sc
k 

Lv
a,

 p
Pv

l, 
Sc

k 
Lv

a,
 p

Pv
l 

Lv
a,

 p
Pv

l 
A

 
E

E
E

D
8.

7 
rs

p-
4 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

A
 

F0
1F

1.
7 

dd
x-

23
 

St
e 

St
e 

St
e 

St
e 

V
 

F0
9D

1.
1 

us
p-

39
 

pP
vl

,p
St

e,
 p

Le
t 

pP
vl

,p
St

e,
 p

Le
t 

pP
vl

,p
St

e,
 p

Le
t, 

pL
va

 
pP

vl
,p

St
e,

 p
Le

t, 
pL

va
 

A
 

F1
9F

10
.9

 
  

St
e,

 p
Pv

l, 
pL

va
 

St
e,

 p
Pv

l, 
pL

va
 

St
e,

 p
Pv

l, 
pL

va
, 

m
ov

em
en

t a
bn

or
m

al
, 

pL
et

 

St
e,

 p
Pv

l, 
pL

va
, 

m
ov

em
en

t a
bn

or
m

al
, 

pL
et

 
V

 
F2

2D
6.

5 
pr

pf
-4

 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
A

 
F2

5B
4.

5 
  

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

V
 

F2
6A

3.
2 

nc
bp

-2
 

St
e,

 p
Pv

l, 
m

ov
em

en
t 

ab
no

rm
al

 
St

e,
 p

Pv
l, 

m
ov

em
en

t 
ab

no
rm

al
 

St
e,

 p
Pv

l, 
m

ov
em

en
t 

ab
no

rm
al

 
St

e,
 p

Pv
l, 

m
ov

em
en

t 
ab

no
rm

al
 

V
 

F3
2B

6.
3 

  
pE

m
b 

pE
m

b 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
V

 
F3

7E
3.

1 
nc

bp
-1

 
St

e,
 p

Pv
l 

St
e,

 p
Pv

l 
St

e,
 p

Pv
l 

St
e,

 p
Pv

l 
V

 
F4

2H
10

.7
 

es
s-

2 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
A

 
F4

5C
12

.3
 

ce
h-

81
 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

A
 

F4
9D

11
.1

 
pr

p-
17

 
St

e,
 p

Pv
l 

St
e,

 p
Pv

l 
St

e,
 p

G
ro

 
St

e,
 p

Pv
l 

V
 

F5
3B

7.
3 

is
y-

1 
pP

vl
, L

va
  

pP
vl

,L
va

 (m
uc

h 
ea

rli
er

 th
an

 N
2)

 
pP

vl
, L

va
,p

Le
t 

pP
vl

, L
va

,p
Le

t 

A
 

F5
3H

1.
1 

  
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
V

 
F5

9E
10

.2
 

m
og

-6
 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

V
 

K
01

G
5.

1 
rn

f-
11

3 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
V

 
K

02
F3

.1
1 

rn
p-

5 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 

150



 

 
  

 
 

pr
p-

8(
ce

r2
2[

R
23

03
G

])
 

sn
rp

-2
00

(c
er

24
[S

10
80

L
])

 
R

N
A

i 
lib

ra
ry

 
R

N
A

i c
lo

ne
 

C
. e

le
ga

ns
 

lo
cu

s 
W

T
 (N

2)
 

pr
p-

8(
ce

r2
2)

 
W

T
 (N

2)
 

sn
rp

-2
00

(c
er

24
) 

A
 

K
03

H
1.

2 
m

og
-1

 
pL

et
, p

Em
b 

pL
et

, p
Em

b 
R

bs
, S

ck
 

R
bs

, S
ck

 
V

 
K

04
G

7.
10

 
rn

p-
7 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

V
 

K
08

D
10

.4
 

rn
p-

2 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
A

 
M

03
F8

.3
 

ph
i-1

2 
pP

vl
, L

va
, p

Le
t, 

St
e 

pP
vl

, L
va

, p
Le

t, 
St

e 
Lv

a 
Lv

a 
V

 
M

28
.5

 
  

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

V
 

R
07

E
5.

1 
  

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

A
 

R
07

E
5.

14
 

rn
p-

4 
St

e 
St

e 
pL

va
, p

Lv
l 

Lv
a,

 p
Pv

l, 
pL

vl
 

Lv
a,

 p
Lv

l 
V

 
R

09
B

3.
5 

m
ag

-1
 

pS
te

 
pS

te
 

pS
te

 
pS

te
 

A
 

R
10

7.
8 

lin
-1

2 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
R

bs
 

R
bs

 
A

 
T

03
F6

.2
 

dn
j-1

7 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
A

 
T

07
D

4.
3 

rh
a-

1 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
A

 
T

13
H

5.
4 

ph
i-8

 
St

e,
 p

Pv
l, 

Lv
a,

 p
Lv

l 
St

e,
 p

Pv
l, 

Lv
a,

 p
Lv

l 
Lv

a,
 S

ck
 

Lv
a,

 S
ck

, p
Le

t 
V

 
T

27
F2

.1
 

sk
p-

1 
Lv

a,
 p

Le
t, 

m
ov

em
en

t 
ab

no
rm

al
 

Lv
a,

 p
Le

t, 
m

ov
em

en
t 

ab
no

rm
al

 
Lv

a,
 S

ck
 

Lv
a,

 S
ck

, p
Le

t 

V
 

T
28

D
9.

2 
rs

p-
5 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

R
bs

, p
Em

b 
R

bs
, p

Em
b 

V
 

W
02

B
12

.2
 

rs
p-

2 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
V

 
W

02
B

12
.3

 
rs

p-
1 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

V
 

W
03

H
9.

4 
ca

cn
-1

 
pL

va
, p

Pv
l 

pL
va

, p
Pv

l 
pL

va
, p

Pv
l, 

pL
et

, 
pS

te
 

pL
va

, p
Pv

l, 
pL

et
, p

St
e 

V
 

W
07

E
6.

4 
pr

p-
21

 
pP

vl
, L

va
  

pP
vl

, L
va

  
Lv

a 
 

Lv
a 

 
A

 
W

08
D

2.
7 

m
tr

-4
 

pP
vl

, p
Lv

a 
pP

vl
, p

Lv
a 

St
e,

 p
Le

t 
St

e,
 p

Le
t 

V
 

Y
11

6A
8C

.4
2 

sn
r-

1 
Lv

a,
 m

ov
em

en
t 

va
ria

nt
 

Lv
a,

 m
ov

em
en

t 
va

ria
nt

 
Lv

a 
Lv

a 

V
 

Y
32

H
12

A
.2

 
th

oc
-5

 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
A

 
Y

41
E

3.
11

 
hr

pu
-1

 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
R

bs
 

R
bs

 

151

SUPPLEMENTARY DATA



   
 

 
 

 
pr

p-
8(

ce
r2

2[
R

23
03

G
])

 
sn

rp
-2

00
(c

er
24

[S
10

80
L

])
 

R
N

A
i 

lib
ra

ry
 

R
N

A
i c

lo
ne

 
C

. e
le

ga
ns

 
lo

cu
s 

W
T

 (N
2)

 
pr

p-
8(

ce
r2

2)
 

W
T

 (N
2)

 
sn

rp
-2

00
(c

er
24

) 

V
 

Y
47

G
6A

.2
0 

rn
p-

6 
R

up
, p

Lv
a,

 p
Le

t, 
pP

vl
 

R
up

, p
Lv

a,
 p

Le
t, 

pP
vl

 
St

e,
 p

Em
b,

 p
Pv

l 
St

e,
 p

Em
b,

 p
Pv

l 

V
 

Y
49

E
10

.1
5 

sn
r-

6 
Lv

a,
 p

Lv
l 

Lv
a,

 p
Lv

l 
Lv

a 
Lv

a 
V

 
Y

49
F6

B
.4

 
sm

u-
2 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

A
 

Y
52

B
11

A
.9

 
dx

bp
-1

 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
V

 
Y

55
F3

A
M

.3
 

rb
m

-3
9 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

V
 

Y
59

A
8B

.6
 

pr
p-

6 
Lv

a 
Lv

a,
 p

Lv
l 

Lv
a 

Lv
a 

V
 

Y
65

B
4A

.6
 

  
Lv

a,
 p

Lv
l, 

m
ov

em
en

t 
ab

no
rm

al
 

Lv
a,

 p
Lv

l, 
m

ov
em

en
t 

ab
no

rm
al

 
Lv

a,
 p

Lv
l 

Lv
a,

 p
Lv

l 

V
 

Y
71

F9
B

.4
 

sn
r-

7 
pL

va
, S

te
, S

ck
 

pL
va

, S
te

, S
ck

 
Lv

a 
Lv

a 
V

 
Y

87
G

2A
.6

 
cy

n-
15

 
N

o 
ph

en
ot

yp
e 

Em
b,

 S
te

, G
ro

 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
V

 
Z

K
10

67
.6

 
sy

m
-2

 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
V

 
Z

K
11

27
.9

 
tc

er
-1

 
N

o 
ph

en
ot

yp
e 

pG
ro

 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
V

 
Z

K
65

2.
1 

sn
r-

5 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
N

o 
ph

en
ot

yp
e 

N
o 

ph
en

ot
yp

e 
Th

e 
so

ur
ce

 fo
r t

he
 R

N
A

i c
lo

ne
 (A

hr
in

ge
r l

ib
ra

ry
 (A

) o
r O

R
Fe

om
e 

lib
ra

ry
 (V

))
, t

he
 n

am
e 

fo
r t

he
 c

or
re

sp
on

di
ng

 C
. e

le
ga

ns
 g

en
es

, t
he

 y
ea

st
 

an
d 

hu
m

an
 o

rth
ol

og
s, 

th
e 

sp
lic

eo
so

m
e 

co
m

pl
ex

 in
 w

hi
ch

 it
 p

ar
tic

ip
at

es
, f

ro
m

 w
hi

ch
 c

la
ss

 o
r f

am
ily

 o
f g

en
es

 it
 b

el
on

gs
 a

nd
 th

e 
ob

se
rv

ed
 

ph
en

ot
yp

e 
in

 c
er

22
 a

nd
 c

er
24

 sc
re

en
s, 

ar
e 

in
di

ca
te

d.
 T

he
 se

le
ct

ed
 in

te
ra

ct
or

s a
re

 h
ig

hl
ig

ht
ed

 in
 y

el
lo

w
. P

he
no

ty
pe

 a
bb

re
vi

at
io

ns
: S

te
: 

st
er

ili
ty

, R
bs

: r
ed

uc
ed

 b
ro

od
 si

ze
, G

ro
: d

ev
el

op
m

en
ta

l d
el

ay
, L

va
: l

ar
va

l a
rr

es
t, 

Pv
l: 

pr
ot

ru
di

ng
 v

ul
va

, L
et

: l
et

ha
lit

y,
 L

vl
: l

ar
va

l l
et

ha
lit

y,
 

Em
b:

 e
m

br
yo

ni
c 

le
th

al
, S

ck
: s

ic
k,

 R
up

: r
up

tu
re

d.
 “

p”
 b

ef
or

e 
a 

ph
en

ot
yp

e 
in

di
ca

te
s “

pa
rti

al
”.

  

152



SUPPLEMENTARY DATA 

153 
 

Supplementary Figure R. 2: List of drugs used in the drug screen, 

phenotypes obtained in the primary screen 

DRUG Resume of phenotypes (Substracting existing 

Gro, Lva and Ste in cer14) 

Microtracker 

read (day 4) 

N2 prp-8(cer14) N2 prp-

8(cer14) 

trans-Resveratrol  DMSO like DMSO like 44 40 

2,4-DPD DMSO like DMSO like 49 14 

DMOG DMSO like DMSO like 35 20 
Trichostatin A DMSO like DMSO like 31 12 

CAY10398 DMSO like DMSO like 28 29 

2,4-

Pyridinedicarboxylic 

Acid 

DMSO like DMSO like 50 6 

CAY10433 DMSO like DMSO like 44 12 
Piceatannol DMSO like DMSO like 40 12 

CAY10591 Gro DMSO like 16 0 

EX-527 Gro DMSO like 50 0 
SAHA DMSO like DMSO like 30 0 

2-PCPA 

(hydrochloride) 

DMSO like DMSO like 42 0 

1-Naphthoic Acid DMSO like DMSO like 19 0 

Sinefungin DMSO like DMSO like 36 3 

Suramin (sodium 

salt) 

DMSO like DMSO like 46 7 

3-amino Benzamide DMSO like DMSO like 50 13 

SB 939 DMSO like DMSO like 9 17 
PCI34051 DMSO like DMSO like 38 20 

4-iodo-SAHA DMSO like DMSO like 36 24 
Sirtinol DMSO like DMSO like 46 8 

C646 DMSO like DMSO like 36 0 

Tubastatin A 

(trifluoroacetat salt) 

DMSO like DMSO like 58 16 

Garcinol Gro DMSO like 5 27 

Suberohydroxamic 

Acid 

DMSO like DMSO like 50 4 

Apicidin Ste, Emb, Egl DMSO like 46 22 

UNC0321 

(trifluoroacetate salt) 

DMSO like DMSO like 52 0 

(-)-Neplanocin A DMSO like DMSO like 70 24 

Cl-Amidine DMSO like DMSO like 48 21 
F-Amidine 

(trifluoroacetate salt) 

DMSO like DMSO like 44 4 

JGB1741 DMSO like DMSO like 68 4 
UNC0638 Gro DMSO like 36 5 

Isoliquiritigenin Gro, Rbs Lva 2 2 

CCG-100602 DMSO like DMSO like 42 30 
CAY10669 Lva, Lvl Lva, Lvl 0 0 

Zebularine DMSO like DMSO like 70 48 

Delphinidin chloride DMSO like DMSO like 72 42 
PFI-1 DMSO like DMSO like 70 12 

5-Azacytidine DMSO like DMSO like 63 0 

(+)-JQ1 Gro, Ste Lva 6 10 

(-)-JQ1 Ste, Emb, Egl Lva 8 1 

BSI-201 DMSO like DMSO like 42 32 

AG-014699 DMSO like DMSO like 44 18 
IOX1 DMSO like DMSO like 73 7 

MI-2 (hydrochloride) DMSO like DMSO like 67 13 
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DRUG Resume of phenotypes (Substracting existing 

Gro, Lva and Ste in cer14) 

Microtracker 

read (day 4) 

N2 prp-8(cer14) N2 prp-

8(cer14) 

MI-nc 

(hydrochloride) 

DMSO like DMSO like 50 7 

Lomeguatrib DMSO like DMSO like 52 41 

Daminozide DMSO like DMSO like 44 1 

GSK-J1 (sodium salt) DMSO like DMSO like 23 2 
GSK-J2 (sodium salt) DMSO like DMSO like 48 22 

GSK-J4 

(hydrochloride) 

Lva, Lvl Lva, Lvl 3 0 

GSK-J5 

(hydrochloride) 

Ste, Emb, Egl Gro 14 1 

Valproic acid 

(sodium salt) 

DMSO like DMSO like 57 14 

Tenovin-1 DMSO like DMSO like 53 48 

Tenovin-6 DMSO like DMSO like 35 2 
Anacardic Acid Gro DMSO like 36 9 

AGK2 DMSO like DMSO like 42 2 

CAY10603 DMSO like DMSO like 28 10 
Chaetocin Lva Lva 0 1 

Splitomicin DMSO like DMSO like 52 0 

CBHA DMSO like DMSO like 19 2 
M 344 DMSO like DMSO like 84 14 

Oxamflatin DMSO like DMSO like 40 0 

Salermide DMSO like DMSO like 47 3 

Mirin DMSO like DMSO like 40 0 

Pimelic 

Diphenylamide 106 

DMSO like DMSO like 52 32 

(S)-HDAC-42 DMSO like DMSO like 46 0 

MS-275 DMSO like DMSO like 32 1 

RG-108 DMSO like DMSO like 30 22 
2',3',5'-triacetyl-5-

Azacytidine 

DMSO like DMSO like 47 25 

S-

Adenosylhomocystein

e 

DMSO like DMSO like 52 8 

UNC0224 DMSO like DMSO like 48 0 
Chidamide DMSO like DMSO like 48 33 

3-Deazaneplanocin A DMSO like DMSO like 39 34 

N-Oxalyglycine DMSO like DMSO like 36 0 
AMI-1 (sodium salt) DMSO like DMSO like 50 0 

UNC1215 DMSO like DMSO like 30 6 

Rapamycin 

(Sirolimus) 

DMSO like DMSO like 64 14 

Abiraterone (CB-

7598) 

DMSO like DMSO like 68 6 

Anastrozole DMSO like DMSO like 50 37 

Melatonin DMSO like DMSO like 78 24 

Clofarabine DMSO like DMSO like 48 10 
Leucovorin Calcium DMSO like DMSO like 57 10 

Posaconazole DMSO like DMSO like 63 5 
Artemisinin DMSO like DMSO like 48 2 

Sorafenib (Nexavar) Lva, Lvl Lva, Lvl 0 1 

Pemetrexed Gro DMSO like 26 12 
Aprepitant (MK-

0869) 

Lva, Lvl Lva, Lvl 0 1 

Bisoprolol DMSO like DMSO like 76 12 
Dacarbazine (DTIC-

Dome) 

DMSO like DMSO like 32 15 
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DRUG Resume of phenotypes (Substracting existing 

Gro, Lva and Ste in cer14) 

Microtracker 

read (day 4) 

N2 prp-8(cer14) N2 prp-

8(cer14) 

Methazolastone DMSO like DMSO like 67 14 

Prasugrel (Effient) DMSO like DMSO like 72 4 
Asenapine Lvl  Lvl  5 4 

Axitinib Ste, pPvl pPvl 6 9 

Sunitinib Malate 

(Sutent) 

DMSO like DMSO like 46 2 

Malotilate DMSO like DMSO like 78 24 

Bicalutamide 

(Casodex) 

DMSO like DMSO like 64 34 

Doxorubicin 

(Adriamycin) 

Gro DMSO like 70 9 

Dexrazoxane 

Hydrochloride 

DMSO like DMSO like 78 14 

Vincristine DMSO like DMSO like 45 2 
Ramelteon (TAK-

375) 

DMSO like DMSO like 70 10 

Bortezomib (Velcade) Lvl  Lvl 0 0 
Temsirolimus 

(Torisel) 

DMSO like DMSO like 91 2 

Ivacaftor (VX-770) Gro DMSO like 30 5 
Fulvestrant 

(Faslodex) 

DMSO like DMSO like 78 12 

Adrucil 

(Fluorouracil) 

DMSO like DMSO like 74 2 

Epirubicin 

Hydrochloride 

DMSO like DMSO like 84 9 

Agomelatine DMSO like DMSO like 68 20 

AMG-073 HCl 

(Cinacalcet 

hydrochloride) 

Lva, Lvl Lva, Lvl 0 2 

Bosutinib (SKI-606) Ste, pPvl, Gro Gro 16 6 

Vandetanib 

(Zactima) 

DMSO like DMSO like 86 4 

Docetaxel (Taxotere) Gro DMSO like 44 3 

Thalidomide DMSO like DMSO like 68 10 
Abitrexate 

(Methotrexate) 

Emb, Rbs DMSO like 40 2 

Oxaliplatin 

(Eloxatin) 

DMSO like DMSO like 73 11 

Leflunomide DMSO like DMSO like 74 32 

Celecoxib Gro DMSO like 68 40 
Dasatinib (BMS-

354825) 

Rbs DMSO like 55 4 

Vorinostat (SAHA) DMSO like DMSO like 87 12 
Paclitaxel (Taxol) Let, Rbs, 

Movement 

abnormal 

Lva, Lvl 10 0 

Exemestane DMSO like DMSO like 76 24 

Imiquimod DMSO like DMSO like 18 22 
Etoposide (VP-16) DMSO like DMSO like 80 1 

Vinblastine Let DMSO like 59 40 

Vemurafenib 

(PLX4032) 

DMSO like DMSO like 45 1 

Erlotinib HCl DMSO like DMSO like 82 8 

Masitinib (AB1010) DMSO like DMSO like 96 14 
Capecitabine 

(Xeloda) 

DMSO like DMSO like 78 26 
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DRUG Resume of phenotypes (Substracting existing 

Gro, Lva and Ste in cer14) 

Microtracker 

read (day 4) 

N2 prp-8(cer14) N2 prp-

8(cer14) 

Finasteride DMSO like DMSO like 86 6 

Bendamustine HCL DMSO like DMSO like 64 8 
Evista (Raloxifene 

Hydrochloride) 

DMSO like DMSO like 53 24 

MDV3100 

(Enzalutamide) 

Lva, Lvl Lva, Lvl 0 0 

Acarbose DMSO like DMSO like 60 10 

Gefitinib (Iressa) Lva DMSO like 0 4 
Crizotinib (PF-

02341066) 

DMSO like DMSO like 46 30 

Cisplatin DMSO like DMSO like 59 2 
Irinotecan DMSO like DMSO like 57 30 

Nelarabine 

(Arranon) 

DMSO like DMSO like 42 12 

Idarubicin HCl Lva Lva 1 0 

Dienogest DMSO like DMSO like 78 22 

Adapalene DMSO like DMSO like 69 3 
Imatinib Mesylate DMSO like DMSO like 96 8 

Vismodegib (GDC-

0449) 

DMSO like DMSO like 90 22 

Valproic acid sodium 

salt (Sodium 

valproate) 

DMSO like DMSO like 82 2 

Cladribine DMSO like DMSO like 78 4 

Bleomycin sulfate Lva, Lvl Lva, Lvl 2 1 

Topotecan HCl DMSO like DMSO like 76 37 
Entecavir hydrate DMSO like DMSO like 69 26 

Altretamine 

(Hexalen) 

DMSO like DMSO like 76 1 

Lenalidomide DMSO like DMSO like 72 4 

XL-184 

(Cabozantinib) 

Lva Lva 0 1 

Regorafenib (BAY 

73-4506) 

Lva, Lvl Lva, Lvl 0 0 

Decitabine DMSO like DMSO like 73 6 
Carboplatin DMSO like DMSO like 72 8 

2-Methoxyestradiol DMSO like DMSO like 86 36 

Nepafenac DMSO like DMSO like 82 16 
Amisulpride DMSO like DMSO like 64 11 

Nilotinib (AMN-107) DMSO like DMSO like 75 14 

Everolimus 

(RAD001) 

DMSO like DMSO like 86 10 

Ritonavir DMSO like DMSO like 69 24 

Dutasteride DMSO like DMSO like 89 22 
Clafen 

(Cyclophosphamide) 

DMSO like DMSO like 46 22 

Letrozole DMSO like DMSO like 90 4 
Rufinamide (Banzel) DMSO like DMSO like 58 3 

Aniracetam DMSO like DMSO like 73 0 
Allylthiourea DMSO like DMSO like 18 0 

Diphemanil 

methylsulfate 

DMSO like DMSO like 54 22 

Carbimazole DMSO like DMSO like 28 2 

Ronidazole DMSO like DMSO like 26 13 

Sodium nitrite DMSO like DMSO like 25 6 
Avanafil DMSO like DMSO like 70 19 

Vitamin D2 DMSO like DMSO like 57 36 
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DRUG Resume of phenotypes (Substracting existing 

Gro, Lva and Ste in cer14) 

Microtracker 

read (day 4) 

N2 prp-8(cer14) N2 prp-

8(cer14) 

Bextra (valdecoxib) DMSO like DMSO like 24 14 

Vitamin D3 

(Cholecalciferol) 

DMSO like DMSO like 42 10 

Pyrithione zinc Ste, Egl, Gro Lva 16 0 

Pemirolast (BMY 

26517) potassium 

DMSO like DMSO like 52 2 

Sodium Picosulfate DMSO like DMSO like 54 1 

Doxapram HCl DMSO like DMSO like 20 2 
valganciclovir 

hydrochloride 

DMSO like DMSO like 34 0 

Escitalopram oxalate DMSO like DMSO like 31 0 
Propranolol HCl DMSO like DMSO like 32 2 

Mirabegron (YM178) DMSO like DMSO like 42 31 

Tolcapone DMSO like DMSO like 25 4 
Dibucaine HCL DMSO like DMSO like 26 22 

Nabumetone DMSO like DMSO like 57 30 

Guanabenz acetate DMSO like DMSO like 47 27 
Mequinol DMSO like DMSO like 41 8 

Acebutolol HCl DMSO like DMSO like 60 4 

Probenecid 

(Benemid) 

DMSO like DMSO like 50 18 

Methazolamide DMSO like DMSO like 35 22 

Netilmicin Sulfate DMSO like DMSO like 44 0 

Dequalinium 

chloride 

Lva, Lvl Lva, Lvl (much earlier than 

N2) 

6 2 

Mefenamic acid DMSO like DMSO like 42 6 
Ampiroxicam DMSO like DMSO like 46 2 

 Procaine 

(Novocaine) HCl 

DMSO like DMSO like 50 2 

norethindrone DMSO like DMSO like 50 10 

Sertraline HCl Lva, Lvl Lva, Lvl 0 2 

Deferiprone DMSO like DMSO like 57 4 
Ticagrelor Ste, Sck Sck 5 2 

Desloratadine DMSO like DMSO like 50 22 

Homatropine 

Bromide 

DMSO like DMSO like 60 11 

olsalazine sodium DMSO like DMSO like 34 1 

Spironolactone DMSO like DMSO like 43 0 
tinidazole DMSO like DMSO like 44 17 

triamterene DMSO like DMSO like 68 2 

Sodium 

Monofluorophosphat

e  

DMSO like DMSO like 58 19 

Hydroxyzine 2HCl DMSO like DMSO like 52 2 
nafcillin sodium 

monohydrate 

DMSO like DMSO like 26 0 

Retapamulin DMSO like DMSO like 56 0 
Hexamethonium 

bromide 

DMSO like DMSO like 41 0 

sulfacetamide sodium DMSO like DMSO like 33 28 

Hyoscyamine 

(Daturine) 

DMSO like DMSO like 44 1 

Flavoxate HCl DMSO like DMSO like 21 8 

tetrahydrozoline 

hydrochloride 

DMSO like DMSO like 34 1 

Methyclothiazide DMSO like DMSO like 41 12 

Guanidine HCl DMSO like DMSO like 20 2 
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DRUG Resume of phenotypes (Substracting existing 

Gro, Lva and Ste in cer14) 

Microtracker 

read (day 4) 

N2 prp-8(cer14) N2 prp-

8(cer14) 

FK-506 (Tacrolimus) Gro, Emb, 

Egl, Reduced 
brod size 

DMSO like 6 6 

Cyclamic acid DMSO like DMSO like 51 34 

Aclidinium Bromide DMSO like DMSO like 48 1 
toltrazuril Gro, Ste Lva 10 1 

Ropivacaine HCl DMSO like DMSO like 50 1 

Decamethonium 

bromide 

DMSO like DMSO like 54 26 

Pimecrolimus DMSO like DMSO like 28 6 

Ouabain DMSO like DMSO like 34 1 
Bismuth 

Subsalicylate 

DMSO like DMSO like 42 28 

Bisacodyl DMSO like DMSO like 44 0 
Sodium 

Nitroprusside 

DMSO like DMSO like 44 13 

Aminosalicylate 

sodium 

DMSO like DMSO like 40 16 

Plerixafor 

(AMD3100) 

DMSO like DMSO like 54 0 

Floxuridine Ste, Emb, Egl DMSO like 10 25 

Ellagic acid DMSO like DMSO like 64 54 

Granisetron HCl DMSO like DMSO like 66 16 

Cefoselis sulfate DMSO like DMSO like 73 14 

Minoxidil DMSO like DMSO like 56 26 

Tigecycline DMSO like DMSO like 84 8 
Sildenafil citrate DMSO like DMSO like 82 0 

Zonisamide DMSO like DMSO like 68 10 

Ftorafur DMSO like DMSO like 90 2 
Etodolac (Lodine) DMSO like DMSO like 80 16 

Daptomycin DMSO like DMSO like 66 31 

Mosapride citrate DMSO like DMSO like 95 30 
Trilostane DMSO like DMSO like 56 6 

Sumatriptan 

succinate 

DMSO like DMSO like 91 35 

Atazanavir sulfate DMSO like Let 7 2 

Benazepril 

hydrochloride 

DMSO like DMSO like 68 18 

Ifosfamide DMSO like DMSO like 88 18 

Etomidate DMSO like DMSO like 48 7 

Ivermectin Lva, Lvl Lva, Lvl 0 1 
Doripenem Hydrate DMSO like DMSO like 94 22 

Nafamostat mesylate DMSO like DMSO like 70 16 

Vecuronium Bromide DMSO like DMSO like 81 7 
Tianeptine sodium DMSO like DMSO like 77 0 

Biperiden HCl DMSO like DMSO like 60 12 

Megestrol Acetate DMSO like DMSO like 90 5 
Felbamate DMSO like DMSO like 70 12 

Ketoconazole DMSO like DMSO like 80 3 
Dorzolamide HCL DMSO like DMSO like 74 8 

Omeprazole 

(Prilosec) 

DMSO like DMSO like 48 4 

Bimatoprost DMSO like DMSO like 80 24 

Tizanidine HCl DMSO like DMSO like 57 6 

Budesonide DMSO like DMSO like 86 15 
Mercaptopurine DMSO like DMSO like 78 3 

Fluconazole DMSO like DMSO like 62 3 
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DRUG Resume of phenotypes (Substracting existing 

Gro, Lva and Ste in cer14) 

Microtracker 

read (day 4) 

N2 prp-8(cer14) N2 prp-

8(cer14) 

Lansoprazole DMSO like DMSO like 70 17 

Gestodene DMSO like DMSO like 58 14 
Oxcarbazepine DMSO like DMSO like 90 24 

Linezolid (Zyvox) DMSO like DMSO like 79 0 

Topiramate Rbs DMSO like 32 2 
Bumetanide DMSO like DMSO like 10

0 

30 

Pamidronate 

Disodium 

DMSO like DMSO like 81 3 

Flumazenil DMSO like DMSO like 41 8 

Levetiracetam DMSO like DMSO like 58 2 
Drospirenone DMSO like DMSO like 80 14 

Pizotifen malate DMSO like DMSO like 70 11 

Alfuzosin 

hydrochloride 

(Uroxatral) 

DMSO like DMSO like 60 38 

Tranilast (SB 

252218) 

DMSO like DMSO like 61 2 

Camptothecin Lva, Lvl Lva, Lvl 0 4 

Streptozotocin 

(Zanosar) 

Rbs DMSO like 62 10 

Fluoxetine HCl Gro DMSO like 54 14 

Lidocaine 

(Alphacaine) 

DMSO like DMSO like 83 24 

Ruxolitinib 

(INCB018424) 

DMSO like DMSO like 72 22 

Resveratrol DMSO like DMSO like 68 24 

Clopidogrel (Plavix) DMSO like DMSO like 62 0 

Varenicline tartrate DMSO like DMSO like 80 8 
Carmofur Rbs, Emb, Egl DMSO like 42 4 

Zoledronic Acid 

(Zoledronate) 

DMSO like DMSO like 80 33 

Fluvoxamine maleate DMSO like DMSO like 56 8 

Loratadine DMSO like DMSO like 76 3 

Isotretinoin DMSO like DMSO like 74 4 
Rocuronium bromide DMSO like DMSO like 67 8 

Prazosin HCl DMSO like DMSO like 72 8 

Venlafaxine DMSO like DMSO like 76 16 
Cetirizine 

Dihydrochloride 

DMSO like DMSO like 83 11 

Dexamethasone DMSO like DMSO like 64 11 
Gatifloxacin DMSO like DMSO like 47 1 

Lopinavir (ABT-378) DMSO like DMSO like 78 2 

Stavudine DMSO like DMSO like 72 13 
Repaglinide DMSO like DMSO like 70 27 

Voriconazole DMSO like DMSO like 80 1 

Cilnidipine DMSO like DMSO like 70 6 
Doxazosin mesylate DMSO like DMSO like 58 0 

Genistein DMSO like DMSO like 70 20 
Acitretin DMSO like DMSO like 61 14 

Meropenem DMSO like DMSO like 68 6 

Teicoplanin DMSO like DMSO like 79 18 
Risedronate sodium Lva, Lvl Lva, Lvl 0 0 

Zileuton DMSO like DMSO like 56 1 

Cilostazol DMSO like DMSO like 66 4 
Edaravone (MCI-

186) 

DMSO like DMSO like 69 28 
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DRUG Resume of phenotypes (Substracting existing 

Gro, Lva and Ste in cer14) 

Microtracker 

read (day 4) 

N2 prp-8(cer14) N2 prp-

8(cer14) 

Glimepiride DMSO like DMSO like 50 4 

Biapenem DMSO like DMSO like 52 2 
Mianserin 

hydrochloride 

DMSO like DMSO like 56 2 

Tenofovir (Viread) DMSO like DMSO like 58 2 
Rolipram DMSO like DMSO like 80 30 

Ziprasidone 

hydrochloride 

DMSO like DMSO like 70 8 

Ponatinib (AP24534) Lva, Lvl Lva, Lvl 0 1 

Alprostadil 

(Caverject) 

DMSO like DMSO like 80 8 

Pimobendan 

(Vetmedin) 

Lva Lva 2 30 

Clotrimazole 

(Canesten) 

Lva, Lvl Lva, Lvl 1 0 

Prilocaine DMSO like DMSO like 81 4 

Erythromycin (E-

Mycin) 

DMSO like DMSO like 96 18 

Ketorolac (Toradol) DMSO like DMSO like 69 46 

Isradipine (Dynacirc) Gro, Rbs Gro 14 4 
Fludarabine 

(Fludara) 

DMSO like DMSO like 70 14 

Norfloxacin 

(Norxacin) 

DMSO like DMSO like 61 11 

Pomalidomide DMSO like DMSO like 62 4 

Rizatriptan Benzoate 

(Maxalt) 

DMSO like DMSO like 10
0 

16 

Darunavir 

Ethanolate (Prezista) 

DMSO like DMSO like 91 24 

Amphotericin B 

(Abelcet) 

DMSO like DMSO like 84 16 

Adenosine 

(Adenocard) 

DMSO like DMSO like 89 12 

Estrone DMSO like DMSO like 81 0 

Ofloxacin (Floxin) DMSO like DMSO like 61 2 
Pralatrexate 

(Folotyn) 

DMSO like DMSO like 82 22 

Tadalafil (Cialis) DMSO like DMSO like 78 0 
Tazarotene (Avage) DMSO like DMSO like 79 20 

Pyridostigmine 

Bromide (Mestinon) 

DMSO like DMSO like 92 0 

Prednisone 

(Adasone) 

DMSO like DMSO like 66 8 

Docosanol (Abreva) DMSO like DMSO like 71 8 
Cytarabine DMSO like DMSO like 77 30 

Marbofloxacin DMSO like DMSO like 10

2 

6 

Cefaclor (Ceclor) DMSO like DMSO like 64 0 

Cyclosporine 

(Neoral) 

DMSO like DMSO like 64 33 

Sulfasalazine 

(Azulfidine) 

DMSO like DMSO like 79 2 

Methimazole 

(Tapazole, Northyx) 

DMSO like DMSO like 80 2 

Acetylcysteine DMSO like DMSO like 80 15 
Ibuprofen (Advil) DMSO like DMSO like 60 19 

Zolmitriptan (Zomig) DMSO like DMSO like 71 1 
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DRUG Resume of phenotypes (Substracting existing 

Gro, Lva and Ste in cer14) 

Microtracker 

read (day 4) 

N2 prp-8(cer14) N2 prp-

8(cer14) 

Moxifloxacin 

hydrochloride 

DMSO like DMSO like 67 9 

Betamethasone 

(Celestone) 

DMSO like DMSO like 64 8 

Cidofovir (Vistide) DMSO like DMSO like 52 2 
Candesartan 

(Atacand) 

DMSO like DMSO like 72 0 

Metolazone 

(Zaroxolyn) 

DMSO like DMSO like 84 30 

Alendronate 

(Fosamax) 

DMSO like DMSO like 72 14 

Amprenavir 

(Agenerase) 

DMSO like DMSO like 97 11 

Telbivudine (Sebivo, 

Tyzeka) 

DMSO like DMSO like 70 29 

Calcitriol (Rocaltrol) DMSO like DMSO like 85 8 

Mycophenolate 

mofetil (CellCept) 

DMSO like DMSO like 66 18 

Natamycin 

(Pimaricin) 

DMSO like DMSO like 90 20 

Ubenimex (Bestatin) DMSO like DMSO like 89 7 

Cefoperazone 

(Cefobid) 

DMSO like DMSO like 56 22 

Ethinyl Estradiol DMSO like DMSO like 95 30 

Albendazole 

(Albenza) 

Prz Prz 1 3 

Monobenzone 

(Benoquin) 

DMSO like DMSO like 75 20 

Doxercalciferol 

(Hectorol) 

DMSO like DMSO like 11
2 

52 

Cephalexin 

(Cefalexin) 

DMSO like DMSO like 94 8 

Vinorelbine 

(Navelbine) 

DMSO like DMSO like 86 16 

Apixaban DMSO like DMSO like 84 32 
Silodosin (Rapaflo) DMSO like DMSO like 11

3 

5 

Naproxen (Aleve) DMSO like DMSO like 90 3 
Chlorothiazide DMSO like DMSO like 93 36 

Tretinoin (Aberela) Gro, Rbs Gro 54 4 

Alfacalcidol DMSO like DMSO like 82 14 
Dyphylline (Dilor) DMSO like DMSO like 84 4 

Telaprevir (VX-950) DMSO like DMSO like 86 6 

Reserpine DMSO like DMSO like 93 8 
Riluzole (Rilutek) DMSO like DMSO like 92 4 

Nitazoxanide (Alinia, 

Annita) 

DMSO like DMSO like 86 36 

Methyldopa 

(Aldomet) 

DMSO like DMSO like 82 5 

Phenylbutazone 

(Butazolidin, 

Butatron) 

DMSO like DMSO like 71 9 

Calcifediol DMSO like DMSO like 84 2 

Aztreonam 

(Azactam, Cayston) 

DMSO like DMSO like 86 18 

Saxagliptin (BMS-

477118,Onglyza) 

DMSO like DMSO like 80 1 
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DRUG Resume of phenotypes (Substracting existing 

Gro, Lva and Ste in cer14) 

Microtracker 

read (day 4) 

N2 prp-8(cer14) N2 prp-

8(cer14) 

Furosemide (Lasix) DMSO like DMSO like 82 36 

Risperidone 

(Risperdal) 

DMSO like DMSO like 79 0 

Orlistat (Alli, 

Xenical) 

DMSO like DMSO like 82 2 

Ursodiol (Actigal 

Urso) 

DMSO like DMSO like 84 4 

Ezetimibe (Zetia) Rbs DMSO like 66 7 
Iloperidone (Fanapt) DMSO like DMSO like 86 12 

Perindopril 

Erbumine (Aceon) 

DMSO like DMSO like 78 0 

Febuxostat (Uloric) DMSO like DMSO like 68 23 

Olmesartan 

medoxomil (Benicar) 

DMSO like DMSO like 62 15 

Sulfapyridine 

(Dagenan) 

DMSO like DMSO like 68 26 

Allopurinol 

(Zyloprim) 

DMSO like DMSO like 69 34 

Nitrofurazone 

(Nitrofural) 

DMSO like DMSO like 76 2 

Enalaprilat 

dihydrate 

DMSO like DMSO like 82 5 

Naratriptan HCl DMSO like DMSO like 70 19 

Irbesartan (Avapro) DMSO like DMSO like 36 20 

Nebivolol (Bystolic) DMSO like Lva, Gro 64 0 

Cefdinir (Omnicef) DMSO like DMSO like 72 10 
Sulfameter (Bayrena) DMSO like DMSO like 60 5 

Zafirlukast 

(Accolate) 

DMSO like DMSO like 81 33 

Ketoprofen (Actron) Gro DMSO like 60 2 

Dofetilide (Tikosyn) DMSO like DMSO like 76 10 

Disulfiram 

(Antabuse) 

DMSO like DMSO like 46 16 

Didanosine (Videx) DMSO like DMSO like 48 22 

Glipizide (Glucotrol) DMSO like DMSO like 49 6 
Indapamide (Lozol) DMSO like DMSO like 74 16 

Nevirapine 

(Viramune) 

DMSO like DMSO like 66 38 

Pyrazinamide 

(Pyrazinoic acid 

amide) 

DMSO like DMSO like 46 32 

Trifluridine 

(Viroptic) 

DMSO like DMSO like 57 22 

Ranitidine (Zantac) DMSO like DMSO like 64 16 
Mesalamine (Lialda) DMSO like DMSO like 68 24 

Divalproex sodium DMSO like DMSO like 64 18 

Glyburide (Diabeta) DMSO like DMSO like 38 6 
Mitotane (Lysodren) Lva, Lvl Lva, Lvl 0 0 

Niacin (Nicotinic 

acid) 

DMSO like DMSO like 46 26 

Quetiapine fumarate 

(Seroquel) 

DMSO like DMSO like 68 28 

Azacitidine (Vidaza) DMSO like DMSO like 38 34 

Acadesine DMSO like DMSO like 68 6 

Flucytosine 

(Ancobon) 

DMSO like DMSO like 76 10 

Ipratropium bromide DMSO like DMSO like 50 16 
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DRUG Resume of phenotypes (Substracting existing 

Gro, Lva and Ste in cer14) 

Microtracker 

read (day 4) 

N2 prp-8(cer14) N2 prp-

8(cer14) 

Emtricitabine 

(Emtriva) 

DMSO like DMSO like 79 6 

Adefovir Dipivoxil 

(Preveon, Hepsera) 

DMSO like DMSO like 75 10 

Methylprednisolone DMSO like DMSO like 53 0 
Nimodipine 

(Nimotop) 

DMSO like DMSO like 94 17 

Rifampin (Rifadin, 

Rimactane) 

DMSO like DMSO like 53 58 

Vidarabine (Vira-A) DMSO like DMSO like 8 2 

Trichlormethiazide 

(Achletin) 

DMSO like DMSO like 76 33 

Sulfanilamide DMSO like DMSO like 96 14 

Progesterone 

(Prometrium) 

DMSO like DMSO like 59 2 

Zalcitabine DMSO like DMSO like 76 8 

Meloxicam (Mobic) DMSO like DMSO like 79 2 
Nisoldipine (Sular) DMSO like DMSO like 68 0 

Beta Carotene DMSO like DMSO like 86 4 

Verteporfin 

(Visudyne) 

DMSO like DMSO like 18 4 

Loteprednol 

etabonate 

DMSO like DMSO like 36 22 

Betapar 

(Meprednisone) 

DMSO like DMSO like 50 10 

Lamivudine (Epivir) DMSO like DMSO like 65 12 
Azathioprine 

(Azasan, Imuran) 

DMSO like DMSO like 58 29 

Mesna (Uromitexan, 

Mesnex) 

DMSO like DMSO like 24 19 

L-Glutamine DMSO like DMSO like 73 35 

Cefditoren pivoxil Gro DMSO like 43 24 
Teniposide (Vumon) DMSO like DMSO like 46 8 

Aminocaproic acid 

(Amicar) 

DMSO like DMSO like 70 18 

Praziquantel 

(Biltricide) 

DMSO like DMSO like 46 15 

Eplerenone DMSO like DMSO like 38 15 
Indomethacin 

(Indocid, Indocin) 

DMSO like DMSO like 69 20 

Methocarbamol 

(Robaxin) 

DMSO like DMSO like 78 32 

Gadodiamide 

(Omniscan) 

DMSO like DMSO like 76 16 

Sulfadiazine DMSO like DMSO like 36 8 

Rifaximin (Xifaxan) DMSO like DMSO like 52 11 

Aminoglutethimide 

(Cytadren) 

DMSO like DMSO like 31 26 

Busulfan (Myleran, 

Busulfex) 

DMSO like DMSO like 57 24 

Hydrochlorothiazide DMSO like DMSO like 56 4 

Paliperidone (Invega) Gro, Rbs DMSO like 36 16 
Prednisolone 

(Hydroretrocortine) 

DMSO like DMSO like 70 20 

Oxybutynin 

(Ditropan) 

DMSO like DMSO like 69 29 

Chlorprothixene Gro, Rbs Gro 81 50 
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DRUG Resume of phenotypes (Substracting existing 

Gro, Lva and Ste in cer14) 

Microtracker 

read (day 4) 

N2 prp-8(cer14) N2 prp-

8(cer14) 

Bacitracin zinc DMSO like DMSO like 42 12 

Aminophylline 

(Truphylline) 

DMSO like DMSO like 80 36 

Carbamazepine 

(Carbatrol) 

DMSO like DMSO like 40 16 

Estradiol Gro Gro 65 5 

Terbinafine (Lamisil, 

Terbinex) 

DMSO like DMSO like 36 40 

Telmisartan 

(Micardis) 

DMSO like DMSO like 37 19 

Enoxacin (Penetrex) Gro, Rbs DMSO like 32 34 
Oxytetracycline 

(Terramycin) 

DMSO like DMSO like 53 27 

Simvastatin (Zocor) Gro, Rbs Gro 21 25 
Amorolfine 

Hydrochloride 

Gro Gro 56 3 

Hydrocortisone 

(Cortisol) 

DMSO like DMSO like 68 25 

Deferasirox (Exjade) DMSO like DMSO like 45 25 

Levodopa (Sinemet) DMSO like DMSO like 44 7 
Thiabendazole Movement 

abnormal 

Movement abnormal 15 0 

Pitavastatin calcium 

(Livalo) 

Gro DMSO like 30 48 

Thioguanine DMSO like DMSO like 60 16 

Ramipril (Altace) DMSO like DMSO like 68 12 
Chloramphenicol 

(Chloromycetin) 

DMSO like DMSO like 52 14 

Torsemide 

(Demadex) 

DMSO like DMSO like 44 36 

Piroxicam (Feldene) DMSO like DMSO like 52 22 

Levonorgestrel 

(Levonelle) 

DMSO like DMSO like 56 15 

Guaifenesin 

(Guaiphenesin) 

DMSO like DMSO like 33 22 

Rifapentine (Priftin) DMSO like DMSO like 50 10 

Toremifene Citrate 

(Fareston, 

Acapodene) 

Lva, Lvl Lva, Lvl 0 0 

Fenofibrate (Tricor, 

Trilipix) 

DMSO like DMSO like 64 15 

Flurbiprofen 

(Ansaid) 

DMSO like DMSO like 71 26 

Desonide DMSO like DMSO like 83 20 
Gemcitabine 

(Gemzar) 

DMSO like DMSO like 64 17 

Gemfibrozil (Lopid) DMSO like DMSO like 55 12 
Rifabutin 

(Mycobutin) 

DMSO like DMSO like 74 27 

Suprofen (Profenal) DMSO like DMSO like 50 41 

Ethionamide DMSO like DMSO like 66 22 

Ranolazine (Ranexa) DMSO like DMSO like 58 12 
Proparacaine HCl DMSO like DMSO like 65 22 

Cimetidine 

(Tagamet) 

DMSO like DMSO like 53 38 

Diltiazem HCl 

(Tiazac) 

DMSO like DMSO like 40 42 
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DRUG Resume of phenotypes (Substracting existing 

Gro, Lva and Ste in cer14) 

Microtracker 

read (day 4) 

N2 prp-8(cer14) N2 prp-

8(cer14) 

Felodipine (Plendil) Gro, Rbs Gro 52 3 

Vitamin B12 DMSO like DMSO like 61 8 
Sulfamethoxazole DMSO like DMSO like 60 22 

Levofloxacin 

(Levaquin) 

DMSO like DMSO like 40 24 

Primidone (Mysoline) DMSO like DMSO like 56 10 

Pranlukast DMSO like DMSO like 61 5 

Clemastine Fumarate Ste, Gro Gro 13 4 
Diphenhydramine 

HCl (Benadryl) 

DMSO like DMSO like 29 20 

Deflazacort (Calcort) DMSO like DMSO like 50 9 
Diclofenac DMSO like DMSO like 54 3 

Sulfisoxazole DMSO like DMSO like 66 17 

Enalapril maleate 

(Vasotec) 

DMSO like DMSO like 44 13 

Nefiracetam 

(Translon) 

DMSO like DMSO like 61 4 

Acetylcholine 

chloride 

DMSO like DMSO like 62 30 

Oxfendazole Ste, Egl, Dpy, 
Movement 

abnormal 

Dpy, Movement abnormal 0 0 

Curcumin Gro, Ste, Egl Gro 2 8 

Dapoxetine 

hydrochloride 

(Priligy) 

DMSO like DMSO like 40 14 

Nizatidine DMSO like DMSO like 46 37 

Avobenzone (Parsol 

1789) 

DMSO like DMSO like 40 24 

Crystal violet Lva, Lvl Lva, Lvl 0 0 

Menadione Gro DMSO like 48 12 

Acipimox DMSO like DMSO like 71 14 
Carvedilol DMSO like DMSO like 48 31 

Daidzein DMSO like DMSO like 70 38 

Risedronic acid 

(Actonel) 

DMSO like DMSO like 68 33 

Carbidopa DMSO like DMSO like 35 36 

Amlodipine 

(Norvasc) 

DMSO like DMSO like 74 48 

Haloperidol (Haldol) DMSO like DMSO like 50 30 

Metformin 

hydrochloride 

(Glucophage) 

DMSO like DMSO like 58 26 

Acyclovir (Aciclovir) DMSO like DMSO like 77 20 
Atracurium besylate Gro DMSO like 80 30 

Oxibendazole Prz Prz 24 0 

Tranexamic acid 

(Transamin) 

DMSO like DMSO like 73 12 

Valsartan (Diovan) DMSO like DMSO like 78 42 
Metronidazole 

(Flagyl) 

DMSO like DMSO like 73 42 

Phenindione 

(Rectadione) 

DMSO like DMSO like 74 10 

Methoxsalen 

(Oxsoralen) 

DMSO like DMSO like 74 20 

Nifedipine (Adalat) DMSO like DMSO like 53 14 

Butoconazole nitrate Lva, Lvl Lva, Lvl 0 0 
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DRUG Resume of phenotypes (Substracting existing 

Gro, Lva and Ste in cer14) 

Microtracker 

read (day 4) 

N2 prp-8(cer14) N2 prp-

8(cer14) 

Penicillamine 

(Cuprimine) 

DMSO like DMSO like 62 21 

Valaciclovir HCl DMSO like DMSO like 42 8 

Dipyridamole 

(Persantine) 

DMSO like DMSO like 68 19 

Flutamide (Eulexin) Ste, Egl, Emb Gro (more than usual) 31 12 

Alibendol DMSO like DMSO like 80 24 

Sulfamethizole 

(Proklar) 

DMSO like DMSO like 54 42 

Amiloride 

hydrochloride 

(Midamor) 

DMSO like DMSO like 62 52 

Azithromycin 

(Zithromax) 

DMSO like DMSO like 57 3 

Bifonazole Lva, Lvl Lva, Lvl 4 0 

Ganciclovir DMSO like DMSO like 64 6 

Hydroxyurea 

(Cytodrox) 

DMSO like DMSO like 50 34 

Fluvastatin sodium 

(Lescol) 

Gro DMSO like 45 24 

Irsogladine DMSO like DMSO like 59 32 

Sulbactam DMSO like DMSO like 58 24 

Chlorpheniramine 

Maleate 

DMSO like DMSO like 77 16 

Flubendazole 

(Flutelmium) 

DMSO like DMSO like 10 19 

Pefloxacin mesylate DMSO like DMSO like 54 30 

Roxatidine acetate 

HCl 

DMSO like DMSO like 57 21 

Potassium iodide DMSO like DMSO like 48 22 

Tioconazole Lva Lva 2 10 

Triamcinolone 

(Aristocort) 

DMSO like DMSO like 66 34 

Tolfenamic acid DMSO like DMSO like 59 21 

Clofibrate (Atromid-

S) 

DMSO like DMSO like 50 6 

Chloroxine DMSO like DMSO like 44 30 

Metoprolol tartrate DMSO like DMSO like 58 12 
Protionamide 

(Prothionamide) 

DMSO like DMSO like 47 18 

Tropisetron DMSO like DMSO like 44 1 
Disodium 

Cromoglycate 

DMSO like DMSO like 40 26 

Nystatin (Mycostatin) DMSO like DMSO like 48 2 
Pranoprofen DMSO like DMSO like 49 10 

Fenoprofen calcium DMSO like DMSO like 66 25 

Lomustine (CeeNU) Ste, Egl, Emb DMSO like 46 18 
Etidronate (Didronel) DMSO like DMSO like 49 8 

Idoxuridine DMSO like DMSO like 62 0 
Nicotinamide 

(Niacinamide) 

DMSO like DMSO like 62 0 

Tropicamide DMSO like DMSO like 56 10 
Isoniazid (Tubizid) DMSO like DMSO like 41 24 

Sulphadimethoxine DMSO like DMSO like 63 8 

Erdosteine DMSO like DMSO like 57 9 
Chenodeoxycholic 

acid 

DMSO like DMSO like 71 20 
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DRUG Resume of phenotypes (Substracting existing 

Gro, Lva and Ste in cer14) 

Microtracker 

read (day 4) 

N2 prp-8(cer14) N2 prp-

8(cer14) 

Diethylstilbestrol 

(Stilbestrol) 

Gro DMSO like 41 42 

Sparfloxacin DMSO like DMSO like 44 26 

Talc DMSO like DMSO like 49 17 

Pregnenolone DMSO like DMSO like 59 14 
Levamisole 

Hydrochloride 

(Ergamisol) 

pDpy, pRup Dpy 41 0 

Rimantadine 

(Flumadine) 

DMSO like DMSO like 33 16 

ATP (Adenosine-

Triphosphate) 

DMSO like DMSO like 67 24 

Sodium 

orthovanadate 

Ste DMSO like 4 12 

Chlormezanone 

(Trancopal) 

DMSO like DMSO like 24 2 

Aspartame DMSO like DMSO like 46 26 
Orphenadrine citrate 

(Norflex) 

DMSO like DMSO like 44 11 

Mitiglinide calcium DMSO like DMSO like 58 22 
Ivabradine HCl 

(Procoralan) 

DMSO like DMSO like 58 0 

Rasagiline mesylate DMSO like DMSO like 70 1 

Meclizine 2HCl Lva Lva 7 1 

Elvitegravir (GS-

9137) 

Lva Lva 6 0 

Ketotifen fumarate 

(Zaditor) 

DMSO like DMSO like 52 24 

Phentolamine 

mesilate 

DMSO like DMSO like 61 2 

Gimeracil DMSO like DMSO like 51 0 

Mecarbinate DMSO like DMSO like 48 13 
Rivastigmine tartrate 

(Exelon) 

DMSO like DMSO like 34 0 

Naltrexone HCl DMSO like DMSO like 56 0 
Nicorandil (Ikorel) DMSO like DMSO like 22 24 

Mometasone furoate DMSO like DMSO like 41 17 

Maraviroc DMSO like DMSO like 48 12 
Urapidil HCl DMSO like DMSO like 56 18 

Nimesulide DMSO like DMSO like 21 8 

Tolnaftate DMSO like DMSO like 42 0 
Lisinopril (Zestril) DMSO like DMSO like 38 14 

Dexmedetomidine 

HCl (Precedex) 

Gro DMSO like 34 38 

Tamoxifen Citrate 

(Nolvadex) 

Lva Lva 2 0 

Propylthiouracil DMSO like DMSO like 48 0 
Vicriviroc Malate DMSO like DMSO like 27 19 

Ginkgolide A DMSO like DMSO like 51 0 
Dyclonine HCl DMSO like DMSO like 72 34 

Terazosin HCl 

(Hytrin) 

DMSO like DMSO like 76 1 

Atorvastatin calcium 

(Lipitor) 

Gro DMSO like 34 0 

Betaxolol (Betoptic) DMSO like DMSO like 32 0 
Meglumine DMSO like DMSO like 40 4 
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DRUG Resume of phenotypes (Substracting existing 

Gro, Lva and Ste in cer14) 

Microtracker 

read (day 4) 

N2 prp-8(cer14) N2 prp-

8(cer14) 

Fluticasone 

propionate (Flonase, 

Veramyst) 

DMSO like DMSO like 50 8 

Raltegravir (MK-

0518) 

DMSO like DMSO like 56 11 

Ciprofloxacin (Cipro) DMSO like DMSO like 64 14 

Memantine HCl 

(Namenda) 

DMSO like DMSO like 49 18 

Bromhexine HCl DMSO like DMSO like 56 2 

Famotidine (Pepcid) DMSO like DMSO like 66 0 

Detomidine HCl DMSO like DMSO like 76 22 
Aripiprazole (Abilify) DMSO like DMSO like 42 14 

Lacidipine (Lacipil, 

Motens) 

Egl, Rbs, 

Movement 
abnormal 

DMSO like 12 2 

Pyrimethamine DMSO like DMSO like 58 18 

Diclazuril Lva Lva 0 0 
Cyproheptadine HCl 

(Periactin) 

DMSO like DMSO like 32 4 

Lovastatin (Mevacor) DMSO like DMSO like 52 16 
Moexipril HCl DMSO like DMSO like 44 0 

Fosinopril sodium 

(Monopril) 

Gro, Rbs Gro 40 8 

Sarafloxacin HCl DMSO like DMSO like 64 16 

Procarbazine HCl 

(Matulane) 

DMSO like DMSO like 80 8 

Sulindac (Clinoril) DMSO like DMSO like 41 0 

Uridine DMSO like DMSO like 69 12 

Doxifluridine Emb, Egl, Ste DMSO like 8 12 
Tiopronin (Thiola) DMSO like DMSO like 40 16 

Cleviprex 

(Clevidipine) 

DMSO like DMSO like 66 41 

Almotriptan malate 

(Axert) 

DMSO like DMSO like 60 8 

Methscopolamine 

(Pamine) 

DMSO like DMSO like 70 4 

Ondansetron 

(Zofran) 

DMSO like DMSO like 30 15 

Taurine DMSO like DMSO like 38 10 

Flunarizine 2HCl Lva, Lvl Lva, Lvl 0 3 

Lornoxicam (Xefo) DMSO like DMSO like 29 3 
Balofloxacin DMSO like DMSO like 47 28 

Cilazapril 

monohydrate 

(Inhibace) 

DMSO like DMSO like 46 14 

Ambrisentan DMSO like DMSO like 48 7 

Amiodarone HCl Lva, Lvl Lva, Lvl 0 0 
Liranaftate DMSO like DMSO like 54 10 

Suplatast tosylate DMSO like DMSO like 49 18 
Fenticonazole nitrate Lva, Lvl Lva, Lvl 0 0 

Strontium ranelate 

(Protelos) 

DMSO like DMSO like 64 4 

Lafutidine DMSO like DMSO like 43 16 

Adiphenine HCl DMSO like DMSO like 48 22 

Bexarotene DMSO like DMSO like 62 10 
Adenine DMSO like DMSO like 59 8 

D-Cycloserine DMSO like DMSO like 49 4 
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DRUG Resume of phenotypes (Substracting existing 

Gro, Lva and Ste in cer14) 

Microtracker 

read (day 4) 

N2 prp-8(cer14) N2 prp-

8(cer14) 

Mirtazapine 

(Remeron, Avanza) 

DMSO like DMSO like 70 36 

Rebamipide DMSO like DMSO like 69 4 

Captopril (Capoten) DMSO like DMSO like 62 0 

Moxonidine DMSO like DMSO like 40 2 
Duloxetine HCl 

(Cymbalta) 

pGro, pLet, 

Ste, Egl 

Gro 0 2 

Temocapril HCl DMSO like DMSO like 54 6 
Ticlopidine HCl DMSO like DMSO like 58 4 

Sodium butyrate DMSO like DMSO like 52 4 

Formoterol 

hemifumarate 

DMSO like DMSO like 32 6 

Epalrestat DMSO like DMSO like 38 18 

Cytidine DMSO like DMSO like 48 10 
Argatroban DMSO like DMSO like 64 0 

Trimebutine DMSO like DMSO like 42 25 

Gabexate mesylate DMSO like DMSO like 65 20 
Ibutilide fumarate DMSO like DMSO like 45 7 

Gabapentin 

(Neurontin) 

DMSO like DMSO like 38 10 

TAME DMSO like DMSO like 62 43 

10-DAB (10-

Deacetylbaccatin) 

DMSO like DMSO like 46 0 

Bethanechol chloride DMSO like DMSO like 27 16 

Fleroxacin 

(Quinodis) 

DMSO like DMSO like 48 2 

Nateglinide (Starlix) DMSO like DMSO like 41 14 

Propafenone 

(Rytmonorm) 

DMSO like DMSO like 39 0 

Probucol DMSO like DMSO like 54 12 

Sitafloxacin hydrate DMSO like DMSO like 52 6 

Eltrombopag (SB-

497115-GR) 

Gro DMSO like 34 6 

Paeoniflorin DMSO like DMSO like 43 7 

Chlorpromazine 

(Sonazine) 

Lva Lva 0 20 

Fluocinolone 

acetonide (Flucort-N) 

DMSO like DMSO like 55 19 

Neostigmine bromide 

(Prostigmin) 

DMSO like DMSO like 58 1 

Quinine 

hydrochloride 

dihydrate 

DMSO like DMSO like 52 16 

Azasetron HCl (Y-

25130) 

DMSO like DMSO like 76 19 

Arbidol HCl Egl, Ste, Gro Lva 21 0 

BIBR-1048 

(Dabigatran) 

Ste, pLet Lva 0 2 

Esomeprazole 

sodium (Nexium) 

Gro DMSO like 16 4 

Geniposide DMSO like DMSO like 61 38 

Clindamycin 

hydrochloride 

(Dalacin) 

DMSO like DMSO like 62 0 

Gallamine 

triethiodide 

(Flaxedil) 

DMSO like DMSO like 65 31 
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DRUG Resume of phenotypes (Substracting existing 

Gro, Lva and Ste in cer14) 

Microtracker 

read (day 4) 

N2 prp-8(cer14) N2 prp-

8(cer14) 

Nitrendipine DMSO like DMSO like 46 5 

Mizolastine 

(Mizollen) 

DMSO like DMSO like 52 12 

Dextrose (D-glucose) DMSO like DMSO like 58 5 

Tebipenem pivoxil 

(L-084) 

DMSO like DMSO like 44 4 

Fesoterodine 

fumarate (Toviaz) 

DMSO like DMSO like 54 20 

Genipin DMSO like DMSO like 74 0 

Clonidine 

hydrochloride 

(Catapres) 

DMSO like DMSO like 46 6 

Itraconazole 

(Sporanox) 

DMSO like DMSO like 69 0 

Novobiocin sodium 

(Albamycin) 

DMSO like DMSO like 54 4 

Flunixin meglumin DMSO like DMSO like 62 10 
Xylose DMSO like DMSO like 54 20 

Rosuvastatin calcium 

(Crestor) 

DMSO like DMSO like 39 2 

Artemether (SM-224) DMSO like DMSO like 30 0 

Geniposidic acid DMSO like DMSO like 45 7 

Clozapine (Clozaril) DMSO like DMSO like 68 13 

Lincomycin 

hydrochloride 

(Lincocin) 

DMSO like DMSO like 49 23 

Olanzapine 

(Zyprexa) 

DMSO like DMSO like 53 12 

Vinpocetine 

(Cavinton) 

DMSO like DMSO like 50 3 

Mestranol DMSO like DMSO like 62 16 

Dichlorphenamide 

(Diclofenamide) 

DMSO like DMSO like 36 17 

Nalidixic acid 

(NegGram) 

DMSO like DMSO like 50 6 

Tolbutamide DMSO like DMSO like 34 4 

Pramipexole 

(Mirapex) 

DMSO like DMSO like 32 18 

Loperamide 

hydrochloride 

Rbs DMSO like 10 8 

Olopatadine 

hydrochloride 

(Opatanol) 

DMSO like DMSO like 38 17 

Lapatinib Rbs DMSO like 24 1 
Naftopidil (Flivas) Gro, Rbs DMSO like 26 7 

BIBR 953 

(Dabigatran etexilate, 

Pradaxa) 

DMSO like DMSO like 54 6 

Ammonium 

Glycyrrhizinate 

(AMGZ) 

DMSO like DMSO like 43 20 

Levosimendan Gro, Ste, Egl, 
Movement 

abnormalo 

Gro, Movement abnormal 5 7 

Domperidone 

(Motilium) 

DMSO like DMSO like 60 2 
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DRUG Resume of phenotypes (Substracting existing 

Gro, Lva and Ste in cer14) 

Microtracker 

read (day 4) 

N2 prp-8(cer14) N2 prp-

8(cer14) 

Manidipine 

(Manyper) 

Lva Lva 1 0 

Oxymetazoline 

hydrochloride 

DMSO like DMSO like 62 10 

Blonanserin 

(Lonasen) 

DMSO like DMSO like 69 18 

S-(+)-Rolipram DMSO like DMSO like 72 14 

Aliskiren 

hemifumarate 

DMSO like DMSO like 44 13 

D-Mannitol 

(Osmitrol) 

DMSO like DMSO like 52 24 

Amantadine 

hydrochloride 

(Symmetrel) 

DMSO like DMSO like 73 8 

Donepezil HCl 

(Aricept) 

DMSO like DMSO like 56 1 

Milrinone (Primacor) DMSO like DMSO like 56 42 
Ozagrel DMSO like DMSO like 43 17 

Cisatracurium 

besylate (Nimbex) 

DMSO like DMSO like 33 4 

Fudosteine DMSO like DMSO like 58 14 

OSI-420 (Desmethyl 

Erlotinib) 

DMSO like DMSO like 37 13 

L-carnitine 

(Levocarnitine) 

DMSO like DMSO like 56 20 

Amfebutamone 

(Bupropion) 

DMSO like DMSO like 65 6 

Estriol DMSO like DMSO like 60 2 

Mitoxantrone 

Hydrochloride 

Lva Lva 18 0 

Pancuronium 

(Pavulon) 

DMSO like DMSO like 65 10 

Dronedarone HCl 

(Multaq) 

Lva Lvl? 0 0 

Atropine DMSO like DMSO like 76 20 
DAPT (GSI-IX) DMSO like DMSO like 44 0 

Sorbitol (Glucitol) DMSO like DMSO like 52 11 

Benserazide DMSO like DMSO like 43 22 
Famciclovir (Famvir) DMSO like DMSO like 63 13 

Moroxydine DMSO like DMSO like 72 4 

Pantothenic acid 

(pantothenate) 

DMSO like DMSO like 53 18 

Conivaptan HCl 

(Vaprisol) 

DMSO like DMSO like 44 34 

Roflumilast (Daxas) DMSO like DMSO like 70 12 

Apatinib (YN968D1) Lva Lva 0 0 

Cephalomannine Lva Lva 2 0 
Bupivacaine 

hydrochloride 

(Marcain) 

DMSO like DMSO like 42 12 

Fenbendazole 

(Panacur) 

Lva Lva 0 0 

Mycophenolic 

(Mycophenolate) 

DMSO like DMSO like 60 25 

Phenoxybenzamine 

HCl 

Gro, Emb, Egl DMSO like 6 4 

Tobramycin DMSO like DMSO like 72 6 



 

172 
 

DRUG Resume of phenotypes (Substracting existing 

Gro, Lva and Ste in cer14) 

Microtracker 

read (day 4) 

N2 prp-8(cer14) N2 prp-

8(cer14) 

Ciclopirox (Penlac) DMSO like DMSO like 30 23 

Trospium chloride 

(Sanctura) 

DMSO like DMSO like 61 18 

Amoxicillin sodium 

(Amox) 

DMSO like DMSO like 74 12 

Zidovudine 

(Retrovir) 

DMSO like DMSO like 44 12 

Pramiracetam DMSO like DMSO like 42 12 
Ethisterone DMSO like DMSO like 57 1 

Aspirin 

(Acetylsalicylic acid) 

DMSO like DMSO like 60 6 

Vardenafil (Vivanza) DMSO like DMSO like 46 20 

Dopamine 

hydrochloride 

(Inotropin) 

DMSO like DMSO like 65 34 

Tolterodine tartrate 

(Detrol LA) 

DMSO like DMSO like 44 16 

Isoprenaline 

hydrochloride 

DMSO like DMSO like 52 29 

Quinapril HCl 

(Accupril) 

DMSO like DMSO like 62 6 

Oseltamivir 

phosphate (Tamiflu) 

DMSO like DMSO like 54 2 

Clorsulon DMSO like DMSO like 50 10 

Niflumic acid DMSO like DMSO like 44 23 

Racecadotril 

(Acetorphan) 

DMSO like DMSO like 60 46 

Xylazine HCl DMSO like DMSO like 16 4 

Ritodrine 

hydrochloride 

(Yutopar) 

DMSO like DMSO like 52 15 

Azelastine 

hydrochloride 

(Astelin) 

Gro DMSO like 41 2 

Medroxyprogesteron

e acetate 

DMSO like DMSO like 60 4 

Trazodone 

hydrochloride 

(Desyrel) 

DMSO like DMSO like 41 2 

L-Thyroxine DMSO like DMSO like 62 0 

Arecoline DMSO like DMSO like 34 2 
Ribavirin (Copegus) DMSO like DMSO like 71 48 

Maprotiline 

hydrochloride 

DMSO like DMSO like 56 4 

Econazole nitrate 

(Spectazole) 

Lva, Lvl Lva, Lvl 0 0 

5-Aminolevulinic 

acid hydrochloride 

DMSO like DMSO like 64 17 

Neomycin sulfate DMSO like DMSO like 48 0 
Thiamphenicol 

(Thiophenicol) 

DMSO like DMSO like 60 6 

Acemetacin (Emflex) Emb, Egl, Rbs DMSO like 18 2 
Noradrenaline 

bitartrate 

monohydrate 

(Levophed) 

DMSO like DMSO like 56 20 
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DRUG Resume of phenotypes (Substracting existing 

Gro, Lva and Ste in cer14) 

Microtracker 

read (day 4) 

N2 prp-8(cer14) N2 prp-

8(cer14) 

Roxithromycin 

(Roxl-150) 

DMSO like DMSO like 36 18 

NAD+ DMSO like DMSO like 70 9 

Miconazole 

(Monistat) 

Lva, Lvl Lva, Lvl 0 0 

Clarithromycin 

(Biaxin, Klacid) 

DMSO like DMSO like 55 4 

Phenylephrine HCl DMSO like DMSO like 37 0 
Clobetasol 

propionate 

Lva, Lvl Lva, Lvl 0 0 

Tioxolone DMSO like DMSO like 50 24 
Peramivir Trihydrate DMSO like DMSO like 44 4 

Salbutamol sulfate 

(Albuterol) 

DMSO like DMSO like 56 10 

Naphazoline 

hydrochloride 

(Naphcon) 

DMSO like DMSO like 31 9 

Lomefloxacin 

hydrochloride 

(Maxaquin) 

DMSO like DMSO like 52 6 

Rosiglitazone 

(Avandia) 

DMSO like DMSO like 26 2 

Streptomycin sulfate DMSO like DMSO like 22 15 

Brompheniramine DMSO like DMSO like 41 16 

Idebenone Ste DMSO like 25 2 

Nilvadipine 

(ARC029) 

Gro Gro 13 13 

Scopolamine 

hydrobromide 

DMSO like DMSO like 60 8 

Epinephrine 

bitartrate 

(Adrenalinium) 

DMSO like DMSO like 54 16 

Riboflavin (Vitamin 

B2) 

DMSO like DMSO like 28 4 

Cortisone acetate 

(Cortone) 

DMSO like DMSO like 47 0 

Tetracaine 

hydrochloride 

(Pontocaine) 

DMSO like DMSO like 54 6 

Dimethyl Fumarate DMSO like DMSO like 48 16 

Mifepristone 

(Mifeprex) 

DMSO like DMSO like 17 1 

Hygromycin B Lva Lva 0 0 

Sotalol (Betapace) DMSO like DMSO like 67 9 
L-Adrenaline 

(Epinephrine) 

DMSO like DMSO like 43 2 

Clomipramine 

hydrochloride 

(Anafranil) 

Emb, Egl, Ste Gro 0 14 

Clomifene citrate 

(Serophene) 

Lva Lva 0 0 

Tetracycline HCl DMSO like DMSO like 58 14 
Calcium levofolinate 

(Calcium Folinate) 

DMSO like DMSO like 47 12 

Buflomedil HCl DMSO like DMSO like 54 1 
Carbazochrome 

sodium sulfonate 

DMSO like DMSO like 48 54 
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DRUG Resume of phenotypes (Substracting existing 

Gro, Lva and Ste in cer14) 

Microtracker 

read (day 4) 

N2 prp-8(cer14) N2 prp-

8(cer14) 

Spectinomycin 

hydrochloride 

DMSO like DMSO like 46 20 

DL-Adrenaline DMSO like DMSO like 60 0 

Cefprozil hydrate 

(Cefzil) 

DMSO like DMSO like 38 0 

Hydralazine 

hydrochloride 

DMSO like DMSO like 32 0 

Vancomycin HCl 

(Vancocin) 

DMSO like DMSO like 43 16 

Miglitol (Glyset) DMSO like DMSO like 42 0 

Fluocinonide (Vanos) DMSO like DMSO like 38 6 
Paroxetine HCl Lva Lva 12 6 

Sulfadoxine 

(Sulphadoxine) 

DMSO like DMSO like 54 2 

Phenytoin (Lepitoin) DMSO like DMSO like 62 17 

Scopine DMSO like DMSO like 31 11 

Oxacillin sodium 

monohydrate 

DMSO like DMSO like 33 0 

Xylometazoline HCl DMSO like DMSO like 38 10 

Pioglitazone (Actos) DMSO like DMSO like 43 22 
Pazopanib DMSO like DMSO like 48 9 

Tenoxicam 

(Mobiflex) 

Lva DMSO like 6 0 

Methacycline 

hydrochloride 

(Physiomycine) 

Gro DMSO like 6 4 

Tiotropium Bromide 

hydrate 

DMSO like DMSO like 53 0 

Cloxacillin sodium 

(Cloxacap) 

DMSO like DMSO like 32 26 

Phenacetin DMSO like DMSO like 29 3 

Tolvaptan (OPC-

41061) 

Gro, Rbs DMSO like 8 4 

Lonidamine Gro, Rbs DMSO like 12 1 

Amoxicillin 

(Amoxycillin) 

DMSO like DMSO like 46 10 

Daunorubicin HCl 

(Daunomycin HCl) 

Egl, Emb, Rbs DMSO like 5 26 

Palonosetron HCl DMSO like DMSO like 53 4 

Etravirine (TMC125) DMSO like DMSO like 48 6 

Trimethoprim DMSO like DMSO like 51 8 
Ibandronate sodium DMSO like DMSO like 43 2 

Anagrelide HCl DMSO like DMSO like 43 0 

Triflusal DMSO like DMSO like 68 4 
Clinafloxacin 

(PD127391) 

DMSO like DMSO like 30 6 

Pravastatin sodium DMSO like DMSO like 58 0 
Azelnidipine Ste, Egl, Let Lva 15 6 

Ulipristal DMSO like DMSO like 12 14 
Biotin (Vitamin B7) DMSO like DMSO like 48 33 

Articaine HCl DMSO like DMSO like 34 0 

Antipyrine DMSO like DMSO like 50 36 
Trifluoperazine 2HCl Lva Lva 1 0 

Pentamidine DMSO like DMSO like 38 0 

Rimonabant 

(SR141716) 

Lva, Lvl Lva, Lvl 0 0 

Bepotastine Besilate DMSO like DMSO like 51 10 
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DRUG Resume of phenotypes (Substracting existing 

Gro, Lva and Ste in cer14) 

Microtracker 

read (day 4) 

N2 prp-8(cer14) N2 prp-

8(cer14) 

Alverine Citrate DMSO like DMSO like 30 1 

Indacaterol Maleate pGro, Rbs DMSO like 34 25 
Sulfamerazine DMSO like DMSO like 58 28 

Gliquidone Gro, Rbs DMSO like 32 0 

L-Arginine HCl DMSO like DMSO like 48 4 
Catharanthine DMSO like DMSO like 54 12 

Cabazitaxel (Jevtana) Lva Lva 2 0 

Fosaprepitant 

dimeglumine 

Lva Lva 0 0 

Besifloxacin HCl 

(Besivance) 

DMSO like DMSO like 30 20 

2-Thiouracil DMSO like DMSO like 46 16 

Sulfamethazine DMSO like DMSO like 54 16 

Butenafine HCl Ste, Egl, Emb Gro 10 4 
Betahistine 2HCl DMSO like DMSO like 50 12 

Meptazinol HCl DMSO like DMSO like 39 2 

Bufexamac DMSO like DMSO like 38 6 
Droxidopa (L-DOPS) DMSO like DMSO like 40 9 

Danofloxacin 

Mesylate 

DMSO like DMSO like 46 2 

Creatinine DMSO like DMSO like 60 10 

Sodium salicylate DMSO like DMSO like 37 2 

Mepivacaine HCl DMSO like DMSO like 52 22 

Carbenicillin 

disodium 

DMSO like DMSO like 43 42 

Fexofenadine HCl DMSO like DMSO like 51 32 
Lamotrigine DMSO like DMSO like 64 6 

Rofecoxib (Vioxx) DMSO like DMSO like 34 1 

Enrofloxacin DMSO like DMSO like 57 3 
Moguisteine DMSO like DMSO like 50 2 

Methylthiouracil DMSO like DMSO like 60 1 

Naftifine HCl Gro, Rbs DMSO like 26 2 
Flumequine DMSO like DMSO like 38 29 

Amidopyrine DMSO like DMSO like 58 26 

PMSF 

(Phenylmethylsulfon

yl Fluoride) 

DMSO like DMSO like 30 6 

Lurasidone HCl Ste, Egl, Emb DMSO like 8 11 
Medetomidine HCl Gro DMSO like 31 0 

Nadifloxacin DMSO like DMSO like 68 36 

Methenamine 

(Mandelamine) 

DMSO like DMSO like 60 34 

Tylosin tartrate DMSO like DMSO like 45 26 

Amitriptyline HCl DMSO like DMSO like 67 8 
Moclobemide DMSO like DMSO like 48 48 

Niclosamide 

(Niclocide) 

DMSO like DMSO like 42 2 

Cinepazide maleate DMSO like DMSO like 49 4 

Diclofenac 

Diethylamine 

DMSO like DMSO like 35 29 

Vitamin C (Ascorbic 

acid) 

DMSO like DMSO like 47 2 

Milnacipran HCl DMSO like DMSO like 26 32 

Benztropine mesylate DMSO like DMSO like 44 22 

Azatadine dimaleate DMSO like DMSO like 75 36 
Pergolide mesylate DMSO like DMSO like 32 35 

Linagliptin (BI-1356) DMSO like DMSO like 48 12 
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DRUG Resume of phenotypes (Substracting existing 

Gro, Lva and Ste in cer14) 

Microtracker 

read (day 4) 

N2 prp-8(cer14) N2 prp-

8(cer14) 

Azilsartan (TAK-

536) 

DMSO like DMSO like 40 18 

Naloxone HCl DMSO like DMSO like 32 4 

Sulfathiazole DMSO like DMSO like 65 18 

Darifenacin HBr DMSO like DMSO like 28 18 
Abacavir sulfate DMSO like DMSO like 43 28 

(+,-)-Octopamine 

HCl 

DMSO like DMSO like 51 8 

Lithocholic acid Gro, Rbs Gro 17 1 

Bindarit Lva, Lvl Lva, Lvl 0 0 

Otilonium Bromide Lva, Lvl Lva, Lvl 0 0 
(R)-baclofen DMSO like DMSO like 36 9 

Ornidazole DMSO like DMSO like 38 1 

Tripelennamine HCl DMSO like DMSO like 36 18 
Altrenogest Rbs DMSO like 44 0 

Azlocillin sodium salt DMSO like DMSO like 38 19 

Ethambutol HCl DMSO like DMSO like 29 10 
Vildagliptin (LAF-

237) 

DMSO like DMSO like 68 10 

Solifenacin succinate DMSO like DMSO like 50 19 
Atovaquone 

(Atavaquone) 

DMSO like DMSO like 46 2 

Amikacin hydrate DMSO like DMSO like 43 0 

Entacapone DMSO like DMSO like 62 9 

Ampicillin sodium DMSO like DMSO like 47 0 

Azacyclonol DMSO like DMSO like 44 0 
Doxycycline HCl Gro, Ste Lva 2 0 

 

Phenotype abbreviations: Ste: sterility, Rbs: reduced brood size, Gro: slow 

growth, Lva: larval arrest, Pvl: protruding vulva, Let: lethality, Lvl: larval 

lethality, Emb: embryonic lethal, Sck: sick, Rup: ruptured, Egl: egg laying 

defective, Dpy: dumpy. Shaded area denotes drugs that were selected for re-

testing
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Supplementary Figure R. 1: Validation of candidates for sensitivity obtained 

from drug screen.  
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Worm length of WT and s-adRP strains upon treatment with dequalinium Cl (A, 

N=3, except N=2 at 50 µM; n≥69).), flutamide (B, N=3, n≥147), doxycycline 

hyclate (E, N=3, n≥174) and dronedarone (E, N=1, n≥44). Panels C and D show 

dose-response curve for dequalinium Cl (N=3, except N=2 at 50 µM; n≥69) and 

flutamide (N=3, n≥147), respectively. (A, B, E and F) Each dot represents the 

length of an individual worm, box plot indicates the median with the IQR and 

whiskers the ± 1.5 product of IQR. The difference between control concentration 0 

and the tested drug concentrations of the WT was compared to the difference of the 

mutants’. Aligned rank transformation followed by two-way ANOVA and F test to 

test interaction was applied. ns indicates not significant, * p<0.05 and *** p<0.001. 

Red color of the asterisks indicates that the observed differences stand against our 

initial hypothesis of sensitivity. Note that prp-8(cer14) and snrp-200(cer23) have 

a highly reduced length even at control conditions, producing an artefactual low 

reduction in size upon any effective drug treatment, and thus hamstring the correct 

interpretation of such reduction. (C and D) Each dot represents the median length 

at each condition and the line represents log-logistic distribution. 

 

 

Supplementary Figure R. 2: High inter-replicate variability of Pegl1::gfp 

reporter hinders the conclusion of sensitivity in the strong prp-8(cer14) mutant 

background. Results of prp-8(cer14) strains crossed with Pegl-1::gfp (simplified 

with the name of s-adRP strain) upon exposure to UV light with boxplots for each 

replicate. The GFP signal varies greatly in different replicates being two that show 

sensitivity of cer14 than WT and one resistance. Each dot represents the number 

of GFP expressing cells, bars represent the median with the ± 1.5 product of IQR. 

N=3, n≥19. Kruskal-Wallis with Dunn’s post-hoc analysis: ns indicates not 

significant, *** p<0.01 and **** p<0.0001. 



SUPPLEMENTARY DATA 

179 
 

 

Supplementary Figure R. 3: Poly (T) smFISH of L1 and L2 animals. Most of 

the body cells present a diffuse signal with the exception of perinuclear foci 

resembling P-granules encountered in the germ cells (white arrow).  
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Supplementary Figure R. 4: Characterization of developmental delay (A), 

overt phenotypes (B), and embryonic lethality (C) of ama-1(cer135) and 

s-adRP doube mutants. 

(A) Developmental timing. The size of each dot is proportional to the percentage 

of the population at a given developmental stage, starting with a synchronized 

population and grown at 20oC (N=1, n≥71). (B) Donnut plots representing visually 

observable phenotypes detected in mutant strains. (N=1, n≥72). Abbreviations: 

Bag: bag of worms, Dpy: dumpy, Gro: slow growth, Let: lethality, Lvl: larval 

lethality, Muv: multivulva, Pvl: protruding vulva, Rup: ruptured, Sck: sick, Ste: 
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sterile. NO: No observable phenotype. (C) Each dot represents the number of death 

embryos of a single worm, and bars represent the median with the IQR and 

whiskers ± 1.5 product of IQR (N=2, n≥21). Kruskal-Wallis with Dunn’s post-hoc 

analysis: ns indicates not significant, * p<0.05, and *** p<0.001. 

 

 

Supplementary Figure R. 5: Semiquantitative PCR results of synchronized 

populations show the strong allele prp-8(cer14) present AS events in brd-1, 

rnf-1, and C05C10.7 at 50h (white arrows).  
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Gels showing electrophoresis results with the AS events (red arrows) and 

canonically spliced transcript sizes (blue arrows) depicted. Only allele names of 

prp-8(cer14), prp-8(cer22), snrp-200(cer23), and snrp-200(cer24) are shown for 

simplicity. (A) Gels from RNA extracted 25h post-L1, (B) 40h post-L1, and (C) 

50h post-L1. 
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