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Abstract 

 

Cilia are microtubule-based structures that extend outwards from the surface of many cell 

types. The assembly and function of cilia rely on a specialized bidirectional transport system 

termed Intraflagellar transport (IFT). During this process, kinesin-2 and dynein-2 motors 

transport cargo into, and out of cilia, across the transition zone, a dense structure near the 

ciliary base that separates the cytoplasm from the intraciliary environment. 

The dynein-2 motor is a multi-subunit complex built of heavy, intermediate, light-

intermediate, and light chains. In this work, we identified the C. elegans ortholog of the 

intermediate chain WDR60, and studied its role in dynein-2 function. Loss of WDR-60 did 

not compromise axoneme extension, but resulted in a reduced incorporation of dynein-2 

motors onto anterograde IFT trains. In turn, retrograde IFT kinetics became impaired, and 

dynein-2 motors could no longer generate enough force to efficiently push retrograde IFT 

trains through the transition zone to exit cilia. More recently, we observed that loss of WDR-

60 may also result in partial uncoupling of some components from retrograde IFT trains. 

Strikingly, we found that removing the NPHP module from the transition zone was enough 

to restore the ciliary exit of IFT trains in the absence of WDR-60. 

To test whether WDR-60 functions are interconnected during IFT, we generated N-terminal 

deletion mutants, including one lacking a highly conserved domain that binds IFT-54 during 

anterograde IFT. However, deletion of this domain did not reduce the loading of dynein-2 

motors onto anterograde trains, reinforcing that other important interactions must still occur 

between the dynein-2 complex and the anterograde IFT train. During the process of 

generating the potential separation of function mutants, we also found an upstream region 

of the wdr-60 coding sequence that appears to be important for its transcription. 

We also searched for a C. elegans ortholog of the intermediate chain WDR34, and found 

that DYCI-1 (the intermediate chain of dynein-1) was the protein with the highest sequence 

homology. However, we were never able to detect DYCI-1 inside cilia of sensory neurons, 

suggesting that it is not part of the dynein-2 complex. Thus, it remains unclear whether there 

is another dynein-2-specific intermediate chain in C. elegans, or if WDR-60 forms a 

homodimer. 

Together, our results contribute to understanding the molecular mechanisms underlying 

WDR60-related ciliopathies, while also shedding light on the interplay between the transition 

zone and the passage of IFT trains. 
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Resumo 

 

Os cílios são estruturas baseadas em microtúbulos que se estendem a partir da superfície 

de diversos tipos de células. A construção e a função dos cílios dependem de um sistema 

de transporte bidirecional especializado denominado Transporte intraflagelar (IFT). Durante 

este processo, os motores cinesina-2 e dineína-2 transportam carga para dentro e para 

fora dos cílios, através da zona de transição, uma estrutura densa próxima da base do cílio 

que separa o citoplasma do ambiente intraciliar. 

O motor dineína-2 é um complexo de múltiplas subunidades constituído por cadeias 

pesadas, intermédias, intermédias-leves e leves. Neste trabalho, identificámos o ortólogo 

da cadeia intermédia WDR60 em C. elegans, e analisámos o seu papel na função da 

dineína-2. A perda de WDR-60 não comprometeu a extensão do axonema, mas resultou 

numa incorporação reduzida de motores dineína-2 em comboios de IFT anterógrados. Por 

sua vez, a cinética retrógrada do IFT ficou prejudicada e os motores dineína-2 ficaram 

incapazes de gerar força suficiente para transportar eficientemente os comboios de IFT 

retrógrados através da zona de transição para sair dos cílios. Mais recentemente, 

observámos que a perda de WDR-60 também pode resultar no desacoplamento parcial de 

alguns componentes dos comboios de IFT retrógrados. Notavelmente, descobrimos que a 

remoção do módulo NPHP da zona de transição foi suficiente para restaurar a saída ciliar 

dos comboios de IFT na ausência de WDR-60. 

Para testar se as funções do WDR-60 estão interconectadas durante o IFT, gerámos 

mutantes de deleção N-terminal, incluindo um que perde um domínio altamente 

conservado que se liga ao IFT-54 durante o IFT anterógrado. No entanto, a deleção deste 

domínio não reduziu o carregamento dos motores dineína-2 nos comboios anterógrados, 

reforçando a ideia de que outras interações importantes ainda devem ocorrer entre o 

complexo dineína-2 e o comboio anterógrado de IFT. Durante o processo de geração de 

mutantes para separação de função, também encontrámos uma região a montante da 

sequência codificante do wdr-60 que aparenta ser importante para a sua transcrição. 

Também procurámos por um ortólogo da cadeia intermédia WDR34 em C. elegans e 

descobrimos que a DYCI-1 (a cadeia intermédia da dineína-1) era a proteína com a maior 

homologia de sequência. No entanto, nunca conseguimos de detetar a DYCI-1 dentro dos 

cílios dos neurónios sensoriais, o que sugere que não faz parte do complexo dineína-2. 

Desta forma, ainda não é claro se existe outra cadeia intermédia específica da dineína-2 

em C. elegans, ou se a WDR-60 forma um homodímero. 
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Os resultados obtidos neste trabalho contribuem para a compreensão dos mecanismos 

moleculares subjacentes às ciliopatias relacionadas com WDR60, e contribuem para 

elucidar a interação entre a zona de transição e a passagem dos comboios de IFT. 
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1.1. Cilia biology and function 

 

Cilia are specialized microtubule-based organelles protruding from the surface of the 

plasma membrane in several organisms. These structures were first observed by 

Leeuwenhoek, in the seventeenth century, when looking at rainwater under a primitive 

homemade microscope. Back then, Leeuwenhoek referred to cilia as “little feet” at the 

surface of very small “animalcules” (Lane, 2015). 

Since then, very diverse ciliary structures have been described across species, or even 

within the same organism (Figure 1). These organelles can be motile or non-motile, 

depending on their function. Motile cilia are usually involved in fluid flow or cell locomotion, 

such as the airway cilia or the sperm flagellum, respectively. On the other hand, non-motile 

cilia (also known as primary cilia), possess sensory functions and participate in cell signaling 

pathways such as Wnt, Notch, or Shh (Choksi et al., 2014, Mitchison and Valente, 2017). 

In humans, mutations in genes that encode ciliary components can lead to several 

pathologies that are collectively referred to as ciliopathies, which typically have an 

autosomal recessive transmission pattern (Mitchison and Valente, 2017, Braun and 

Hildebrandt, 2017). Ciliopathy symptoms manifest early during development or later in life, 

and include polycystic kidneys, brain developmental defects, retinal degeneration, skeletal 

malformations, or congenital heart disease (Braun and Hildebrandt, 2017, Mitchison and 

Valente, 2017). 
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Figure 1 - Different types of cilia in vertebrates.  (A) The sperm flagellum beats to power sperm 

movement. (B) Nodal cilia move to establish left-right asymmetry during development. (C) Airway 

cilia move to drive mucus flow. (D) Ependymal cilia move to circulate cerebrospinal fluid. (E) Signaling 

cilia detect extracellular messengers to activate signaling pathways. (F) Cilia in the kidneys sense 

urine flow. (G) Olfactory cilia detect odorant molecules. (H) Kinocilia participate in hair cell 

morphogenesis during development. (I) The connecting cilium supports a photoreceptor-rich 

protrusion in retinal cells. Adapted from (Choksi et al., 2014). 

 

 

1.2. Intraflagellar transport (IFT) 

 

The scaffold of every type of cilia is a microtubule-based axoneme that extends from the 

basal body. Molecular motors bind this axoneme to transport cargo into, and out of cilia, in 

a dynamic process termed Intraflagellar Transport (IFT) (Figure 2). This bidirectional 

transport system was first discovered in Chlamydomonas, when the Rosenbaum lab 
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observed small granular particles moving along the length of flagella (Kozminski et al., 

1993). Distal to the basal body, the transition zone (TZ) acts as a dense gate that controls 

what enters and exits cilia, and only allows passive diffusion of small particles, to maintain 

a specialized environment inside cilia. (Garcia-Gonzalo and Reiter, 2017). 

During intraflagellar transport, large protein complexes, commonly called IFT trains, are 

assembled at the ciliary base and are transported in the anterograde direction by kinesin-2 

motors through the transition zone and into the cilium. These travel along the length of the 

axoneme, until they reach the ciliary tip for the delivery of ciliary components, such as 

tubulin or membrane receptors. Once at the tip, anterograde IFT trains are remodeled into 

retrograde IFT trains which are then transported by dynein-2 motors along the axoneme 

track in the opposite direction, until they cross the transition zone, and reach the ciliary 

base. This, in turn, serves to deliver signaling molecules, as well as ciliary turnover products, 

back to the cytoplasm (Ishikawa and Marshall, 2011). IFT is required for the building and 

maintenance of nearly all types of cilia. Known exceptions are the cilia of P. falciparum and 

the Drosophila sperm flagellum, where the axoneme is built in the cytoplasm in an IFT-

independent manner, and then expelled to a membrane bulge (Sinden et al., 1976, Han et 

al., 2003, Sarpal et al., 2003). 

IFT trains are built of large multiprotein complexes that associate with kinesin-2 and dynein-

2 motors to transport cargo between the cilium and the cytoplasm. These large complexes 

can be divided into the IFT-A, IFT-B, and the BBSome. 

The IFT-A complex contains 6 proteins and is typically divided into the core IFT-A1 complex 

(IFT144, IFT140, and IFT122), and the peripheral IFT-A2 complex (IFT43, IFT121, and 

IFT139), which are bridged by IFT122 (Lacey et al., 2023, Hesketh et al., 2022). IFT-A has 

traditionally been associated with retrograde IFT, as mutants of this complex across species 

display distal ciliary accumulations of IFT material, typical of defective retrograde transport 

(Iomini et al., 2001, Piperno et al., 1998, Quidwai et al., 2021). Recent work by our lab has 

uncovered that the IFT-A complex is required for the assembly of the retrograde IFT train, 

and the efficient activation of the dynein-2 motor (Goncalves-Santos et al., 2023). 

Interestingly, other studies have shown that the IFT-A complex is also involved in the import 

of ciliary membrane receptors through the concerted action with the TULP3 adaptor 

(Hesketh et al., 2022, Mukhopadhyay et al., 2010, Loktev and Jackson, 2013, Sun et al., 

2012, Mukhopadhyay et al., 2013, Badgandi et al., 2017). 

The IFT-B complex contains 16 proteins which are comprised into 2 subcomplexes 

(Nakayama and Katoh, 2018): the core IFT-B1 subcomplex, composed of 10 proteins 

(IFT22, IFT25, IFT27, IFT46, IFT52, IFT56, IFT70, IFT74, IFT81, and IFT88); and the 
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peripheral IFT-B2 subcomplex, composed by 6 proteins (IFT20, IFT38, IFT54, IFT57, IFT80, 

IFT172). IFT-B1 is known to bind and activate kinesin-2 motors (Mohamed et al., 2018, 

Funabashi et al., 2018), and to transport tubulin into the cilium (Kubo et al., 2016, Bhogaraju 

et al., 2013). IFT-B2 is thought to be involved in the anterograde transport of dynein-2 to 

the tip of cilia (Jordan et al., 2018, Lacey et al., 2023, Zhu et al., 2021, Hiyamizu et al., 

2023). Overall, the IFT-B complex has a strong connection with anterograde IFT, and 

mutations in this complex can lead to severe ciliary phenotypes, or even absence of cilia 

(Berbari et al., 2011, Katoh et al., 2017, Katoh et al., 2016, Houde et al., 2006). 

Lastly, the BBSome (Bardet-Biedl syndrome complex) is a specialized complex made of 8 

proteins (BBS1, BBS2, BBS4, BBS5, BBS7, BBS8, BBS9, and BBS18) that is involved in 

the removal of activated GPCRs (G-protein-coupled receptors) from cilia via retrograde IFT 

(Ye et al., 2018). 

However, these complexes and IFT subunits have many other functions apart from the 

abovementioned, reviewed in (Nakayama and Katoh, 2020). IFT is a tightly controlled 

system, and many regulatory processes are yet to be elucidated. In fact, many basic 

questions remain unanswered, such as how anterograde IFT trains disassemble at the 

ciliary tip and are reassembled into retrograde trains, or how dynein-2 is activated to power 

retrograde IFT.  

 

 

Figure 2 – Intraflagellar Transport. Anterograde IFT trains are built in the ciliary base, and are 

transported by kinesin-2 motors across the transition zone and into the cilium, along the microtubule 

track, until they reach the tip. Once at the tip, anterograde trains are rearranged into retrograde IFT 
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trains which are transported by dynein-2 motors, along the microtubule track and across the transition 

zone, back to the ciliary base. Adapted from (Mul et al., 2022). 

 

 

1.3. The ciliary transition zone 

 

The transition zone (TZ) is a dense structure near the base of cilia that assembles early 

during ciliogenesis, soon after basal body docking to the membrane (Li et al., 2017, Williams 

et al., 2011). Although the ultrastructure of the TZ varies between species and tissues (Jana 

et al., 2018, Akella et al., 2019), typical structures can be easily identified by electron 

microscopy, such as a central cylinder on the inside of the axoneme, and Y-shaped 

structures attaching the microtubule doublets to the ciliary membrane (Figure 3) (Park and 

Leroux, 2022).  

 

Figure 3 – Diverse TZ ultrastructure among species. Arrow heads point to “Y-link” structures. 

Scale bars: 0.5 µm. Adapted from (Park and Leroux, 2022). 

 

The TZ is usually referred to as a “ciliary gate” that restricts diffusion into and out of cilia, to 

maintain a specialized ciliary environment, separated from the cytoplasm. This structure 

acts as a size-dependent sieve that restricts diffusion of large soluble molecules (Breslow 

et al., 2013), while also maintaining a specialized ciliary membrane receptor composition 

(Li et al., 2016). In this sense, the ciliary entry and exit of IFT components is assured by 

their coupling to kinesin-II and dynein-2 motors, respectively. 
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Many components of the TZ have been identified, and are typically grouped as part of the 

MKS or the NPHP modules (Figure 4) (Garcia-Gonzalo and Reiter, 2017, Park and Leroux, 

2022, Goncalves and Pelletier, 2017). Proteins within these modules have been shown to 

interact hierarchically during TZ assembly, meaning that the localization of the most 

downstream components is dependent on the recruitment of the most upstream 

components to the TZ region (Goncalves and Pelletier, 2017, Park and Leroux, 2022). 

Given the importance of the TZ for correct cilia assembly and function, it is not surprising 

that mutations in TZ components are also a cause of ciliopathies (Park and Leroux, 2022, 

Goncalves and Pelletier, 2017). In fact, several aberrant phenotypes have been observed 

in TZ mutant model systems, such as leakage of cytoplasmic proteins into the cilium, 

microtubule destabilization, or defective TZ ultrastructure (Awata et al., 2014, Li et al., 2016, 

Jensen et al., 2015, Williams et al., 2011, Schouteden et al., 2015). 

 

 

Figure 4 – Model depicting protein interactions in MKS and NPHP modules. TMEM proteins are 

represented only by their number. Adapted from (Garcia-Gonzalo and Reiter, 2017). 
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1.4. The dynein-2 complex 

 

The dynein-2 heavy chain was discovered by the Gibbons lab, when searching for novel 

dynein heavy chain genes in sea urchin embryos (Gibbons et al., 1994), one year after the 

first observation of IFT (Kozminski et al., 1993). The dynein-2 light intermediate chain (LIC3) 

was later identified in vertebrates (Mikami et al., 2002), and only much later the dynein-2-

specific intermediate chains WDR34 and WDR60 were found in Chlamydomonas 

(Rompolas et al., 2007, Patel-King et al., 2013). 

Even so, the structure of the full human dynein-2 complex was only recently solved in vitro 

(Figure 5) (Toropova et al., 2019). Briefly, the two heavy chains (DHC2, encoded by 

DYNC2H1) that comprise the AAA+ motor domains are stabilized by two light-intermediate 

chains (LIC3, encoded by DYNC2LI1). Then, a heterodimer of intermediate chains (WDR60 

and WDR34, encoded by DYNC2I1 and DYNC2I2, respectively) along with an array of light 

chains (two RB, six LC8, and two TCTEX type light chains, encoded by DYNLRB, DYNLL, 

and DYNLT genes, respectively) bind the heavy chains to dimerize the complex. Mutations 

in genes encoding these dynein-2 subunits are more commonly associated with skeletal 

ciliopathies (Braun and Hildebrandt, 2017). However, the contribution of each specific 

subunit to the regulation of dynein-2 activity still remains unclear. 

Akin to dynein-1 (Zhang et al., 2017), the dynein-2 complex by itself is also rendered to an 

autoinhibitory conformation in vitro (Toropova et al., 2019), exhibiting slow microtubule 

gliding when compared with the isolated motor domain, or the velocity of retrograde IFT in 

mammalian cells (Toropova et al., 2017, Ye et al., 2018). The fact that dynein-2 adopts this 

autoinhibitory conformation together with being loaded onto anterograde trains with its 

motor domains facing toward the ciliary membrane has been proposed to be important for 

dynein-2 to not offer resistance when it is being transported itself as a cargo on anterograde 

IFT trains by kinesin-2 motors (Toropova et al., 2019, Jordan et al., 2018, Lacey et al., 2023, 

Goncalves-Santos et al., 2023). However, the mechanisms controlling the activation of 

dynein-2 at the ciliary tip to power retrograde IFT are still unclear. 
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Figure 5 – Structure of the human dynein-2. The human dynein-2 is a multisubunit ~1.4 MDa 

complex. A homodimer of the heavy chains (DHC2) is stabilized by two light-intermediate chains 

(LIC3). A heterodimer of intermediate chains (WDR60 and WDR34) bind the N-terminal of the heavy 

chains through their C-terminal β-propeller. An array of light chains (two RB, six LC8, and two TCTEX 

type light chains) bind the N-terminal of the intermediate chains to dimerize the complex. Adapted 

from (Webb et al., 2020). 

 

 

1.5. C. elegans as a model to study IFT and 

dynein-2 

 

Caenorhabditis elegans is a small nematode that has been leveraged for the last two 

decades to dissect the mechanisms of IFT (Snow et al., 2004, Ou et al., 2005, Wei et al., 

2012, Mijalkovic et al., 2017, Yi et al., 2017, De-Castro et al., 2022, Blacque and Sanders, 

2014). 

Unlike vertebrate animals, C. elegans do not require cilia for development or survival 

(Swoboda et al., 2000), which has allowed the study of IFT in mutant backgrounds, without 

compromising viability. Also, ciliary defects do not compromise the fertility of 

hermaphrodites given that C. elegans sperm cells do not possess flagella, and instead rely 

on the extension of pseudopods for their locomotion (Nelson et al., 1982). 

Among other advantages, this animal has a short life cycle (~3.5 days) (Figure 6), and is 

easily maintained in the lab, dwelling in small plates while feeding on bacteria (Brenner, 

1974). The propagation of animals with the same genetic background is also made easy 

given that the majority of a C. elegans population consists of self-fertilizing hermaphrodites, 
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with only occasional occurrence of males (~1%) (Chasnov and Chow, 2002). These males, 

however, are useful when crossing animals carrying different mutant alleles to generate new 

strains with genetic traits of interest. 

 

 

Figure 6 – C. elegans life cycle. C. elegans life cycle takes approximately 3.5 days at 20ᵒC. A 

fertilized egg develops through 4 larval stages (each separated by a molt) until reaching the young 

adult stage. Under stressful conditions (such as high temperature, food scarcity, crowding), L1 and 

L2 worms can enter a latent developmental state called “Dauer” that provides higher resistance to 

environmental insults. When more favorable conditions are met, Dauer animals can reenter their 

larval development at the L4 stage. Adult worms have an average lifespan of 3 weeks. Adapted from 

(Ewald et al., 2018). 

 

An adult hermaphrodite has 302 neurons, all of which have been mapped (White et al., 

1986). Sixty of these neurons have sensory functions and possess cilia at their dendritic 

ends, which are typically exposed to the environment (Inglis et al., 2007). These neurons 

function as the animals’ sensory system, perceiving chemical and mechanical stimuli from 

the surrounding environment, and triggering behavioral responses. 

Live imaging of IFT in C. elegans is typically carried out on the cilia of the phasmid sensory 

neurons A and B (PHA and PHB, respectively) in the tail of the animal (Figure 7). These 

neurons detect both chemical and mechanical cues and are involved in triggering forward 

motion (Zou et al., 2017, Hall and Russell, 1991). The fact that C. elegans are small and 
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transparent allows phasmid cilia to be easily imaged when these animals are immobilized 

with 5-10 mM levamisole. 

 

 

Figure 7 – C. elegans as a model organism to study IFT. The C. elegans nematode possesses 

cilia at the dendritic ends of sensory neurons. Live imaging of IFT is well optimized for cilia of the two 

pairs of PHA and PHB neurons at the tail of these animals. 

 

 

1.6. Objectives and main findings 

 

In this work, we aimed to gain further insights into the mechanisms regulating dynein-2 and 

retrograde IFT, using the nematode C. elegans as an animal model. Our main objectives 

were: 

1- To identify the orthologs of the dynein-2 intermediate chains WDR60 and WDR34 

in C. elegans. 

We identified the WDR60 ortholog in C. elegans, which we named WDR-60. When 

searching for an ortholog of WDR34, we found that the protein with the highest sequence 

homology was DYCI-1 (the intermediate chain of dynein-1). However, when probing for 



12 
 

DYCI-1 specifically in sensory neurons, we did not observe this protein inside cilia, 

suggesting it does not integrate the dynein-2 complex. Thus, it remains elusive whether 

there is another intermediate chain within the dynein-2 complex in C. elegans, or if WDR-

60 can form homodimers. 

2- To dissect how WDR-60 regulates dynein-2-driven retrograde IFT. 

We observed that the absence of WDR-60 in C. elegans resulted in a reduced loading of 

dynein-2 motors onto anterograde IFT trains, and overall reduced ciliary levels of dynein-2. 

In turn, retrograde IFT trains became underpowered as they had fewer dynein-2 motors 

carrying them. As a result, retrograde IFT trains accumulated specifically at the distal side 

of the TZ, unable to efficiently push through this dense barrier to reach the ciliary base.  

3- To dissect which TZ components control the exit of retrograde IFT trains. 

We hypothesized that disrupting the TZ could facilitate the exit of retrograde IFT trains in 

the absence of WDR-60. On that notion, we generated several C. elegans strains combining 

different TZ mutations, and observed that the removal of the NPHP module from the TZ 

restored the ciliary exit of WDR-60-deficient dynein-2, preventing its accumulation at the 

distal side of the TZ.  

4- To assess if WDR-60 is required for the coupling between dynein-2 and cargo 

during retrograde IFT 

We show that, in the absence of WDR-60, most of the IFT machinery also accumulated at 

the distal side of the TZ, suggesting that it is still coupled to dynein-2 during retrograde IFT 

(exceptions may be IFT-74, IFT-121, and BBS-1). Notably, disruption of the NPHP module 

also prevented the accumulation of IFT components at the distal side of the TZ upon loss 

of WDR-60, indicating that dynein-2 retains its capacity to retrieve cargo back to the ciliary 

base. 

5- To dissect how WDR-60 mediates dynein-2 loading onto anterograde trains 

We uncovered that a very conserved region in the N-terminus of WDR-60 interacts with the 

anterograde IFT train. However, the deletion of this conserved region only slightly reduced 

the loading of dynein-2 motors into cilia. This observation reinforces that other important 

interactions must still occur between the dynein-2 complex and the anterograde IFT train. 
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CHAPTER II – WDR60-mediated dynein-2 

loading into cilia powers retrograde IFT and 

transition zone crossing 

 

This chapter was adapted from Article 1 (“WDR60-mediated dynein-2 loading into cilia 

powers retrograde IFT and transition zone crossing”). The integral publication is in “Annex 

I”. I generated the wdr-60 knock-in and deletion mutants, and performed the biochemical 

analyses of their transcripts, and I actively contributed to the crossing of C. elegans strains, 

worm imaging, quantification analyses, and writing of the article. 
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2.1. Introduction 

 

Dynein-2 is a giant (>1 MDa) motor protein complex composed of heavy chains (HCs), 

intermediate chains (ICs), light intermediate chains (LICs), and light chains (LCs) (Toropova 

et al., 2019). Recent work analyzing the effects of depleting or disrupting the 

WDR60/WDR34 ICs in human cells has yielded inconsistent results, particularly regarding 

the requirement of WDR60 for ciliogenesis and cilia axoneme length control (Asante et al., 

2014, Hamada et al., 2018, McInerney-Leo et al., 2013, Vuolo et al., 2018). Importantly, the 

impact of WDR60 loss on dynein-2 activity and dynamics during IFT has not been 

determined. This in part is due to the difficulty in visualizing and quantifying IFT kinetics of 

dynein-2 subunits (especially of DHC2) inside cilia of cultured cells (Hamada et al., 2018, 

Vuolo et al., 2018, Taylor et al., 2015). 

Although most dynein-2 core subunits have been identified in C. elegans, clear homologues 

of WDR34 and WDR60 have remained unknown (Vuolo et al., 2020, Hou and Witman, 

2015). Here, we identify the C. elegans WDR60 homologue, WDR-60, and dissect its 

contribution to ciliary recruitment of dynein-2 subunits, retrograde IFT, and cilia-mediated 

behavior. Using CRISPR/Cas9-mediated genome editing, we tagged endogenous WDR-60 

with GFP and tracked its dynamics during IFT in cilia of sensory neurons. In addition, we 

generated a strain expressing an SRPS (short rib polydactyly syndrome) patient-equivalent 

WDR-60 truncation (McInerney-Leo et al., 2013) that lacks the DHC2-binding β-propeller 

domain (Toropova et al., 2019), and compared this mutant with a wdr-60(null) mutant. We 

show that WDR-60 is mostly dispensable for axoneme extension but is required for efficient 

loading of dynein-2 onto anterograde IFT trains, for reaching maximum retrograde IFT 

velocity, and for dynein-2 crossing of the TZ to exit cilia. By targeting specific TZ 

components, we were able to facilitate dynein-2 exit from WDR-60–deficient cilia, showing 

that dynein-2 is unable to overcome the resistance offered by the TZ barrier in the absence 

of WDR-60. 
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2.2. Results 

 

2.2.1. WDR-60 is recruited to cilia in C. elegans sensory 

neurons and undergoes IFT with kinetics similar to those of 

dynein-2 HC 

We set out to identify the gene encoding the so-far uncharacterized homologue of WDR60 

in C. elegans (Hou and Witman, 2015, Vuolo et al., 2020). Through protein sequence 

alignments, we found that the C27F2.1 gene in C. elegans encodes the protein with the 

highest sequence homology to human WDR60. Interestingly, C27F2.1 (hereafter referred 

to as wdr-60) was one of the early candidate genes identified in a screen for transcripts 

specific for ciliated sensory neurons (Blacque et al., 2005). Like genes encoding for other 

dynein-2 subunits (Swoboda et al., 2000), wdr-60 contains a predicted X-box sequence 

(Figure 1), which is a target of the regulatory factor X (RFX)-like transcription factor DAF-

19 (Blacque et al., 2005). 
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Figure 1 - Schematic of the C27F2.1 locus organization in the C. elegans genome. Predicted 

wdr-60 exons (in gray boxes), including the start and stop codons, and the X-box motif according to 

(Blacque et al., 2005). (A) Knock-in insertion of the ::3xflag::gfp sequence at the 3′ end of the wdr-

60 genomic sequence (in-frame with the WDR-60 coding sequence). (B) Representation of the wdr-

60(tm6453) null allele. (C) Representation of the wdr-60(ΔCT) allele (also named dan1(Δ1498-4125)) 

corresponding to a WDR-60 truncation of the C-terminal β-propeller domain (Δ288–668 aa). 

 

To directly visualize and analyze the dynamics of the protein encoded by wdr-60, we used 

genome editing to introduce the coding sequence for a 3xFLAG::GFP tag at the 

endogenous wdr-60 locus (Figure 1A). Similar to what has been described for dynein-2 LIC 

and HC (Wicks et al., 2000, Schafer et al., 2003), we found that WDR-60 expression is 

restricted to ciliated sensory neurons. To better define the tissue-specific expression of 

WDR-60, we performed the classic dye filling assay that takes advantage of a lipophilic 

fluorescent dye (DiI) that is specifically incorporated into ciliated sensory neurons that have 

their cilia in contact with the environment. As a control, we used a GFP knock-in strain of 

dynein-2 HC, GFP::CHE-3 (Yi et al., 2017). We found that the expression pattern of WDR-

60::3xFLAG::GFP is identical to that of GFP::CHE-3 and perfectly matches the neurons that 

take up dye (Figure 2A). While a large part of the signal is detected in the soma and 

dendrites of these neurons, WDR-60 is also found inside cilia, similar to what has been 

observed for GFP::CHE-3 (Yi et al., 2017). 
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Figure 2 - WDR-60 expression is restricted to ciliated sensory neurons, where it has 

distribution and IFT kinetics similar to those of dynein-2 HC. (A) Endogenously tagged WDR-

60::3xFLAG::GFP is expressed in the same ciliated neurons that express dynein-2 HC (GFP::CHE-

3). These are the same neurons that incorporate the DiI lipophilic dye. The top illustration shows the 

relative localization of amphid and phasmid ciliated neurons in C. elegans. (B) Phasmid cilia 

coexpressing GFP::CHE-3 and XBX-1::RFP. (C) Quantification of GFP::CHE-3 signal intensity along 

cilia (n = 109 cilia). (D) Phasmid cilia coexpressing WDR-60::3xFLAG::GFP and XBX-1::RFP. (E) 

Quantification of WDR-60::3xFLAG::GFP signal intensity along cilia (n = 101 cilia). (F) Cilium 
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kymographs of GFP::CHE-3 and WDR-60::3xFLAG::GFP. Single and merge channels for particles 

moving anterogradely and retrogradely are shown. (G) Mean IFT frequency of anterogradely and 

retrogradely moving GFP::CHE-3 and WDR-60::3xFLAG::GFP particles per second (n ≥ 22 cilia). (H 

and I) Anterograde and retrograde velocities of GFP::CHE-3 and WDR-60::3xFLAG::GFP particles 

along cilia. (J and K) Mean velocities for each cilium subcompartment (n ≥ 430 particle traces were 

analyzed in ≥ 8 cilia). B, cilium base; TZ, transition zone; MS, middle segment; DS, distal segment. 

XY velocity and intensity distribution graphs are shown as mean ± SEM, and graphs in columns are 

shown as mean ± SD. Student’ t test was used to analyze the datasets in G, J, and K. Scale bars: 

10 µm (A); 2 µm (B and D); vertical 5 s, horizontal 2 µm (F). 

 

When analyzing WDR-60::GFP ciliary distribution in more detail, we found that WDR-60 is 

particularly enriched at the ciliary base, as is the case for GFP::CHE-3 (Figure 2B–E). 

Furthermore, both subunits colocalize with dynein-2 LIC, XBX-1::RFP (Yi et al., 2017). Next, 

we performed time-lapse imaging to gain insight into WDR-60 dynamics (Video 1 in (De-

Castro et al., 2022)). We found that both anterograde and retrograde frequencies (Figure 

2F and 2G) and velocities (Figure 2H–K) of WDR-60::GFP particles match those of 

GFP::CHE-3. Furthermore, retrograde WDR-60::GFP motility follows a triphasic model 

(Figure 2I and 2K), as previously reported for GFP::CHE-3 (Yi et al., 2017). Together, these 

data strongly support that C27F2.1/wdr-60 encodes for the C. elegans WDR60 homologue, 

which undergoes IFT with kinetics that resemble those of dynein-2 HC. 

 

2.2.2. The β-propeller domain is important but not essential for 

WDR-60 incorporation into cilia 

To determine the importance of WDR-60 for dynein-2–mediated IFT and cilia assembly, we 

first characterized WDR-60 levels and distribution in two distinct wdr-60 mutants. We took 

advantage of the available wdr-60 deletion allele tm6453 (Figure 1B), a null mutation, and 

we engineered a wdr-60 allele that produces a truncated form of WDR-60 specifically 

lacking the CT β-propeller domain (ΔCT) (Figures 1C and 3A), required for dynein-2 HC 

binding (Toropova et al., 2019). The wdr-60(ΔCT) mutant mimics a truncating mutation 

found in a short rib polydactyly syndrome (SRPS) patient (WDR60: c.1891C>T; p.Q631*) 

(McInerney-Leo et al., 2013). 
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Figure 3 - Truncation of the β-propeller domain reduces, but does not abolish, entry of WDR-

60 into cilia. (A) Schematic representation of WDR-60 tagging with 3xFLAG::GFP in control, wdr-

60(tm6453) null, and truncated wdr-60 knock-in strains: (1) full-length WDR-60, composed of an NT 

disordered region and a CT β-propeller domain; (2) wdr-60(tm6453), predicted to be a null mutant; 

(3) wdr-60(ΔCT), expected to produce a protein composed of the WDR-60 NT fused to the 

3xFLAG::GFP tag (lacking the β-propeller). (B) Phasmid cilia of each wdr-60 knock-in strain as 

indicated. Yellow arrowheads indicate the ciliary base. Note that no GFP signal is detected in the 

wdr-60(tm6453)::3xflag::gfp strain. Scale bar: 2 µm. (C) Quantification of GFP signal intensity 

distribution along the cilium in wdr-60 mutants shown in B (n ≥ 55 cilia). Graph is shown as mean ± 

SEM. (D) Western blot of extracts from wild-type and wdr-60 knock-in strains using an anti-FLAG 

antibody. The predicted sizes are 105.6 kDa for WDR-60::3xFLAG::GFP and 63.2 kDa for WDR-

60(ΔCT)::3xFLAG::GFP truncation. No signal is detected in wdr-60(tm6453)::3xflag::gfp extracts, 

demonstrating that this is indeed a null strain. α-Tubulin was used as a loading control. 

 

As endogenous labeling of WDR-60 did not alter IFT kinetics (Figure 2G–K), we inserted 

the same 3xFLAG::GFP tag sequence in-frame with the 3′ end of both wdr-60 mutants 

(Figures 1A and 3A). Together with the dye-filling assay, this allowed us to analyze the 

overall integrity of cilia while comparing the neuronal localization and relative levels of WDR-

60 in wild-type and in each mutant (Figure 4A and 4B). Interestingly, and in contrast to the 

null xbx-1(ok279) LIC mutant, both wdr-60 mutants had all ciliated sensory neurons stained 

with DiI, suggesting that sensory cilia can form and take up dye. No GFP signal was 
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detectable in sensory neurons or in cilia of the wdr-60(tm6453) mutant, indicating that no 

WDR-60 is produced in this strain. In contrast, the GFP signal in neurons of the wdr-

60(ΔCT) mutant was readily visible and overlapped with the neuronal pattern of the dye 

(Figures 4A, 4B and 3B). Interestingly, the ciliary signal of WDR-60(ΔCT)::GFP was overall 

weaker than in controls (approximately threefold reduction) (Figure 3C) but showed a 

similar distribution profile along the axoneme, suggesting that a fraction of WDR-60(ΔCT) 

is able to enter cilia and undergo IFT. Strikingly, although dynein-2 LIC stabilizes the HC 

(Blisnick et al., 2014, Hou et al., 2004, Taylor et al., 2015, Reck et al., 2016) and contributes 

to ciliary entry of dynein-2 by directly interacting with IFT-B (Zhu et al., 2021), XBX-1 loss 

did not significantly affect the ciliary recruitment of WDR-60::GFP or WDR-60(ΔCT)::GFP 

(Figure 3B and 3C). However, it did lead to the accumulation of both forms of WDR-60 

inside cilia, likely due to the complete block of retrograde IFT that occurs in the xbx-1(null) 

mutant (Yi et al., 2017, Schafer et al., 2003). We conclude that WDR-60 can be recruited to 

cilia independently of dynein-2 LIC and HC subunits. 

 



27 
 

 

Figure 4 - WDR-60::3xFLAG::GFP expression is restricted to ciliated sensory neurons. (A and 

B) Endogenously tagged WDR-60::3xFLAG::GFP and WDR-60(ΔCT)::3xFLAG::GFP are expressed 

in the same amphid (A) and phasmid (B) ciliated neurons that incorporate the DiI lipophilic dye (in 

red). The wdr-60(null)::3xflag::gfp strain has no detectable GFP signal in its neurons; however, they 

are still able to take up the DiI dye. Scale bars: 10 µm. DIC, differential interference contrast. (C) 

GFP::CHE-3 intensity in soma of phasmid sensory neurons of untagged wdr-60 mutants (n ≥ 45 

somas). Graph is shown as mean ± SD. Kruskal–Wallis test followed by the Dunn’s multiple 

comparison were used to analyze these datasets. *, P ≤ 0.05. 

 

Taking advantage of the 3xFLAG epitope in our tag, we performed immunoblotting to 

determine whether the reduction in ciliary levels of mutant WDR-60 reflected differences in 

overall protein levels (Figure 3D). Given that no protein bands were detectable in wdr-
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60(tm6453) worm extracts, we conclude that this mutant strain is indeed a wdr-60 null. In 

contrast, the levels of WDR-60(ΔCT)::GFP were comparable to those of full-length WDR-

60::GFP, indicating that the reduced ciliary recruitment of WDR-60(ΔCT)::GFP is due to loss 

of the β-propeller rather than a down-regulation of protein levels. 

 

2.2.3. Disruption of WDR-60 reduces dynein-2 loading into cilia 

and the kinetics of retrograde IFT 

Loss of the dynein-2 LIC XBX-1 destabilizes the dynein-2 HC CHE-3, completely abolishing 

its recruitment to cilia, blocking retrograde IFT and, consequently, axoneme extension. The 

resulting cilia are severely truncated and bulged (Yi et al., 2017, Schafer et al., 2003). To 

directly assess the impact of WDR-60 disruption on cilia and other dynein-2 subunits, we 

crossed the wdr-60 mutants with knock-in strains of GFP::CHE-3/XBX-1::RFP (Yi et al., 

2017) and analyzed their ciliary recruitment and distribution. While both wdr-60 mutants 

were capable of assembling seemingly normal cilia (with only a minor reduction in length in 

the wdr-60(null) mutant), we observed a strong reduction in the total levels of ciliary 

GFP::CHE-3 (∼40%) (Figure 5A–C). Interestingly, we also found that the remaining pool of 

WDR-60–deficient dynein-2 accumulated particularly near the ciliary base (Figure 5D). 

Considering that GFP::CHE-3 levels were not greatly altered in the soma of the ciliated 

phasmid neurons of wdr-60 mutants (Figure 4C), these observations suggest that WDR-60 

contributes to both recruitment and ciliary distribution of dynein-2. 
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Figure 5 - wdr-60 mutants have reduced dynein-2 recruitment and incorporation into cilia, 

accompanied by impaired retrograde IFT. (A) Phasmid cilia coexpressing GFP::CHE-3 and XBX-

1::RFP. (B) Cilia length in wdr-60 mutants (n ≥ 24 cilia). (C and D) Total signal intensity of 

GFP::CHE-3 from the base to the tip of cilia (C) and relative distribution of GFP::CHE-3 along cilia 

(D; n ≥ 88 cilia). (E) GFP::CHE-3 kymographs of phasmid cilia of the indicated strains. Single and 

merge channels for particles moving anterogradely and retrogradely are shown. (F) Frequency of 

IFT particles detected at the distal segment of cilia (n ≥ 20 cilia). (G) Quantification of the average 

intensity of GFP::CHE-3 particles moving on anterograde and retrograde tracks (n ≥ 345 particle 

traces were analyzed in ≥ 23 cilia). (H) Velocity of anterograde and retrograde GFP::CHE-3 particles 

in control and wdr-60 mutants (n ≥ 300 particle traces were analyzed in ≥20  cilia). XY intensity 

distribution graph is shown as mean ± SEM, and graphs in columns are shown as mean ± SD. One-

way ANOVA followed by Dunnett’s, Holm–Sidak, and Games–Howell multiple comparison were used 

to analyze the datasets in B, F, and G, respectively. Kruskal–Wallis test followed by Dunn’s multiple 

comparison were used to analyze the datasets in C and H. **, P ≤ 0.01; ****, P ≤ 0.0001. Scale bars: 

2 µm (A); vertical 5 s, horizontal 2 µm (E). 
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To determine when these WDR-60–associated phenotypes start manifesting and whether 

they vary with aging, we repeated our analysis of GFP::CHE-3 recruitment and distribution 

in developing and post-adulthood animals. We found that, as early as larval stage 2 in the 

wdr-60(null) mutant, ciliary levels of GFP::CHE-3 were already reduced and its distribution 

altered, albeit to a lesser degree than in young adults. This suggests that WDR-60–

associated dynein-2 phenotypes arise early on and become progressively worse as the 

mutant animals develop (Figure 6). In addition, we found that the abnormal distribution of 

GFP::CHE-3 does not significantly change with age in wdr-60(null) animals (7 and 18 days 

after adulthood) (Figure 6C–H), suggesting that there is no age-dependent suppression of 

these WDR-60–associated phenotypes, in contrast to what has been observed for some 

IFT mutants (Cornils et al., 2016). 
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Figure 6 - WDR-60–associated phenotypes become worse as the animals develop to 

adulthood and do not improve with aging. (A, C, E, and G) GFP::CHE-3-expressing phasmid cilia 

of wild-type and wdr-60(null) mutants at several stages of development and aging. L2, larval stage 2 

worms; YA: young adult worms; 7d, worms 7 days after reaching adulthood; 18d, worms 18 days 

after reaching adulthood. Scale bars: 2 µm. (B, D, F, and H) Corresponding distribution of 

GFP::CHE-3 signal intensity along cilia. Gray rectangles highlight the TZ, as previously defined. n = 

77 cilia for B, n ≥ 95 cilia for D, n ≥ 113 cilia for F, and n ≥ 110 cilia for H. XY intensity distribution 

graphs are shown as mean ± SEM. (I) Column graph showing GFP::CHE-3 total intensity from the 

base to the tip of cilia from wild-type and wdr-60(null) mutants analyzed in B, C, F, and H. Graph is 

shown as mean ± SD. Mann–Whitney U test was used to analyze these datasets. **, P ≤ 0.01; ****, 

P ≤ 0.0001. 

 

To gain further insight into the importance of WDR-60 for dynein-2 loading and dynamics 

inside cilia, we analyzed the IFT kinetics of GFP::CHE-3 by time-lapse imaging (Figure 5E–

H). While we found a small increase in the frequency of GFP::CHE-3 particles moving in 

the anterograde direction in the wdr-60(null) mutant, the number of particles in the 

retrograde direction was significantly reduced in both mutants (∼15%) (Figure 5F). 

Importantly, we found that both the loss of WDR-60 and the truncation of its β-propeller led 

to a strong reduction in the average amount of GFP::CHE-3 transported on anterograde 

tracks (∼67%) (Figure 5G). This establishes a role for WDR-60 in the loading of dynein-2 

onto anterograde IFT trains. Consistent with this, we found that the intensity of GFP::CHE-

3 moving on retrograde tracks was significantly reduced in both wdr-60 mutants, suggesting 

that each retrograde IFT train is being powered by fewer dynein-2 motors. In addition, while 

the velocity of anterograde trains carrying GFP::CHE-3 remained similar to that of controls, 

we observed a strong reduction in the velocity of GFP::CHE-3-driven retrograde trains in 

both wdr-60 mutants (three- to fourfold) (Figure 5H). 

Taken together, these results show that loss of WDR-60 or truncation of its β-propeller 

reduces the loading of dynein-2 HC onto anterograde IFT trains, and consequently the pool 

of dynein-2 available at the tip of cilia to power retrograde IFT. In agreement, fewer dynein-

2 motors were present in particles moving retrogradely, which may explain the reduced 

kinetics of retrograde IFT in wdr-60 mutants and the inability of dynein-2 to fully return to 

the ciliary base. 
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2.2.4. WDR-60 is required for efficient recycling of IFT 

components and contributes to cilia-mediated behavior 

To better understand the importance of WDR-60 in IFT, we analyzed fluorescently labeled 

subunits of the IFT-A/B complexes (Figure 7) and anterograde kinesins (Figure 8A and 

8B). Measurements of cilia expressing CHE-11::mCherry (C. elegans ortholog of IFT140) 

or IFT-74::GFP confirmed the small but significant decrease in cilium length in the wdr-

60(null) mutant (Figure 7A, 7B, 7D, and 7E). We note, however, that this minor defect in 

axoneme extension is distinct from the severely shortened and bulged cilia phenotype 

caused by XBX-1 loss (Figure 7A and 7D). 
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Figure 7 - wdr-60 mutants have reduced retrograde transport of IFT-A and IFT-B complexes 

and lower efficiency of cilia-mediated signaling. (A and D) Phasmid cilia from control, wdr-

60(null), wdr-60(ΔCT), and xbx-1(null) animals expressing CHE-11::mCherry (A) or IFT-74::GFP (D). 

(B and E) Cilia length measured with CHE-11::mCherry (B) or IFT-74::GFP (E; n ≥ 26 and n ≥ 34 

cilia, respectively). (C and F) Quantification of the average intensity of CHE-11::mCherry (C) and 

IFT-74::GFP (F) along cilia (n ≥ 42 and n ≥ 66 cilia, respectively). (G) CHE-11::mCherry kymographs 

of phasmid cilia from the indicated strains. (H) Mean velocity of CHE-11::mCherry particles moving 

on anterograde and retrograde tracks (n ≥ 225 particle traces were analyzed in ≥15 cilia). (I) 

Frequency of IFT particles detected at the distal segment of cilia (n ≥ 17 cilia). (J) Chemotaxis index 

for the attractant IA (n ≥ 450 animals tracked over ≥ 3 assays). (K) Osmotic avoidance assay to test 
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whether sensory cilia detect a hypertonic glycerol barrier (n ≥ 20 animals tracked over ≥ 4 assays). 

The dynein-2 LIC xbx-1(null) strain was used for comparison. XY intensity distribution graph is shown 

as mean ± SEM, and graphs in columns are shown as mean ± SD. One-way ANOVA followed by 

Tukey’s multiple comparison were used to analyze the datasets in B, H, and I. Kruskal–Wallis test 

followed by Dunn’s multiple comparison were used to analyze the datasets in E. *, P ≤ 0.05; **, P ≤ 

0.01; ****, P ≤ 0.0001. Scale bars: 2 µm (A and D); vertical 5 s, horizontal 2 µm (G). 

 

 

Figure 8 - Loss of WDR-60 results in a severe accumulation of KAP-1 near the base of cilia 

but only has a modest effect on the distribution of OSM-3. (A) Examples of phasmid cilia from 

control and wdr-60(null) worms expressing KAP-1::GFP and quantification of the signal intensity 

along cilia (n ≥ 60 cilia for each strain). The intensity of KAP-1::GFP in cilia is significantly increased 

in the wdr-60(null) mutant with particles accumulating near the TZ. (B) Examples of phasmid cilia 

from control and wdr-60(null) worms expressing OSM-3::mCherry and quantification of the signal 

intensity along cilia (n ≥ 88 cilia for each strain). OSM-3::mCherry distribution and intensity along the 

cilium is only slightly altered in the wdr-60(null) mutant. XY intensity distribution graphs are shown 

as mean ± SEM. Scale bars: 2 µm (A and B). 

 

When analyzing the ciliary distribution of CHE-11::mCherry, we found that this IFT-A 

component accumulated predominantly near the ciliary base in both wdr-60 mutants 

(Figure 7A and 7C), similar to our observations with GFP::CHE-3. Interestingly, the total 

levels of CHE-11::mCherry retained inside cilia were substantially higher in the wdr-60(null) 

mutant when compared with the wdr-60(ΔCT) mutant. 

Consistent with defects in dynein-2 function, we found that the retrograde velocity of CHE-

11::mCherry was strongly reduced in both wdr-60 mutants (approximately threefold) (Figure 
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7G and 7H). In addition, the frequency of CHE-11::mCherry tracks was also significantly 

reduced in the retrograde direction (∼16% lower in wdr-60(null) cilia) (Figure 7I). 

The IFT-B subunit IFT-74::GFP accumulated at multiple places along cilia in both wdr-60 

mutants (Figures 7D, 7F, and 8A), underscoring the importance of WDR-60 in dynein-2–

mediated transport of the IFT-B machinery to the ciliary base. When analyzing the 

distribution of kinesins, we also observed ciliary accumulations for the kinesin-2-associated 

protein KAP-1 (KIFAP3) and, to a lesser extent, for the distal segment kinesin OSM-3 

(KIF17) (Figure 8A and 8B). Altogether, these results show that loss of WDR-60 greatly 

impairs removal of IFT components from cilia. 

To determine the impact of wdr-60–associated IFT defects on ciliary functions, we analyzed 

cilia-dependent behavior in our mutant strains. We tested chemotaxis attraction to isoamyl 

alcohol (AI) and osmotic tolerance to high concentrations of glycerol (Figure 7J and 7K). 

Both wdr-60 mutants showed modest defects in these assays, contrasting with the xbx-

1(null) mutant, in which chemotaxis attraction and osmotic tolerance is severely 

compromised. These results suggest that although WDR-60 plays critical roles in dynein-

2–mediated IFT, WDR-60–deficient sensory cilia remain partially functional. 

 

2.2.5. TZ integrity and gating function are maintained in wdr-60 

mutants but not in the xbx-1 mutant 

Given that dynein-2 and IFT-A components were recently shown to be required for 

maintaining the TZ barrier (Jensen et al., 2018, Scheidel and Blacque, 2018, Vuolo et al., 

2018), we investigated whether the integrity and gating capacity of the TZ are affected in 

wdr-60 and xbx-1 mutants. We analyzed the localization of four TZ components: TMEM-

107, NPHP-4, MKS-6, and MKSR-1 (Jensen et al., 2018, Lambacher et al., 2016, Prevo et 

al., 2015, Schouteden et al., 2015, Williams et al., 2011). In agreement with what has been 

reported for CHE-3 and IFT-A mutants (Scheidel and Blacque, 2018, Jensen et al., 2018), 

we found that loss of XBX-1 results in ectopic localization of these TZ components along 

the ciliary axoneme (Figure 9). In contrast, the localization of TZ components in wdr-60 

mutants was indistinguishable from controls (Figure 9), suggesting that loss of WDR-60 

does not affect the integrity of the TZ. To directly test the integrity and gating capacity of the 

TZ in wdr-60 mutants, we analyzed its ability to block the entry of RPI-2::GFP (RP2), a 

component of the periciliary membrane compartment (PCMC) restricted to the base of cilia 

(Jensen et al., 2018). While loss of XBX-1 resulted in abnormal entry of RPI-2::GFP into 

cilia, no RPI-2::GFP signal was detectable inside cilia in wdr-60 mutants (Figure 9C and 
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9D). These results show that the loss of WDR-60 does not compromise TZ integrity or its 

gating function in C. elegans. In addition, our results uncover an important role for the 

dynein-2 LIC XBX-1 in maintaining the TZ barrier, likely by stabilizing CHE-3. 

 

 

Figure 9 - The integrity and gating function of the TZ are maintained in wdr-60 mutants but 

compromised in the xbx-1 mutant. (A) Analysis of the localization of several components of the 

MKS (TMEM-107::GFP and MKS-6::mCherry) and NPHP (GFP::NPHP-4) modules of the TZ in 

phasmid cilia of the indicated strains. (B) Quantification of MKS-6::mCherry signal intensity confined 

at the TZ and dispersed along cilia (n ≥ 38 cilia). (C) Relative localization of the nonciliary membrane 

protein RPI-2::GFP to the TZ (labeled with MKSR-1::tdTomato) in phasmid cilia of the indicated 

strains. (D) Signal overlap between these components and quantification of the amount of RPI-

2::GFP leaking into cilia (n ≥ 33 cilia). Gray rectangles highlight the TZ region, defined by MKS-6 and 

MKSR-1 localization. XY intensity distribution graphs are shown as mean ± SEM. Scale bars: 2 µm. 
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2.2.6. WDR-60 is required for dynein-2 passage through the 

TZ to exit cilia 

To more precisely determine where the ciliary pool of dynein-2 accumulates in wdr-60 

mutants, we colabeled GFP::CHE-3 with markers specific for the ciliary base 

(mCherry::HYLS-1) (Schouteden et al., 2015) and for the TZ (MKS-6::mCherry) (Williams 

et al., 2011). In controls, GFP::CHE-3 mainly accumulates at the ciliary base (Figure 10A) 

before entering cilia through the TZ. In contrast, we found that GFP::CHE-3 accumulates 

mostly at the distal side of the TZ in both wdr-60 mutants (Figure 10B and 10C). 

 

 

Figure 10 - Dynein-2 accumulates on the distal side of the TZ, unable to complete retrograde 

IFT in wdr-60 mutants. (A) GFP::CHE-3 localization relative to the centriolar wall component 

mCherry::HYLS-1 at the base of phasmid cilia of the indicated strains. (B) GFP::CHE-3 localization 

relative to the MKS-6::mCherry TZ component in phasmid cilia of the indicated strains. (C) 

Quantification GFP::CHE-3 signal distribution in relation to the TZ, as determined by MKS-6 

localization (n ≥ 38 cilia). Gray rectangles define the TZ region. 3× magnifications of the square 
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section in each micrograph were included to better visualize the distribution of the dynein-2 HC 

relative to the base and TZ of wdr-60 mutant cilia. Graphs are shown as mean ± SEM. Scale bars: 2 

µm. 

 

Recent studies have shown that retrograde trains slow down as they cross the TZ, 

suggesting that this ciliary gate offers resistance to the passage of retrograde IFT trains 

(Jensen et al., 2015, Prevo et al., 2015, Oswald et al., 2018). Given that loss of WDR-60 

reduces the amount of dynein-2 driving retrograde trains and impairs retrograde IFT velocity 

(Figure 5), we hypothesized that WDR-60–deficient retrograde trains may not be able to 

generate enough force to push through the TZ barrier, and are consequently unable to exit 

cilia. As removal of MKS-5 (RPGRIP1L), a key component for the assembly of all TZ 

structures, significantly increases the velocity of IFT trains moving in the TZ region (Jensen 

et al., 2015), we reasoned that the exit of WDR-60–deficient dynein-2 from cilia might be 

facilitated by disrupting MKS-5. In agreement, we found that GFP::CHE-3 no longer 

accumulated on the distal side of the TZ in the mks-5(tm3100);wdr-60(null) double mutant 

(Figure 11A-D). Instead, the GFP::CHE-3 distribution profile in this mutant was similar to 

that observed in controls. This result further supports that retrograde trains driven by dynein-

2 are unable to efficiently cross the TZ in wdr-60 mutants. 

 



39 
 

 

Figure 11 - Disruption of specific TZ components rescues dynein-2 accumulation inside cilia 

of wdr-60 mutants. (A, C, E, G, and I) Representative examples of phasmid cilia of the indicated 

wdr-60 and TZ mutant genotypes, expressing GFP::CHE-3. (B, D, F, H, and J) Relative distribution 

of GFP::CHE-3 signal intensity along cilia. The purple dashed line represents the data from the wdr-

60(null) in B. Gray rectangles highlight the TZ, as previously defined. n ≥ 108 cilia for B, n ≥ 74 cilia 

for D, n ≥ 42 cilia for F, n ≥ 80 cilia for H, and n ≥ 64 cilia for J. XY intensity distribution graphs are 

shown as mean ± SEM. (K) Length of the cilia analyzed in B, D, F, H, and J from the same color-

coded genotypes indicated in A, C, E, G, and I. Loss of WDR-60 combined with TZ mutations always 
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resulted in a slight decrease of cilia length relative to the respective TZ mutant control. Graph is 

shown as mean ± SD. Mann–Whitney U test was used to analyze each pair of datasets. **, P ≤ 0.01; 

****, P ≤ 0.0001. Scale bars: 2 µm. 

 

To better dissect which TZ modules restrict dynein-2 passage, we next examined 

GFP::CHE-3 distribution in wdr-60(null) cilia after disrupting key components required for 

the assembly of each TZ module. Removal of the MKS module by inhibiting MKSR-2 (B9D2) 

or CEP-290 with the mksr-2(tm2452) or cep-290(tm4927) mutations did not prevent the 

accumulation of GFP::CHE-3 near the TZ region of wdr-60(null) cilia (Figures 11E, 11F, 

12A, and 12B). In contrast, disrupting the NPHP module with the nphp-4(tm925) mutation 

in the wdr-60(null) background almost completely rescued GFP::CHE-3 accumulation at the 

distal side of the TZ (Figure 11G and 11H). Joint disruption of NPHP-4 and MKSR-2 further 

enhanced this rescue effect (Figure 11I and 11J), although we note that both cilia size and 

GFP::CHE-3 levels along cilia were strongly reduced in the mksr-2(tm2452);nphp-4(tm925) 

double mutant (Figures 11K, 12C, and 12D). We conclude that NPHP is the main module 

restricting the passage of underpowered retrograde trains through the TZ in wdr-60(null) 

cilia. 
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Figure 12 - Disruption of some TZ components changes the average levels of ciliary dynein-

2. (A) Phasmid cilia of the indicated wdr-60 and cep-290 mutant genotypes, expressing GFP::CHE-

3. Scale bar: 2 µm. (B) Distribution of GFP::CHE-3 signal intensity along cilia from the strains in A (n 

≥ 74 cilia). The gray rectangle highlights the TZ, as previously defined. XY intensity distribution graph 

is shown as mean ± SEM. (C and D) Total GFP::CHE-3 intensity from the base to the tip of cilia from 

TZ mutants of the indicated genotypes, in wild-type wdr-60 (C) and wdr-60(null) mutant (D) 

backgrounds. The cilia quantified here correspond to the same that were used to quantify the 

GFP::CHE-3 distribution profiles depicted in Figure 11. Column graphs are shown as mean ± SD. 

Kruskal–Wallis test followed by Dunn’s multiple comparison were used to analyze these datasets. 

***, P ≤ 0.001; ****, P ≤ 0.0001. 

 

Next, we tested whether disrupting the TZ could compensate for more severe retrograde 

IFT defects, such as those caused by a mutation in the microtubule-binding domain of CHE-

3(K2935Q), which completely blocks dynein-2 motility and leads to severely truncated cilia 

(Yi et al., 2017). In contrast to the rescue that we observed earlier in the wdr-60(null) mutant 

background, disrupting MKS-5, NPHP-4, or both MKSR-2/NPHP-4, failed to prevent 

GFP::CHE-3(K2935Q) accumulation inside cilia (Figure 13A–H). These results show that 

even the complete removal of the TZ barrier is not sufficient to rescue the accumulation of 
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nonmotile dynein-2 inside cilia. Although cilia size slightly increased in the absence of MKS-

5 or NPHP-4 (Figure 13I), none of the TZ mutants were able to restore anterograde IFT in 

animals expressing GFP::CHE-3(K2935Q) (Figure 13J). Thus, IFT requires a minimum 

amount of functional dynein-2 regardless of the state of the TZ barrier. 

 

 

Figure 13 - Complete loss of dynein-2 motility results in ciliary accumulations even when the 

TZ barrier is completely disrupted. (A, C, E, and G) Representative examples of phasmid cilia of 

the indicated TZ mutant genotypes, expressing wild-type GFP::CHE-3 or the nonmotile GFP::CHE-

3(K2935Q). (B, D, F, and H) Relative distribution of GFP::CHE-3(K2935Q) signal intensity along cilia, 

in control and TZ mutant backgrounds. The gray dashed line represents the data from the GFP::CHE-

3(K2935Q) mutant in B. Gray rectangles highlight the TZ, as previously defined. n ≥ 105 cilia for B, 

n ≥ 104 cilia for D, n ≥ 80 cilia for F, and n ≥ 86 cilia for H. XY intensity distribution graphs are shown 

as mean ± SEM. (I) Length of GFP::CHE-3(K2935Q) mutant cilia analyzed in B, D, F, and H, with 
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the same color-coded genotypes as indicated. Graph is shown as mean ± SD. Kruskal–Wallis test 

followed by Dunn’s multiple comparison were used to analyze these datasets. *, P ≤ 0.05; **, P ≤ 

0.01. (J) Cilia and the respective kymographs from the specified strain genotypes. No anterograde 

or retrograde IFT was detectable in the GFP::CHE-3(K2935Q) mutant, not even in combination with 

the disruption of MKS-5 or NPHP-4. Scale bars: 2 µm (A, C, E, and G); vertical 5 s, horizontal 2 µm 

(J). 

 

2.2.7. The NPHP module restricts dynein-2 movement through 

the TZ 

Next, we investigated whether the kinetics of WDR-60–deficient dynein-2 were altered by 

the complete removal of the TZ barrier or by the loss of the NPHP module. Consistent with 

a previous study (Jensen et al., 2015), we observed that loss of MKS-5 increases both the 

anterograde and retrograde velocities of GFP::CHE-3 particles in the TZ region (Figure 

14A, 14C, and 14D). We also observed a similar, albeit more modest, increase in IFT 

velocities at the TZ region in the nphp-4 mutant background. Importantly, we found that loss 

of either MKS-5 or NPHP-4 increased the retrograde velocity of GFP::CHE-3 in the TZ 

region of WDR-60–deficient cilia (Figure 14A, 14C, and 14D). Interestingly, retrograde IFT 

velocity in the middle segment of wdr-60(null) cilia also increased upon the removal of MKS-

5 or NPHP-4 (Figure 14C), suggesting that clearing the accumulated IFT trains near the TZ 

allows for more steady buildup of retrograde IFT velocities in these mutants. We note that 

IFT frequency was not greatly affected by disruption of MKS-5 or NPHP-4 (Figure 14B), 

suggesting that loss of the TZ barrier does not compromise the poorly understood 

mechanisms regulating the rate of IFT injection into cilia. Altogether, these results further 

support that WDR-60 loss impairs dynein-2 passage through the TZ, and that the NPHP 

module restricts dynein-2 exit from WDR-60–deficient cilia. 
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Figure 14 - Disruption of NPHP-4 is sufficient to increase the velocity of WDR-60–deficient 

dynein-2 through the TZ region. (A) GFP::CHE-3 kymographs of phasmid cilia from the indicated 

strains. Single and merge channels for particles moving anterogradely and retrogradely are shown. 

Arrowhead labels the base, and white dashed line marks the limit of the TZ region (1 µm). Scale 

bars: vertical 5 s, horizontal 2 µm. (B) Frequency of IFT particles detected at the distal segment of 

cilia for each represented strain (n ≥ 23 cilia). (C) GFP::CHE-3 velocity moving in the anterograde 

and retrograde direction along the cilia of the indicated genotypes (n ≥ 345 particle traces were 

analyzed in ≥ 23 cilia for each strain). Gray rectangles highlight the TZ, as previously defined. (D) 

Average velocity of GFP::CHE-3 crossing the TZ region of the same cilia analyzed in C, for each 

indicated genotype. XY velocity graphs are shown as mean ± SEM, and graphs in columns are shown 
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as mean ± SD. One-way ANOVA followed by Sidak and the Holm–Sidak multiple comparisons were 

used to analyze the datasets in B and D, respectively. *, P ≤ 0.05; **, P ≤ 0.01; ****, P ≤ 0.0001. 

 

 

2.3. Discussion 

 

2.3.1. WDR-60 is incorporated into cilia even in the absence of 

dynein-2 

Our data reveal that WDR-60 is specifically expressed in ciliated sensory neurons in C. 

elegans and undergoes IFT with kinetics similar to those reported for the dynein-2 HC (Yi 

et al., 2017). Moreover, our findings indicate that WDR-60(ΔCT) is robustly expressed, 

showing that the β-propeller is not required for WDR-60 stability. Interestingly, we find that 

the WDR-60 NT on its own can be recruited to the ciliary base and incorporated into IFT 

trains, albeit less efficiently than full-length WDR-60. Furthermore, dynein-2 HC 

destabilization through XBX-1 loss resulted in WDR-60 and WDR-60(ΔCT) sequestration 

inside cilia, indicating that WDR-60 can enter cilia without dynein-2 but requires its activity 

in retrograde IFT to exit. Thus, we conclude that the NT of WDR-60 can establish links with 

other components of the IFT machinery to be incorporated into cilia in the absence of 

dynein-2. This is in agreement with the weaker but persistent interaction between IFT-B 

components and the human WDR60[Q631*] truncation lacking the DHC2-binding β-

propeller domain (Vuolo et al., 2018). 

 

2.3.2. WDR-60 is required for efficient IFT recycling and 

contributes to cilia-mediated behavior 

Two recent studies in human cells showed that WDR60 loss leads to the misplacement of 

IFT and signaling particles in cilia without greatly affecting axoneme extension (Hamada et 

al., 2018, Vuolo et al., 2018). Remarkably, in spite of the strong defect in retrograde IFT, we 

show that the wdr-60(null) mutant is still capable of building nearly full-length cilia in C. 

elegans, similar to what was observed in WDR60 knockout (KO) human cells (Vuolo et al., 

2018). We also show that WDR-60–deficient cilia are at least partially functional in 
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chemotaxis and osmotic tolerance assays, contrasting with the strong behavioral defects 

exhibited by the xbx-1(null) mutant, which assembles severely shortened cilia. The mild 

chemotaxis and osmotic defects that we observe in wdr-60 mutants likely mirror the 

signaling defects underlying WDR60-associated SRPS (Cossu et al., 2016, McInerney-Leo 

et al., 2013, Kakar et al., 2018). 

We find that WDR-60 disruption results in accumulation of IFT-74, CHE-11 (IFT140), and 

the kinesin-2 subunit KAP-1 inside cilia. However, we also show that WDR-60 disruption 

has different effects on the distribution profile of these IFT components along cilia: IFT-74 

(IFT-B) levels peak at the tip and in the middle-to-distal-segment transition (both regions 

containing microtubule plus ends), while CHE-11 (IFT-A) and KAP-1 levels peak closer to 

the ciliary base and the TZ region, which is similar to the distribution profile of the dynein-2 

motor itself. This suggests that some IFT subunits might be less efficiently incorporated into 

retrograde IFT trains in WDR-60–deficient cilia. In agreement with this, similar differences 

in IFT component distribution can be discerned in prior studies using WDR60 KO human 

cells: IFT88 (IFT-B) accumulates inside their cilia, peaking mostly at the tip, while the peak 

levels of accumulated IFT140 and IFT43 (both IFT-A) are found closer to the ciliary base 

(Hamada et al., 2018, Vuolo et al., 2018, Tsurumi et al., 2019). 

Interestingly, our results suggest that the WDR-60 NT retains residual activity in IFT, as the 

accumulation of IFT-A/B particles inside cilia is less pronounced for the wdr-60(ΔCT) mutant 

than for the wdr-60(null) mutant. This is consistent with what was observed in WDR60 KO 

rescue experiments with an equivalent WDR60 β-propeller truncation construct 

(WDR60[Q631*]) (Vuolo et al., 2018). Apart from the less pronounced IFT accumulations, 

the loss of the WDR-60 β-propeller leads to defects in dynein-2 incorporation, retrograde 

IFT kinetics, and cilia-mediated behavior that are similar to those observed upon the 

complete loss of WDR-60. Thus, our results show that the WDR-60 β-propeller is critical for 

dynein-2 function. 

 

2.3.3. Normal TZ integrity and gating function in the absence 

of WDR-60 

A recent study uncovered that the dynein-2 HC CHE-3 is necessary for the stability and 

gating functions of the TZ (Jensen et al., 2018). Consistent with this, we show that loss of 

the dynein-2 LIC XBX-1 also impairs the integrity and gating functions of the TZ barrier. In 

a recent study, Vuolo et al. (2018) observed mislocalization of the TZ components TMEM67 

and RPGRIP1L (MKS-5 orthologue) in a subset of human RPE1 WDR60 KO cells. In 
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contrast, we do not observe any defects in TZ integrity and gating function in wdr-60 

mutants, as judged by the correct localization of multiple TZ components and the complete 

RPI-2 exclusion from their sensory cilia. We therefore conclude that the integrity and 

function of the TZ barrier are maintained in the absence of WDR-60 in C. elegans. The 

difference in TZ susceptibility to WDR60 loss may arise from the variations in TZ structure 

observed between different types of cilia (Jana et al., 2018, Akella et al., 2019) or from 

potential differences in the minimal threshold of dynein-2 function required for maintaining 

TZ integrity in each model system. 

 

2.3.4. Disruption of WDR-60 reduces dynein-2 loading into cilia 

and the kinetics of retrograde IFT 

Prior studies reported that WDR60 loss resulted in the complete disappearance of dynein-

2 LIC from the base and axoneme of cilia (Hamada et al., 2018, Vuolo et al., 2018), but no 

detectable difference was observed in the recruitment of the dynein-2 HC to the ciliary base 

(Vuolo et al., 2018). Our analyses of endogenously labeled dynein-2 HC and LIC in C. 

elegans reveals that both subunits still colocalize inside WDR-60–deficient cilia. Importantly, 

the efficiency of dynein-2 HC recruitment to cilia is substantially decreased in the absence 

of WDR-60 or its dynein-2–binding β-propeller domain. Given that dynein-2 HC levels in the 

soma of ciliated sensory neurons are not greatly altered by the loss of WDR-60, our results 

argue that WDR-60 directly contributes to dynein-2 recruitment to cilia rather than having a 

significant role in dynein-2 HC stabilization, as is the case for dynein-2 LIC (Taylor et al., 

2015, Toropova et al., 2019). 

A recent structural study revealed that binding of the WDR60-WDR34 heterodimer 

contributes to the asymmetric conformation of the autoinhibited dynein-2 complex, and this 

was proposed to facilitate dynein-2 incorporation onto anterograde IFT trains (Toropova et 

al., 2019). Our quantifications of dynein-2 HC (GFP::CHE-3) signal on anterograde tracks 

inside wdr-60 mutant cilia provide the first direct evidence for this model in vivo. This 

conclusion is supported by the observation that the reduction in dynein-2 loading onto 

anterograde trains (approximately threefold) is even greater than the reduction in dynein-2 

recruitment to cilia (approximately twofold) in wdr-60 mutants. 

Intriguingly, the observation that a fraction of dynein-2 motors still become incorporated onto 

anterograde IFT trains indicates that WDR-60 is not the only link that dynein-2 can establish 

with anterograde trains. This conclusion is further supported by the recent report of a direct 

interaction between dynein-2 LIC and IFT54 of the IFT-B complex (Zhu et al., 2021) and by 
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cryo-EM data suggesting that the main contacts between anterograde IFT trains and 

dynein-2 motors may also involve the HC (Toropova et al., 2019). 

Although less dynein-2 reaches the cilium tip to then power retrograde IFT, we find that the 

frequency of retrograde IFT is only mildly affected in the absence of WDR-60. Taken 

together with the observation that dynein-2 does not accumulate at the ciliary tip, this result 

argues that WDR-60 is dispensable for dynein-2 activation and the start of retrograde IFT. 

 

2.3.5. Underpowered retrograde IFT trains fail to push through 

the TZ barrier to exit cilia in wdr-60 mutants 

Emerging evidence points to an important interplay between IFT-A and the BBSome in 

regulating the traffic of G protein–coupled receptors in and out of cilia across the TZ, in part 

by coupling the receptors to IFT trains (Nachury and Mick, 2019). As a dense gating 

structure, the TZ has been shown to slow down the passage of motor-powered IFT trains, 

supporting the notion that this physical barrier offers substantial resistance to the passage 

of IFT trains (Jensen et al., 2015, Oswald et al., 2018, Prevo et al., 2015). However, little is 

known about the mechanisms that enable the IFT machinery to pass through the TZ barrier. 

Our live imaging analysis shows that WDR-60–deficient retrograde IFT trains are driven by 

fewer dynein-2 motors, at severely reduced velocity, and accumulate at the distal side of 

the TZ. We propose that the accumulation of these underpowered IFT trains reflects their 

inability to push through the TZ barrier (Figure 15). Additional lines of evidence support a 

model in which a force production threshold needs to be met for retrograde IFT to cross the 

TZ barrier: (a) in experiments using purified “untrapped” dimers of GST-dynein-2 motor 

domains, maximum microtubule gliding velocity can be achieved only after a certain dynein-

2 concentration is reached (Toropova et al., 2017); (b) the same study showed that DNA 

origamis mimicking IFT trains were transported less efficiently (less processive runs) when 

attached to three untrapped dynein-2 motor dimers than when attached to seven dimers 

(Toropova et al., 2017); (c) the cooperative action of multiple dynein-2 motors in retrograde 

IFT has been shown to be capable of generating considerable forces (≥25 pN) to move 

against resisting loads (Roberts, 2018, Shih et al., 2013); and (d) we show in this study that 

removing the resistance offered by the TZ rescues the exit of the underpowered retrograde 

IFT trains driven by fewer dynein-2 motors in wdr-60 mutants. 

Our findings are also consistent with the “motorized plough” model, which posits that 

dynein-2 motors remove IFT trains and their cargoes out of the cilium by dragging them 
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while pushing through the TZ barrier (Nachury and Mick, 2019). We note, nonetheless, that 

we cannot fully exclude the possibility that WDR-60 might also contribute in other ways to 

retrograde IFT or ciliary exit. 

 

 

Figure 15 - Model for how WDR-60 contributes to efficient dynein-2–mediated retrograde IFT, 

and the crossing of the TZ to recycle the IFT machinery. (A) In wild-type C. elegans cilia, kinesin 

motors carry dynein-2 as a cargo on anterograde IFT trains across the TZ to enter the cilium 

compartment and reach the ciliary tip. After rearrangement, dynein-2 transports trains in the 

retrograde direction, crossing the TZ barrier to return them to the base of the cilium, so they can be 

recycled. (B) In the absence of WDR-60, less dynein-2 is recruited and loaded onto anterograde IFT 

trains to be incorporated into cilia. Consequently, fewer dynein-2 motors are available at the ciliary 

tip to power the newly rearranged retrograde trains. These underpowered dynein-2–driven trains 

move at slower velocities and tend to accumulate at the distal side of the TZ, unable to generate 

enough force to cross this barrier. (C) Disrupting the NPHP module reduces the resistance offered 

by the TZ to the passage of IFT trains, facilitating the exit of retrograde IFT to the cilium base and 

compensating for the less efficient WDR-60–deficient dynein-2 trains. 
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2.3.6. The NPHP module offers resistance to dynein-2 passage 

through the TZ 

Our results reveal that disrupting MKS-5, the most upstream TZ assembly factor, can rescue 

the exit of underpowered retrograde IFT trains from wdr-60(null) cilia. We then dissected 

which TZ modules offer resistance to dynein-2 exit by targeting their respective upstream 

components. We find that removal of the NPHP module by disrupting NPHP-4 almost 

completely rescues the exit of WDR-60–deficient dynein-2 from cilia, while the loss of the 

MKS module by disrupting MKSR-2 or CEP-290 did not. Given that previous studies 

showed that the recruitment of NPHP-4 and the assembly of the NPHP module are 

unaffected by the loss of either CEP-290 or MKSR-2 (Blacque and Sanders, 2014, 

Schouteden et al., 2015, Li et al., 2016), our findings support a pivotal role for the NPHP 

module in restricting dynein-2 passage through the TZ. Interestingly, in addition to disrupting 

the assembly of the NPHP module, NPHP-4 loss has also been shown to reduce the 

number of Y-links and their densities (Jensen et al., 2015, Lambacher et al., 2016). 

However, additional experimental work will be required to directly determine whether Y-links 

themselves influence the passage of IFT trains through the TZ. 

Consistent with an important role for NPHP-4 and the NPHP module in restricting dynein-2 

crossing of the TZ, studies in C. elegans and Chlamydomonas have shown that NPHP4 

loss weakens and permeabilizes the TZ barrier, allowing entry of normally excluded 

cytoplasmic proteins and reducing the retention of ciliary proteins (Awata et al., 2014, 

Williams et al., 2011, Jauregui et al., 2008). In agreement with this, we find that removal of 

NPHP-4 increases the velocity of both anterograde and retrograde IFT trains crossing the 

TZ roadblock, particularly improving the retrograde velocity of underpowered WDR-60–

deficient trains exiting cilia. This effect was even comparable with the increased IFT velocity 

in the TZ region that results from the disruption of MKS-5 in wdr-60(null) cilia. This supports 

the idea that even though NPHP-4 loss does not impair the TZ to the same extent as MKS-

5 inhibition, it considerably reduces the resistance offered to IFT trains crossing the TZ 

barrier. 

Interestingly, our results also indicate that even the complete removal of the TZ barrier is 

not sufficient for clearing out nonmotile CHE-3(K2935Q) dynein-2 from cilia. This finding 

implies that, although reduced, dynein-2 motors powering WDR-60–deficient retrograde IFT 

trains make an important contribution to the rescue observed upon disruption of the TZ 

barrier. 
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Taken together, our results provide direct evidence that the NPHP module of the TZ offers 

resistance to the passage of dynein-2–driven IFT trains and strongly support that dynein-2 

motors need to reach a minimal force-generating threshold to power passage of retrograde 

trains through the TZ barrier to exit cilia. 
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CHAPTER III – IFT subunits are mostly coupled 

to WDR-60-deficient dynein-2 motors during 

retrograde transport  
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3.1. Introduction 

 

In the previous chapter, we showed that, in the absence of WDR-60, dynein-2-driven 

retrograde IFT trains become underpowered and fail to exit cilia efficiently, as they 

accumulate on the distal side of the TZ (De-Castro et al., 2022). Moreover, we found that 

the removal of the NPHP module from the TZ of wdr-60 KO worms facilitated the ciliary exit 

of dynein-2, preventing these accumulations. Interestingly, we observed different patterns 

for the ciliary distribution of IFT-140 (IFT-A), IFT-74 (IFT-B), KAP-1 (heterotrimeric kinesin-

2), and OSM-3 (homodimeric kinesin-2) in the absence of WDR-60. While IFT-140 

distribution closely resembled the one of dynein-2, accumulating predominantly at the distal 

side of the TZ, IFT-74 was found to accumulate along the whole cilium. On the other hand, 

KAP-1 was also strongly accumulated near the TZ and the base upon loss of WDR-60, 

while the ciliary distribution of OSM-3 was only mildly altered. Based on these observations, 

we hypothesized that IFT-140 and KAP-1 were still coupled to retrograde IFT trains in the 

absence of WDR-60, while IFT-74 became, at least partially, uncoupled. 

To further dissect whether some IFT machinery become at least partially uncoupled from 

retrograde IFT trains in the absence of WDR-60, we extended these experiments to several 

other components, while also assessing the effects of removing the NPHP module. To our 

advantage, many studies have been recently published on the structure of the IFT-A/B 

complexes (Figure 1) (Hesketh et al., 2022, Jiang et al., 2023, Lacey et al., 2023, Ma et al., 

2023, McCafferty et al., 2022, Meleppattu et al., 2022, Nakayama and Katoh, 2020, 

Petriman et al., 2022), which helped us select which IFT subunits to analyze in the absence 

of WDR-60 and/or the NPHP module. Since the IFT-A and IFT-B complexes are composed 

of 6 and 16 subunits, respectively, we preferentially analyzed subunits from opposite 

regions, to have a more representative analysis of each complex. Interestingly, the IFT-A 

complex has been found to be structurally similar across species, namely, in human 

(Hesketh et al., 2022, Jiang et al., 2023), C. reinhardtii (Lacey et al., 2023), Tetrahymena 

(Ma et al., 2023, McCafferty et al., 2022), and Leishmania (Meleppattu et al., 2022). On the 

other hand, the structure of the IFT-B complex has, so far, only been solved in C. reinhardtii 

(Lacey et al., 2023, Petriman et al., 2022). Nevertheless, we expect it should also be highly 

conserved between species, as the already reported interaction between IFT-B subunits in 

human cells (Nakayama and Katoh, 2020) are consistent with the structures obtained of the 

C. reinhardtii IFT-B complex.  
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Here, we observed that most of the IFT subunits analyzed accumulated at the distal side of 

the TZ in the absence of WDR-60, as was the case for dynein-2. Also, disrupting the NPHP 

module prevented the accumulation of these IFT components at the distal side of the TZ 

upon loss of WDR-60. Together, these data suggest that, in the absence of WDR-60, most 

of the IFT train machinery remains coupled to dynein-2 during retrograde IFT. 

 

 

Figure 1 – Structure of the IFT-A and IFT-B complexes in the anterograde IFT train. The IFT-A 

complex is interconnected. IFT122 bridges the IFT-A core (IFT144, IFT140, and IFT122), and the 

IFT-A peripheral (IFT121 and IFT139). IFT-B is divided into the IFT-B1 (right) and IFT-B2 (left) 

subcomplexes bridged by the connecting tetramer (IFT57, IFT38, IFT52, and IFT88) (Nakayama and 

Katoh, 2020). Image adapted from (Lacey et al., 2023) and (Hesketh et al., 2022). 
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3.2. Results 

 

3.2.1. IFT-A complex remains mostly coupled to dynein-2 in the 

absence of WDR-60 

In our previous work, we observed that the ciliary distribution of IFT-140 in the absence of 

WDR-60 closely resembles the one of dynein-2 (De-Castro et al., 2022), suggesting that 

IFT-140 remains directly, or indirectly, coupled to dynein-2 during retrograde IFT. To assess 

if the IFT-A complex is entirely coupled to dynein-2 in the absence of WDR-60, we analyzed 

the ciliary distribution of IFT-144 and IFT-121 (DYF-2 and IFTA-1 in C. elegans, 

respectively), two components which localize at opposite ends of the IFT-A complex 

(Hesketh et al., 2022, Jiang et al., 2023, Lacey et al., 2023, Ma et al., 2023, McCafferty et 

al., 2022, Meleppattu et al., 2022). Although IFT-139 is more peripheral than IFT-121 in the 

IFT-A complex, it is coded in chromosome III of C. elegans (very near to the wdr-60 locus), 

which impeded the crossing of ift-139 and wdr-60 alleles. 

The absence of WDR-60 led to a significant increase of the ciliary levels of both IFT-144 

and IFT-121 (Figure 2C and 2F), in contrast to dynein-2, whose ciliary levels were reduced 

(De-Castro et al., 2022). Regarding ciliary distribution, IFT-144 behaved very similar to 

dynein-2 in the absence of WDR-60, as we observed a strong accumulation of this 

component at the distal side of the TZ barrier, that was fully prevented when we removed 

the NPHP module from the TZ (Figure 2A and 2B). On the other hand, loss of WDR-60 

caused IFT-121 to accumulate not only at the distal side of the TZ, but also around the end 

of the middle segment of cilia (Figure 2D and 2E). This observation suggests that IFT-121 

might be more weakly bound or only partially coupled to dynein-2 in the absence of WDR-

60. However, removal of the NPHP module from the TZ prevented the proximal ciliary 

accumulation of IFT-121, which is in agreement with our proposed model that the TZ offers 

resistance to the exit of retrograde IFT trains. Interestingly, we also noticed that the sole 

removal of the NPHP module from the TZ also slightly reduced the ciliary recruitment of 

these IFT-A components (Figure 2C and 2F), as was the case for dynein-2 (De-Castro et 

al., 2022). 
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Figure 2 – IFT-A behavior in wdr-60 and nphp-4 mutant cilia. (A and D) Representative examples 

of phasmid cilia expressing IFT-144::GFP and IFT-121::GFP (controls), respectively, and in 

combination with the wdr-60 and/or nphp-4 mutant backgrounds. Scale bars: 2 µm. (B and E) Ciliary 

distribution of IFT-144 and IFT-121, respectively, in the aforementioned genetic conditions. For each 

condition, n ≥ 58 cilia for IFT-144::GFP, and n ≥ 48 cilia for IFT-121::GFP. (C and F) Total intensity of 

IFT-144::GFP and IFT-121::GFP, respectively, inside cilia of controls and wdr-60/nphp-4 mutants. 

The Kruskal-Wallis test followed by Dunn’s multiple comparisons were used to analyze the datasets. 

****, P ≤ 0.0001. 

 

3.2.2. Most of the IFT-B complex remains connected to dynein-

2 in the absence of WDR-60 

Previously, we observed that IFT-74 accumulated along the whole length of cilia in the 

absence of WDR-60, in contrast to IFT-140 and the dynein-2 HC, which accumulated 

predominantly at the distal side of the TZ (De-Castro et al., 2022). This led us to believe 

that, in the absence of WDR-60, IFT-74 was uncoupled from dynein-2 during retrograde 

IFT. To further clarify how the IFT-B complex behaves in the absence of WDR-60, we 

analyzed the ciliary distribution of three additional IFT-B subunits: IFT-54 (DYF-11 in C. 

elegans), from the IFT-B2 subcomplex, and IFT-52 and IFT-46 (OSM-6 and DYF-6 in C. 
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elegans, respectively), from the IFT-B1 subcomplex. Also, we analyzed the effects of 

removing the NPHP module from the TZ in these mutants. 

Akin to IFT-A subunits, the loss of WDR-60 also led to a significant increase of the ciliary 

levels of IFT-B subunits (Figure 3C, 3F, 3I, and 3L). Also, we observed that IFT-54, IFT-52, 

and IFT-46 were found to accumulate predominantly at the distal side of the TZ, in the 

absence of WDR-60 (Figure 3B, 3H, and 3K), as was the case for the dynein-2 HC. This 

result suggests that these IFT components also remain coupled to dynein-2 during 

retrograde IFT, in the absence of WDR-60. In contrast, loss of WDR-60 caused IFT-74 to 

accumulate along the whole length of cilia (Figure 3E), as previously observed (De-Castro 

et al., 2022). This observation indicates that loss of WDR-60 may lead to uncoupling 

between IFT-74 and dynein-2 during retrograde IFT. Interestingly, however, removal of the 

NPHP module prevented the ciliary accumulations at the distal side of the TZ of all the IFT-

B components analyzed, including a large portion of IFT-74 (Figure 3B, 3H, and 3K). The 

latter result suggests that even if more weakly bound to the IFT train in the absence of 

WDR-60, IFT-74 can remain associated as long as IFT traffic jams are avoided. Finally, as 

we observed when tracking IFT-A subunits, we also noted that the sole removal of the NPHP 

module from the TZ also slightly reduced the ciliary levels of all IFT-B subunits analyzed 

(Figure 3C, 3F, 3I, and 3L). 
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Figure 3 – IFT-B behavior in wdr-60 and nphp-4 mutant cilia. (A, D, G, and J) Representative 

examples of phasmid cilia expressing IFT-54::GFP, IFT-74::GFP, IFT-52::GFP, and IFT-46::GFP 

(controls), respectively, and in combination with the wdr-60 and/or nphp-4 mutant backgrounds. 

Scale bars: 2 µm. (B, E, H, and K) Ciliary distribution of IFT-54, IFT-74, IFT-52, and IFT-46, 

respectively, in the aforementioned genetic conditions. For each condition, n ≥ 52 cilia for IFT-

54::GFP, n ≥ 62 cilia for IFT-74::GFP, n ≥ 50 for IFT-52::GFP, and n ≥ 30 cilia for IFT-46::GFP. (C, F, 
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I, and L) Total intensity of IFT-54::GFP, IFT-74::GFP, IFT-52::GFP, and IFT-46::GFP, respectively, 

inside cilia of controls and wdr-60/nphp-4 mutants. The Kruskal-Wallis test followed by Dunn’s 

multiple comparisons were used to analyze the datasets in C and F. The one-way ANOVA test 

followed by Tukey’s multiple comparisons were used to analyze the datasets in I and L. **, P ≤ 0.01; 

***, P ≤ 0.001; ****, P ≤ 0.0001. 

 

3.2.3. Heterotrimeric kinesin-2 remains coupled to dynein-2 in 

the absence of WDR-60 

We already showed that loss of WDR-60 results in a strong accumulation of heterotrimeric 

kinesin-2 at the distal side of the TZ, while only having a modest effect on the ciliary 

distribution of the homodimeric kinesin-2 (De-Castro et al., 2022). This may be explained 

by the fact that homodimeric kinesin-2 is mostly present at the distal segment of the cilium 

(Prevo et al., 2015), while the major phenotype resulting from the loss of WDR-60 is the 

accumulation of IFT material near its base. 

Here, we sought to further dissect how the heterotrimeric kinesin-2 behaves upon loss of 

WDR-60 and the NPHP module, by re-analyzing the ciliary distribution of the associated 

protein KAP-1, and expanding these analyses to the motor subunit KLP-20 (C. elegans 

homolog of KIF3A). Loss of WDR-60 also led to an increase of the ciliary levels of both 

subunits, and their accumulation near the base of cilia (Figure 4). In turn, this accumulation 

was extensively rescued upon removal of the NPHP module from the TZ (Figure 4B and 

4E), indicating that the heterotrimeric kinesin-2 remains coupled to dynein-2 in the absence 

of WDR-60. Interestingly, the removal of the NPHP module from the TZ did not alter 

heterotrimeric kinesin-2 levels at the base, and only slightly reduced its levels inside cilia 

(Figure 4B, 4C, 4E, and 4F). 
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Figure 4 – Heterotrimeric kinesin-2 accumulates near the ciliary base in the absence of WDR-

60. (A and D) Representative examples of phasmid cilia expressing KLP-20::GFP and KAP-1::GFP 

(controls), respectively, and in combination with the wdr-60 and/or nphp-4 mutant backgrounds. 

Scale bars: 2 µm. (B and E) Ciliary distribution of KLP-20 and KAP-1, respectively, in the 

aforementioned genetic conditions. For each condition, n ≥ 64 cilia for KLP-20::GFP, and n ≥ 44 cilia 

for KAP-1::GFP. (C and F) Total intensity of KLP-20::GFP and KAP-1::GFP, respectively, inside cilia 

of controls and wdr-60/nphp-4 mutants. The Kruskal-Wallis test followed by Dunn’s multiple 

comparisons were used to analyze the datasets in C. The one-way ANOVA test followed by Tukey’s 

multiple comparisons were used to analyze the datasets in F. *, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; 

****, P ≤ 0.0001. 

 

3.2.4. BBS-1 accumulates inside cilia in the absence of WDR-

60 

The BBSome is a complex of 8 different Bardet-Biedl Syndrome proteins that is involved in 

the removal of activated GPCRs from cilia (Ye et al., 2018). In C. elegans, it is also believed 

to participate in the assembly of anterograde IFT trains, by connecting the IFT-A and IFT-B 

complexes at the base of cilia (Wei et al., 2012, Snow et al., 2004, Ou et al., 2005). 

As observed for the other IFT proteins, the ciliary levels of BBS-1 were also increased in 

the absence of WDR-60 (Figure 5C). When we analyzed the ciliary distribution of BBS-1 
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upon loss of WDR-60, we observed a strong accumulation along the whole length of cilia, 

but not particularly near the base (Figure 5A and 5B). This result suggests that the BBSome 

becomes uncoupled from dynein-2 in the absence of WDR-60. Interestingly, removal of the 

NPHP module in this condition strongly reduced the levels of BBS-1 in the distal segment. 

However, a strong accumulation remained near the end of the middle segment. In turn, the 

sole removal of the NPHP module reduced the ciliary levels of BBS-1, similar to what 

occurred for IFT-A and IFT-B components (Figure 5C). 

 

 

Figure 5 – BBS-1 accumulates inside cilia in the absence of WDR-60. (A) Representative 

examples of phasmid cilia expressing BBS-1::GFP (control), and in combination with the wdr-60 

and/or nphp-4 mutant backgrounds. Scale bar: 2 µm. (B) Ciliary distribution of BBS-1 in these genetic 

conditions. For each condition, n ≥ 36 cilia. (C) Total intensity of BBS-1::GFP inside cilia of controls 

and wdr-60/nphp-4 mutants. The Kruskal-Wallis test followed by Dunn’s multiple comparisons were 

used to analyze the datasets. **, P ≤ 0.01; ***, P ≤ 0.001; ****, P ≤ 0.0001. 

 

 

3.3. Discussion 

 

3.3.1. Most of the IFT machinery remains coupled to dynein-2 

in the absence of WDR-60 

Here, we show that the total ciliary levels of the analyzed IFT components were increased 

in the absence of WDR-60, in contrast to dynein-2, whose levels were reduced. These 

observations indicate that the loss of WDR-60 does indeed impair retrograde IFT (De-
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Castro et al., 2022), impeding the retrieval of IFT components back to the ciliary base, 

leading to their accumulation inside cilia.  

We also observed that loss of WDR-60 led to the accumulation of most of the IFT machinery 

predominantly at the distal side of the TZ, as was observed for the dynein-2 motor. This 

indicates that, in the absence of WDR-60, most components of IFT remain coupled to 

dynein-2 during retrograde IFT. The few IFT components not found to accumulate mostly at 

the distal side of the TZ were IFT-121, IFT-74, and BBS-1. Loss of WDR-60 caused IFT-

121 to also accumulate near the end of the middle segment, while IFT-74 and BBS-1 

accumulated along the whole length of cilia. 

When looking at IFT-121 and IFT-74, particularly, upon loss of WDR-60 (Figures 2D, 2E, 

3D, and 3E), a few images led us to consider the possibility that some cilia may be shorter 

(~4 µm) and accumulate material at the tip, hence the strong accumulations that we observe 

around 4 µm from the base. However, to be able to test such hypothetical scenario, we 

would have to co-image these IFT components with a ciliary membrane marker, or carry out 

extensive transmission electron microscopy analyses. Nevertheless, the observed 

accumulations indicate that, in the absence of WDR-60, these subunits may be at least 

partially uncoupled to dynein-2 during retrograde IFT. Accordingly, it has already been 

observed in human cells that loss of WDR60 leads to the accumulation of IFT88 and IFT54 

at the base and at the tip of cilia, while IFT140 accumulates along the whole length of cilia 

(Hamada et al., 2018, Tsurumi et al., 2019, Vuolo et al., 2018), further indicating that loss of 

WDR60 may at least lead to partial uncoupling of specific IFT components from the 

retrograde train. 

The N-terminus of the dynein-1 IC is known to interact with the regulatory proteins 

NudE/NudEL and dynactin (McKenney et al., 2011). Hence, it is possible that the ICs of 

dynein-2 may also share this regulatory function by binding components from the IFT-A/B 

complexes. Indeed, both IFT-121 and IFT-74 were enriched in immunoprecipitates from 

lysates of RPE1 cells expressing HA-tagged WDR60 (Hiyamizu et al., 2023). Therefore, it 

is plausible that loss of WDR-60 may hinder the interaction between IFT-121/IFT-74 and 

dynein-2 motors in retrograde IFT trains, leading to their uncoupling during IFT. We do note, 

however, that the loss of WDR-60 could lead to uncoupling of cargo due to structural 

alterations in the dynein-2 complex, and not only due to loss of direct protein interactions 

involving WDR-60. 

Nonetheless, it is peculiar that only some subunits of the IFT-A and IFT-B complexes 

become uncoupled from dynein-2 upon loss of WDR-60, given the strong interactions 

established within these complexes (Lacey et al., 2023, Katoh et al., 2016, Hirano et al., 
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2017). However, it is also worth noting that some of these strong interactions may occur 

specifically in the anterograde IFT trains, rather than in the retrograde IFT trains. Upon train 

remodeling at the ciliary tip, IFT-A/B complexes could possibly reorganize in a way that 

some IFT components are more prone to be uncoupled from retrograde trains upon loss of 

WDR-60. Unfortunately, the structure of the retrograde IFT trains has not yet been 

characterized, in contrast to that of the anterograde IFT trains. This could be in part because 

retrograde trains are smaller than anterograde trains, and harder to detect (De-Castro et 

al., 2022, Mijalkovic et al., 2017, Pigino et al., 2009, Stepanek and Pigino, 2016). It is also 

conceivable that, despite having a normal ciliary distribution in a wild type background, 

tagging some of these IFT components may also facilitate their uncoupling from WDR-60-

deficient retrograde IFT trains. 

Regarding the BBSome, since this complex is involved in the retrieval of activated GPCRs 

from cilia (Ye et al., 2018), we expect it to be bound to the periphery of the retrograde trains, 

close to the ciliary membrane. Hence, the uncoupling of BBS-1 could be a downstream 

effect of the uncoupling of components from the IFT-A/B complexes, or affecting the 

structure of dynein-2 and/or retrograde IFT trains. 

In the future, we could perform single-molecule imaging of IFT components to further help 

elucidate the dynamics of the retrograde IFT machinery in the absence of WDR-60. It would 

be particularly interesting to analyze the IFT kinetics of IFT-121, IFT-74, and BBS-1, as 

these subunits seem to behave differently from dynein-2 in the absence of WDR-60. 

Nevertheless, we showed in our previous publication that the chemotaxis index and osmotic 

avoidance of wdr-60 KO worms were only mildly altered, relative to controls (De-Castro et 

al., 2022). This indicates that, despite the ciliary accumulations of IFT material that we 

observed, there must still occur partial retrieval of cargo back to the ciliary base upon loss 

of WDR-60, given that much of the ciliary function is still retained. 

 

3.3.2. Heterotrimeric kinesin-2 motors return to the ciliary base 

by dynein-2-driven retrograde IFT 

KLP-20 and KAP-1 also accumulated near the base in the absence of WDR-60, and this 

accumulation was almost completely prevented when we removed the NPHP module from 

the TZ, as was observed for the dynein-2 motor. This indicates that, upon loss of WDR-60 

in C. elegans, the heterotrimeric kinesin-2 is still being transported back to the ciliary base 

as a cargo of dynein-2, in contrast to Chlamydomonas, where the heterotrimeric kinesin-2 
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is thought to return to the ciliary base by diffusion (Pedersen et al., 2006, Chien et al., 2017, 

Engel et al., 2009). This notion of dynein-2-dependant retrieval of kinesin-2 motors in C. 

elegans is in agreement with previous studies that show similar retrograde kinetics between 

dynein-2 and kinesin-2 subunits (Prevo et al., 2015, Mijalkovic et al., 2017, De-Castro et al., 

2022, Yi et al., 2017). 

 

3.3.3. Loss of NPHP-4 reduces the ciliary levels of IFT 

components, and facilitates the ciliary exit of retrograde trains 

Interestingly, removal of the NPHP module from the TZ through the disruption of NPHP-4 

also reduced the ciliary levels of many IFT components analyzed. Nonetheless, we do note 

that, apart from being a structural component of the TZ, NPHP-4 has been also observed 

at the transition fibers (Jensen et al., 2015), structures that have been reported to be 

involved in the recruitment of TZ and IFT components to the basal body (Garcia-Gonzalo 

and Reiter, 2017). As such, it is possible that the pool of NPHP-4 at the transition fibers may 

also have a small contribution for the recruitment of ciliary components. 

However, we underline that the disruption of the NPHP module in the absence of WDR-60 

prevented the accumulation of all analyzed IFT components at the distal side of the TZ, 

indicating that dynein-2 motors are able to exit cilia along with every IFT component that is 

coupled to it.  
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CHAPTER IV – Generation of WDR-60 N-

terminal deletion mutants for separation of 

function analyses 
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4.1. Introduction 

 

We previously uncovered several IFT defects that arise in the absence of WDR-60. Namely, 

less dynein-2 is loaded onto anterograde IFT trains, and retrograde IFT trains become 

underpowered and are unable to efficiently cross the transition zone to exit cilia (De-Castro 

et al., 2022). Moreover, our data suggest that some of the IFT machinery/cargo may become 

at least partially uncoupled from dynein-2 motors during retrograde IFT. The fact that we 

observed these various and apparently distinct phenotypes raised the question of whether 

the reduced incorporation of dynein-2 into cilia led to a detrimental chain of events, or if 

WDR-60 itself has several functions during IFT. To answer this question, we designed 

strategies to generate deletion mutants of WDR-60, aiming to probe for possible separation 

of functions. We previously generated a WDR-60 mutant lacking the C-terminal β-propeller, 

and observed that, while the dynein-2 behavior resembles the full loss of WDR-60, there 

was less IFT machinery accumulation inside cilia (De-Castro et al., 2022). This observation 

hints at a role of WDR-60 N-terminus in retrograde IFT train integrity.  

Our analyses here unveil that a very conserved region in the N-terminus of WDR-60 is 

required to bind the anterograde IFT train. However, deletion of this conserved region did 

not significantly reduce dynein-2 loading into cilia, further corroborating that other important 

contacts occur between the dynein-2 complex and the anterograde IFT train. Also, we 

gather additional evidence that an upstream region of the wdr-60 locus comprising the third 

exon is required for the correct transcription of the wdr-60 gene. 

 

 

4.2. Results 

 

4.2.1. Generation of WDR-60 N-terminal deletion mutants 

The C. elegans full-length WDR-60 is a 668 amino acid protein consisting of a mostly 

disordered N-terminus, and a C-terminal β-propeller (Figure 1). The most upstream 

functional domain of WDR-60 is a very conserved region in the N-terminus (amino acids 

55-73 in C. elegans/ 374-392 in humans) that has also been recently shown by the 

Stephens and the Nakayama labs to bind IFT54 in HEK293T cells (Hiyamizu et al., 2023b), 
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although the authors were not able to determine whether this interaction occurs in the 

context of anterograde or retrograde trains. The light chains binding sites have also been 

mapped. The TCTEX1D2 binding site is a conserved region (amino acids 140-187 in C. 

elegans/ 473-522 in humans) that has been identified by the Nakayama lab (Hamada et al., 

2018). Three LC8 binding sites were mapped by the Roberts lab (Toropova et al., 2019), by 

solving the human dynein-2 complex ultrastructure in vitro (530-535, 541-546, and 553-558 

in humans). These conserved sites also contain the consensus sequence for LC8 

recognition (Rapali et al., 2011) in C. elegans, corresponding to amino acids 195-200, 206-

211, and 218-223. The Roadblock binding site, also identified by the Roberts lab (586-606 

in humans) (Toropova et al., 2019), corresponds to amino acids 245-266 in C. elegans. 

Lastly, the WD40 domains which form a 7-bladed β-propeller that binds the dynein-2 heavy 

chain span amino acids 282-647, according to the AlphaFold 3D structure prediction of the 

C. elegans WDR-60 (Figure 1B). 

 

 

Figure 1 – Functional domains of C. elegans WDR-60. (A) Full length WDR-60 and known 

functional domains: IFT-54 binding site (purple); TCTEX1D2 binding site (green); LC8 binding sites 

(yellow); Roadblock binding site (red); WD40 domains that fold into a β-propeller (blue). (B) 3D 

structure of the C. elegans WDR-60 predicted by AlphaFold (identifier: AF-Q18263-F1). 
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To probe for WDR-60 separation of function we aimed to generate three N-terminal deletion 

mutants (Figure 2). The WDR-60(288-668) mutant was intended to consist solely in the β-

propeller that binds the dynein-2 heavy chain. However, at the time this mutant was planned 

there was still no 3D structure available for the C. elegans WDR-60, and, based on amino 

acid sequence alignment with the human WDR60, we reasoned that proline 288 could 

possibly be the starting point of the β-propeller, given that proline has a high tendency to 

generate turns. We also aimed to generate the WDR-60(140-668) mutant comprising the 

regions that bind the light chains, and the β-propeller. Despite missing the upstream N-

terminal region, we reason that such mutant should still allow for the assembly of the dynein-

2 complex. Lastly, the WDR-60(Δ55-73) mutant lacking only the IFT-54 binding domain. 

 

 

Figure 2 – WDR-60 N-terminal deletion mutants designed for separation of function 

analyses. 

 

4.2.2. A highly conserved WDR-60 motif in its N-terminus binds 

anterograde IFT trains 

Through the alignment of WDR60 amino acid sequences in a wide range of species, we 

identified a very conserved region of 19 amino acids (aa 55-74 in C. elegans) (Figure 1A). 

The Stephens and Nakayama labs have recently shown that this conserved domain in the 

N-terminus of WDR60 is required to bind IFT54 (Hiyamizu et al., 2023b). However, their IP-

based experiments with HEK293T lysates did not allow to discriminate whether this 

interaction occurs in anterograde or retrograde IFT trains. To answer this question, we took 

advantage of the fact that, in C. elegans, loss of the LIC XBX-1 abolishes the ciliary 

recruitment of the HC CHE-3 (resulting in short, stumpy cilia), but not of WDR-60, which is 

still targeted to cilia in the absence of CHE-3 and XBX-1 (Yi et al., 2017, De-Castro et al., 

2022). This observation implies that WDR-60 alone can establish connections with the 

anterograde IFT trains to be incorporated into cilia. Strikingly, we found that deleting the 55-
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74 amino acids in the xbx-1 null background abolished the incorporation of WDR-60 into 

cilia (Figure 3). Together, these observations allow us to conclude that the binding of the 

conserved WDR-60 motif to IFT trains occurs during anterograde IFT. 

 

 

Figure 3 – Amino acids 55-74 of WDR-60 are required to bind IFT trains during anterograde 

IFT. The images show the distribution of WDR-60 in the phasmid neurons in the various mutants 

depicted. Scale bar: 10 µm. 

 

We then sought to investigate how the loss of interaction between WDR-60 and IFT-54 in 

anterograde trains would impact cilia and IFT. An initial analysis of the ciliary distribution of 

WDR-60::GFP and GFP::CHE-3 did not reveal any striking alteration arising from the loss 

of amino acids 55-74 of WDR-60 (Figure 4B, and 4E). Also, cilia length was similar to 

controls (Figure 4C, and 4F). The most noticeable phenotype observed in WDR-60(Δ55-

74) mutants was an increased release of ectosomes from the tip of cilia (Figure 4A, and 

4D). This higher release of IFT material through the ciliary tip may justify the slight decrease 

of WDR-60::GFP and GFP::CHE-3 levels at the base of cilia (Figure 4B, and 4E), as less 

IFT material is being retrieved back to the ciliary base. However, additional experiments 



76 
 

need to be carried out in the future to be able to carefully quantify the release of ectosomes 

in this WDR-60 mutant strain. 

 

 

Figure 4 – Deletion of amino acids 55-74 of WDR-60 does not cause severe ciliary defects. (A 

and D) Representative examples of phasmid cilia expressing WDR-60::GFP or GFP::CHE-3, 

respectively, in control and WDR-60(Δ55-74) mutants. Scale bars: 2 µm. (B and E) Ciliary distribution 

of WDR-60::GFP and GFP::CHE-3, respectively, in the aforementioned genetic conditions. (C and 

F) Ciliary length of wild-type and WDR-60(Δ55-74) mutant worms measured by fluorescence of 

WDR-60::GFP and GFP::CHE-3, respectively. The Mann-Whitney test was used to analyze the 

datasets in C, and the Student’s t-test was used to analyze the datasets in F. Ns, non-significant; 

****, P ≤ 0.0001. For WDR-60::GFP analyses in B and C, n ≥ 66 cilia. For GFP::CHE-3 analyses in 

E, and F, n ≥ 38 cilia.  

 

When analyzing the IFT kinetics of the dynein-2 heavy chain in the WDR-60(Δ55-74) 

mutant, we observed a small increase in both anterograde and retrograde velocities (Figure 

5A, and 5B). Also, there was a very small decrease in the levels of dynein-2 heavy chain 

being loaded onto anterograde IFT trains in the WDR-60(Δ55-74) mutant, when compared 

to controls (Figure 5A, and 5C), which may result from the loss of interaction between 

WDR-60 and IFT-54 during anterograde transport. This conclusion could be further 

validated in the future by mutating the corresponding WDR-60 binding region in IFT-54. 
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Figure 5 – Deletion of amino acids 55-74 of WDR-60 only mildly impacts IFT kinetics. (A) 

Representative kymographs of GFP::CHE-3 in wild-type and WDR-60(Δ55-74) mutant worms. (B) 

Anterograde and retrograde IFT velocities of GFP::CHE-3 in wild-type and WDR-60(Δ55-74) mutant 

worms. (C) Average intensity of GFP::CHE-3 in anterograde and retrograde IFT tracks of wild-type 

and WDR-60(Δ55-74) mutant worms. The Mann-Whitney test was used to analyze the datasets. n ≥ 

16 cilia, obtained in a single experiment. Ns, non-significant. 

 

4.2.3. A small DNA segment at the upstream region of wdr-60 

is required for gene expression 

The WDR-60::GFP(288-668) mutant, which we had expected to contain only the β-propeller 

of WDR-60 tagged with GFP, did not produce any detectable fluorescence signal in any 

subcellular compartment of sensory neurons, namely somas, dendrites, or cilia (Figure 6). 

Initially, this observation led us to believe that the β-propeller of WDR-60 alone could be 

destabilized in the absence of the N-terminus, and targeted for degradation. However, we 

then found out that deleting just the first 138 aa (excluding the initial methionine) to generate 

the WDR-60::GFP(140-668) mutant  also resulted in the complete loss of GFP 

fluorescence. Unfortunately, we were unable to sequence the region flanking the deletion 

to validate this mutant, which rendered it unusable. 
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Figure 6 – Loss of the WDR-60 N-terminus abolishes protein expression. Tail region of C. 

elegans mutants expressing WDR-60::GFP, or WDR-60::GFP(288-668). No GFP signal is detected 

in the sensory neurons of WDR-60::GFP(288-668) mutants. Scale bar: 10 µm. 

 

Having gathered evidence that these wdr-60 mutants were not expressed, we sought to 

investigate whether any gene expression regulatory elements could be present in the 

exonic/intronic sequences deleted in these mutants. Indeed, taking advantage of the online 

ChIP-seq data compiled in the Wormbase database, we found a small DNA segment within 

the wdr-60 locus that binds the transcription factors LSY-2, EFL-1, W03F9.2, and DPL-1 

(Boyle et al., 2014, Zhong et al., 2010, Niu et al., 2011) (Figure 7A). This DNA segment 

comprises the third exon that codes for amino acids 98-138 of WDR-60, and is lost when 

we generate the WDR-60::GFP(288-668) and WDR-60::GFP(140-668) mutants (Figure 

7B). Therefore, it is conceivable that we do not detect GFP signal in sensory neurons of the 

abovementioned wdr-60 mutants, because we may be disrupting wdr-60 gene expression 

when these are generated. 
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Figure 7 – A region of the wdr-60 gene, near its third exon, has been implicated in the binding 

of transcription factors. (A) Wormbase genome browser (JBrowse 2) showing the wdr-60 gene 

(pink) and transcription factor binding sites (dark green). Highlighted in yellow is the transcription 

factor binding site that comprises the third exon of wdr-60. (B) Amino acids 98-138 of WDR-60, coded 

in the intragenic transcription factor binding site of wdr-60 are absent in the WDR-60::GFP(288-668) 

and WDR-60::GFP(140-668) mutants. 

 

 

4.3. Discussion 

 

4.3.1. The N-terminus of WDR-60 binds anterograde IFT trains 

through a very conserved motif 

Together with the recent biochemical study (Hiyamizu et al., 2023b), our results strongly 

suggest that the very conserved patch (amino acids 55-74) in the N-terminus of WDR-60 

binds to anterograde IFT trains via IFT-54. However, we found that the deletion of this 

conserved region only slightly reduced the loading of dynein-2 motors onto anterograde 
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trains. This observation led us to wonder about the significance of this highly conserved 

WDR-60 motif across evolution, given that it appears to have a very minor impact on IFT. 

Nevertheless, our results align with the results of previous studies that deleted this WDR60 

motif in human cells (Hiyamizu et al., 2023a, Hiyamizu et al., 2023b). Importantly, our data 

strengthen the notion that the loading of dynein-2 motors onto anterograde IFT trains 

involves many other contacts between the dynein-2 complex and IFT-B, as proposed by 

recent structural studies (Lacey et al., 2023, Toropova et al., 2019, Hiyamizu et al., 2023b, 

Zhu et al., 2021). 

Interestingly, we did observe a significant increase in the release of ectosomes from the 

ciliary tip of WDR-60(Δ55-74) mutants. A recent study has shown that the release of 

ectosomes from the tip or the PCMC of C. elegans sensory cilia can also serve to release 

deleterious excess IFT material, thus helping to avoid traffic jams and maintain IFT 

(Razzauti and Laurent, 2021). Hence, the higher amount of ectosomes detected in the 

WDR-60(Δ55-74) mutants may be indicative of excess IFT material accumulating at the 

ciliary tip. However, validating this possibility will require further testing with other IFT 

markers in the future. 

 

4.3.2. Generation of WDR-60 N-terminal deletion mutants 

In this chapter we gathered evidence that it may not be possible to generate some of the 

intended WDR-60 N-terminal mutants by truncation of the endogenous locus, due to the 

deletion of potential transcription factor binding sequences. One of those transcription 

factors, LSY-2, has already been shown to be involved in the differentiation of amphid 

neurons (Johnston and Hobert, 2005), but is not essential for worm survival. On that regard, 

we intend to generate a strain that combines the endogenous GFP-tagged wdr-60 with an 

lsy-2 null, and assess the expression of WDR-60::GFP, to further validate our premise. 

However, it would still be of high interest to analyze IFT in a WDR-60 mutant containing only 

the β-propeller, and in WDR-60(140-668). Given that the WDR-60(140-668) mutant still 

contains the HC-binding β-propeller and the LC binding sites, it should be compatible with 

normal dynein-2 complex assembly. Therefore, such mutant could allow us to determine if 

deleting the remaining N-terminal region would mimic the stronger reduction in dynein-2 

loading and/or its reduced retrograde velocity observed in the wdr-60 KO mutant (De-Castro 

et al., 2022). To circumvent the current problem with expressing these mutants, we can 

engineer Mos-1-mediated genomic insertions of constructs that express the coding 

sequence of mutant WDR-60 under the control of Pift-139, that has already been shown to 
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be functional in driving the expression of other coding sequences (Yi et al., 2017, Scheidel 

and Blacque, 2018). However, one of the drawbacks of this tool is that WDR-60 expression 

may differ from endogenous levels. 
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CHAPTER V – DYCI-1 is unlikely to be an 

intermediate chain of the dynein-2 complex  
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5.1. Introduction 

 

The dynein-2 complex comprises a heterodimer of the intermediate chains (ICs) WDR60 

and WDR34 (Toropova et al., 2019, Asante et al., 2014, Patel-King et al., 2013, Rompolas 

et al., 2007). These, along with an array of light chains, bring together two copies of heavy 

and light-intermediate chains, to dimerize the dynein-2 complex (Toropova et al., 2019). 

Our lab recently identified the WDR60 homolog in C. elegans (De-Castro et al., 2022). 

However, it is still elusive whether the C. elegans WDR-60 homodimerizes, or forms a 

heterodimer with another IC within the dynein-2 complex. Given that CHE-3 is still able to 

partially power retrograde IFT in the absence of WDR-60 (De-Castro et al., 2022), we 

hypothesized that another IC could be compensating for the loss of WDR-60. Taking this 

into consideration, we sought to investigate whether there is a homolog of the human 

WDR34 in C. elegans. 

Through protein sequence alignments, we found that DYCI-1, the intermediate chain of the 

dynein-1 complex (Le Bot et al., 2003), was the protein with the highest homology to the 

human WDR34. In fact, DYCI-1 has been already observed inside cilia of a transgenic C. 

elegans strain expressing GFP::DYCI-1 under the control of the dyf-1 promoter (Li et al., 

2015). This observation raised the question whether, in C. elegans, DYCI-1, could be 

incorporated into both dynein-1 and dynein-2 complexes. 

In contrast to most ciliary proteins, DYCI-1 is indispensable for worm development, which 

is not surprising given that this dynein-1 subunit participates in basic cellular processes 

such as mitosis or vesicle transport (O'Rourke et al., 2007). To be able to study the potential 

involvement of DYCI-1 in IFT, we constructed a C. elegans strain that combines the split 

GFP (Hefel and Smolikove, 2019) and the Auxin-Inducible Degradation (AID) (Zhang et al., 

2015) systems. The aim of such strategy was to be able to simultaneously visualize and 

deplete DYCI-1 specifically in ciliated neurons, without compromising worm viability. 

When probing for DYCI-1 in sensory neurons, we were able to detect its signal in the nerve 

ring, and phasmid neuron somas. However, DYCI-1 signal was never observed inside 

amphid or phasmid cilia. Nevertheless, we were also able to successfully implement the 

degron system to deplete DYCI-1 in ciliated neurons. To our surprise, we observed a 

phenotype compatible with loss of sensing of environmental cues, without ever observing 

significant ciliary defects. 
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5.2. Results 

 

5.2.1. Designing the strategy for the functional analyses of 

DYCI-1 in sensory neurons 

We used the BlastP tool to search for WDR34 orthologs in C. elegans, using the Uniprot 

Q96EX3 protein sequence (human WDR34) as a reference. The proteins with highest 

sequence homology, and most likely candidates, were DYCI-1, the already known dynein-

1 intermediate chain (Le Bot et al., 2003), and WDR-60. To be able to assess DYCI-1 

presence inside cilia, we used CRISPR-Cas9 to tag the C-terminal end of this IC with a 

2xFLAG::AID::3xsGFP11 sequence (Figure 1A). This tag contains three different functional 

elements: the FLAG sequences that allowed for biochemical detection of DYCI-1, and 

measurement of protein levels by western blot (Figure 1B); the β-strands 11 of GFP 

reconstitute a fluorescent GFP in the presence of β-strands 1-10 (Cabantous et al., 2005) 

(Figure 1C); and the AID sequence which, in the presence of auxin, is recognized for TIR1-

mediated DYCI-1 poly-ubiquitination and degradation by the proteasome (Nishimura et al., 

2009) (Figure 1D). 
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Figure 1 – Employing the split GFP (sGFP) and the auxin-inducible degradation (AID) systems 

to study a potential role of DYCI-1 in IFT. (A) The DNA sequence coding for 

2xFLAG::AID::3xsGFP11 (annotated in annex IX) was inserted at the 3’ end of the endogenous dyci-

1 locus; for simplicity, only the last exon of dyci-1 is shown (gray box). (B) α-FLAG blot containing 

protein extracts of WT (N2, negative control) and DYCI-1::2xFLAG::AID::3xsGFP11 expressing 

worms. The tagged DYCI-1 protein was visible in the gel close to its predicted molecular weight, 

which is 86 kDa according to the ExPASy Mw tool.  (C) Three copies of the β-sheets 11 of GFP 

(sGFP11) were present in the tagged DYCI-1. If β-sheets 1-10 of GFP are expressed in the same 

cells and establish contact with sGFP11, GFP fluorescence is restored (image adapted from 

(Pedelacq and Cabantous, 2019). (D) TIR1 is a substrate recognition subunit that forms an SCF E3 

ubiquitin ligase complex. In the presence of the phytohormone auxin, AID-tagged DYCI-1 is poly-

ubiquitinated by the SCF complex and targeted for degradation by the proteasome. 

 

To first test if this tag was functional, we took advantage of an existing strain in the co-

supervisor’s lab (GCP794) that expresses sGFP1-10 in the germline and early embryo, 

under the control of the mex-5 promoter. Upon crossing the two strains, we observed DYCI-

1 signal in the gonad and embryos, predominantly at the nuclear envelope of germ cells, 

and in the mitotic spindle of blastomeres (Figure 2), showing that our split GFP system was 
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functional. Also, these are the same subcellular structures that have been shown to recruit 

dynein-1 heavy chain in these tissues (Barbosa et al., 2021), indicating that tagged DYCI-

1 behaved normally. 

 

 

Figure 2 – DYCI-1::2xFLAG::AID::3xsGFP11 sub-cellular distribution in C. elegans gonad and 

embryos. DYCI-1 is visible at the nuclear envelope of germ cells, and in the mitotic spindle of 

blastomeres. Scale bars: 20 µm. Images from gonad and embryos were not scaled to the same 

brightness and contrast levels. 

 

After validating the DYCI-1 tag, we set to generate a construct that induces the transgenic 

expression of sGFP1-10 and TIR1::mRuby specifically in the ciliated sensory neurons. For 

that, we amplified 780bp from the ift-139 promoter, as previously described by the Ou lab 

(Yi et al., 2017), and subcloned it in an expression vector with TIR1 (Figure 3). This 
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approach allowed us to visualize and deplete DYCI-1 in these neurons, without having 

background GFP signal, or compromising the function of dynein-1 in other tissues. The 

simultaneous expression of sGFP1-10 and TIR1::mRuby was achieved through the use of 

the gpd-2/gpd-3 operon linker, which allows a single polycistronic pre-mRNA to be 

processed into two functional mRNAs (Sobral et al., 2021) (Figure 3). 

 

 

Figure 3 – Construct for the Mos1-mediated Single Copy Insertion (MosSCI) in chromosome 

II of C. elegans. The pDC600 plasmid available at the co-supervisor lab was used as a backbone 

for the insertion of the following sequence in the ttTi5605 locus of chromosome II: Pift-139::sGFP1-

10::gpd-2/3::TIR1::mRuby. The plasmid DNA sequence was annotated in SnapGene Viewer (v5.0.8). 

 

5.2.2. Sensory neuronal distribution of DYCI-1 

Upon generating the strain that combines the ubiquitous expression of DYCI-

1::2xFLAG::AID::3xsGFP11 with the sensory neuron-specific expression of sGFP1-10 and 

TIR1::mRuby, our first main objective was to assess the cellular distribution of DYCI-1 in 

sensory neurons. We were able to observe DYCI-1 in several neuronal structures such as 

the nerve ring (which contains the somas of many amphid neurons  (White et al., 1986)), 
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phasmid neuron somas, and in some phasmid neuron dendrites (Figure 4). However, no 

DYCI-1 signal was ever detectable in either amphid or phasmid cilia. 

 

 

Figure 4 – DYCI-1 in sensory neurons. DYCI-1 signal was detected in the nerve ring, and in the 

somas of phasmid neurons, but never in cilia. TIR1 was observed at the somas of phasmid neurons, 

but not in the nerve ring. The WDR-60::GFP strain is shown as a marker for cilia/ dynein-2. White 

arrowheads point to amphid cilia in the head, and phasmid somas and cilia in the tail. Scale bars: 10 

µm. The signal intensity between DYCI-1 and WDR-60 was not scaled to the same brightness and 

contrast levels in head and tail images. 

 

Faced with these results, we considered the possibility that the expression of sGFP1-10 in 

sensory neurons attained using Pift-139 might not be strong enough to allow the 

visualization of DYCI-1 inside cilia. To address this potential issue, we generated another 

MosSCI construct, as the one in Figure 2, but driving the pan-neuronal expression of 

sGFP1-10 under the control of the rgef-1 promoter (Chen et al., 2011). Although this 

alternative construct also allowed us to we observe a strong sGFP signal in many neuronal 

structures, no sGFP-tagged DYCI-1 signal was ever detectable inside cilia of amphid or 

phasmid neurons (Figure 5). Altogether, these results suggest that this intermediate chain 

does not enter cilia and thus, it does not integrate the ciliary dynein-2 complex. 
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Figure 5 – Pan-neuronal localization of DYCI-1. Strong GFP signal was detected in several 

neuronal structures, but not inside cilia. Scale bars: 10 µm. 

 

5.2.3. Auxin-induced degradation of DYCI-1 in sensory 

neurons 

Despite not being able to observe DYCI-1 inside cilia, we still carried out the auxin-mediated 

degradation of DYCI-1 in sensory neurons to probe for possible ciliary defects. To initially 

test this system, we placed L3 worms in NGM plates with 100 µM auxin for 24 hours. The 

degron system proved to be highly functional as we could no longer detect any GFP signal 

in neuronal structures (Figure 6A), indicating that DYCI-1 was mostly, if not completely, 

depleted in sensory neurons. Although we had not observed TIR1 in the nerve ring (Figure 

6A), it was most likely expressed in amphid neurons as DYCI-1 was also very efficiently 

degraded in these cells (Figure 6A). 
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We then performed the dye filling assay as in chapter II, and observed that even worms that 

had been hatched and grown to adulthood in auxin-treated plates were still able to uptake 

the DiI dye into sensory neurons, akin to the non-treated worms (Figure 6B). This 

observation suggests that depletion of DYCI-1 does not significantly compromise axoneme 

extension in developing worms. 

To study the impact of loss of DYCI-1 on cilia morphology and dynein-2, we also measured 

cilia length and WDR-60 ciliary distribution. We initially hypothesized that, if WDR-60 could 

dimerize within the dynein-2 complex to compensate for the loss of DYCI-1, the ciliary levels 

of WDR-60 could potentially be increased. However, we observed that WDR-60 levels were 

increased only at the ciliary base, and reduced in the distal segment (Figure 6C and 6D). 

Regarding cilia length, no significant alteration was observed upon depletion of DYCI-1 

(Figure 6E). 

Altogether, the lack of a severe ciliary phenotype observed upon depletion of DYCI-1 in 

sensory neurons also suggests that this intermediate chain is not a subunit of Dynein-2.  

 

 

Figure 6 – Degradation of DYCI-1 in sensory neurons does not compromise cilia assembly. 

(A) Worms treated with 100 µM auxin no longer have detectable DYCI-1 signal in the nerve ring, or 
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in phasmid somas. (B) The dye filling assay shows that auxin-treated worms can still uptake the DiI 

dye into sensory neurons, akin to controls. (C) Representative examples of phasmid cilia expressing 

WDR-60::GFP in controls and in 100 µM auxin-treated worms. (D) Ciliary distribution of WDR-60 in 

controls and 100 µM auxin-treated worms. (E) Cilia length in controls and 100 µM auxin-treated 

worms. For each condition, n≥ 24 cilia in D and E, obtained in a single experiment. Scale bar in C: 2 

µm. Scale bars in A and B: 10 µm. The signal intensity from DYCI-1 (A) and the DiI dye (B) was not 

scaled to the same brightness and contrast levels between images of the same panel. 

 

Interestingly, when performing the auxin-mediated degradation of DYCI-1 in sensory 

neurons, we noticed that worms were smaller than wild types and non-treated worms. 

Unexpectedly, we also found that worms were evenly dispersed throughout the NGM plates, 

instead of being mostly found in the bacterial lawn (Figure 7). These observations were not 

quantified properly as they were outside of the scope of the main project, however, they 

may indicate that the disruption of dynein-1 subunits, and consequent reduction of 

retrograde transport in dendrites, can lead to loss of sensory neuron function, as worms 

seemed to no longer be sensing food correctly. 

 

 

Figure 7 – Sensory neuron-specific degradation of DYCI-1 seems to lead to problems in 

sensing food.  DYCI-1 degron worms that were hatched and grown to adulthood in auxin plates 

were smaller than wild types, and were evenly spread throughout the plates, rather than being mostly 

found in the bacterial lawn. 
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5.3. Discussion 

 

5.3.1. DYCI-1 is unlikely to be an intermediate chain of the 

dynein-2 complex 

The results obtained in this chapter indicate that DYCI-1 is not present inside cilia, and, 

accordingly, it is not a key intermediate chain of the dynein-2 motor complex. While we could 

observe the endogenous DYCI-1 signal in several neuronal structures, no signal was ever 

detected inside cilia. Also, the sensory neuron-specific degradation of DYCI-1 led to a much 

less severe ciliary phenotype than the ones already reported for other dynein-2 subunits 

(De-Castro et al., 2022, Schafer et al., 2003, Yi et al., 2017), which is more likely due to 

dynein-1 disfunction. In fact, a study was recently published claiming that DYCI-1 does not 

localize to cilia, and is not required for IFT or ciliary assembly (Higashida and Niwa, 2023). 

It is, therefore, possible that the observation of DYCI-1 inside cilia by the Ou lab could result 

from small amounts of the protein leaking into the cilium as a consequence of 

overexpression (Li et al., 2015). 

DYCI-1 was the strongest candidate for a WDR34 homolog in C. elegans, and its absence 

from cilia raised the question whether WDR-60 is the only dynein-2 intermediate chain 

present in worms. In fact, while WDR60 and WDR34 homologs have been found to be part 

of the dynein-2 complex in vertebrates, only one intermediate chain has been found in 

Tetrahymena (Rajagopalan et al., 2009), so this could also be the case in C. elegans. 

However, we intend to immunoprecipitate WDR-60::GFP in worms and search for novel 

dynein-2 interactors by Mass Spectrometry. If WDR-60 heterodimerizes with another 

intermediate chain, it should come up as one of the strongest interactors, given their 

proximity in the complex. As a control for this experiment, we will make worm extracts of the 

LE309 strain provided by CGC, which expresses a soluble GFP specifically in sensory 

neurons, under the control of the ciliary osm-6 promoter.  

 

5.3.2 Retrograde IFT in the absence of WDR-60 

If, indeed, the dynein-2 complex in C. elegans is dimerized by a homodimer of WDR-60, it 

might be surprising how retrograde IFT is still detected in a wdr-60 KO strain (De-Castro et 

al., 2022). In fact, Aakash Mukhopadhyay from the Roberts lab has already shown that, 

while the single KO of wdr60 or wdr34 in IMCD3 cells is not enough to impair ciliogenesis, 
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the double KO of wdr60 and wdr34 resembles the phenotype of a dync2h1 KO mutant (data 

presented at the Dynein 2021 online meeting, not yet subjected to peer-review), suggesting 

that dynein-2 activity in mammalian cells is only completely lost in the absence of both 

intermediate chains. On the other hand, the Roberts lab also showed that, without the IC-

LC subcomplex, non-dimerized HC-LIC monomers alone are capable of driving rapid 

microtubule gliding (~530nm/s) in vitro (Toropova et al., 2019). Therefore, we can not 

exclude the possibility that, in C. elegans, the CHE-3-XBX-1 subcomplex alone is capable 

of driving the events of retrograde IFT that we observed in wdr-60 KO worms (De-Castro et 

al., 2022). One possible approach to test this hypothesis in the future would be to tag the 

dynein-specific light chain roadblock with a fluorescence marker, and assess whether it is 

still present inside cilia of wdr-60 KO worms. Given that the light chains bind the N-terminal 

of the intermediate chains (Toropova et al., 2019), if the latters are absent, roadblock should, 

in theory, not be able to integrate dynein-2 nor enter cilia. 

Taking this into consideration, it would be interesting to measure the retrograde IFT kinetics 

of a dynein-2 (ΔIC-LC) mutant, and compare with the wdr-60 KO mutant. However, we can 

not knock-out the light chains, as LC8 has already been shown to dimerize the disordered 

regions of many other binding proteins, apart from Dyneins (Barbar, 2008, Rapali et al., 

2011), being essential for many cellular processes. Instead, one possible approach to 

generate a non-dimerized dynein-2 would be to mutate the LC binding sites within the WDR-

60 N-terminus. 

 

5.3.3. DYCI-1 degradation as a tool to study 

neurodegeneration 

Given that DYCI-1 is essential for dynein-1 activity, its degradation in sensory neurons was 

expected to lead to detrimental effects in retrograde transport, and overall neuronal function. 

Indeed, the evenly distributed worms throughout the NGM plates and reduced size 

observed in Figure 7 suggest loss of food sensing. This preliminary result needs to be 

confirmed in the future and perhaps chemosensory and osmotic avoidance assays can be 

carried out to study DYCI-1 function (direct or indirect) in the context of ciliary sensing 

functions. In such endeavor, the already characterized DHC-1 degron strain (Zhang et al., 

2015) can be used as a control, to account for the collateral effects of disrupting dynein-1. 

Furthermore, these strains could be useful to study any potential sensory neuron 

degeneration phenotypes in the future. 
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CHAPTER VI – Materials and methods  
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6.1. C. elegans maintenance and strain 

generation 

 

C. elegans strains were maintained at 20°C on standard nematode growth medium (NGM) 

plates seeded with Escherichia coli OP50 bacteria, and crossed using standard procedures 

(Brenner, 1974). Hermaphrodite worms were used in all assays. Mutant genotyping was 

performed by standard PCR.  

Mutations at the endogenous loci were engineered by CRISPR-Cas9 using germline 

microinjection of Cas9, specific gRNAs (listed in Annex V), the rol-6 co-injection marker, 

and homology repair templates consisting of either DNA oligonucleotides (for deletion 

mutations) or large partially single-stranded DNA fragments (for knock-ins) (Dokshin et al., 

2018). Homology repair template oligos, and primers used to generate partially single 

stranded homology repair templates are listed in Annex VI and Annex VII, respectively. The 

“roller” and “dumpy” progeny of the injected worms was screened for the desired mutation 

by PCR. New strains generated by CRISPR-Cas9 were outcrossed four to six times to 

promote the removal of the rol-6 mutation, and other potential mutations induced by Cas9 

off-targeting. 

Mos1-mediated Single Copy Insertions (MosSCI) were achieved by the germline 

microinjection of the desired construct, the Mos1 transposase, and co-injection markers 

driving the expression of mCherry under the myo-2, myo-3, and rab-3 promoters. This 

mixture was injected on the EG6699 strain that possesses the ttTi5605 locus on 

chromosome II, and the unc-119(ed3) mutation. Injected worms were kept at 25°C until the 

plates reached confluence, to allow the genomic integration of the construct. Then, “mover” 

worms lacking mCherry signal were selected for screening of the insertion. 

We used the Gibson Assembly cloning method (Gibson et al., 2009), as described by the 

authors, to generate plasmids containing the homology repair templates for the CRISPR-

Cas9-mediated insertions of DNA sequences coding for “3xFLAG::GFP” at the 3’ of the 

endogenous wdr-60 gene, and “AID::GFP” at the 3’ of the endogenous bbs-1 gene. We also 

used the Gibson Assembly method to generate the mosSCI constructs that induced the 

neuronal specific expression of sGFP1-10 and TIR1::mRuby. The primers and cloning 

strategies used to generate these constructs are listed in Annex VIII. 



99 
 

The DNA sequences of the new tags generated here are listed in Annex IX. C. elegans 

strains and screening primers used in this study are listed in Annex III, and Annex IV, 

respectively. 

 

 

6.2. Auxin plate preparation 

 

The 98+% indole-3-acetic acid (IAA) (Alfa Aesar) was diluted in pure ethanol to make a 400 

mM auxin stock solution. This stock solution was diluted into the NGM agar mixture to the 

final concentration specified in each experiment, right before pouring plates. Following agar 

polymerization, plates were seeded following standard procedures. 

 

 

6.3. Fluorescence imaging 

 

All imaging was performed using young adult hermaphrodite worms, with the exception of 

the aging experiments, in which animals at the larval stage 2, and 7 and 18 days after 

adulthood were also imaged for comparison. All animals used for imaging were immobilized 

using 5–10 mM levamisole, and were placed on a 5% agarose pad mounted on a 

microscope slide. 

Acquisition of z-planes was carried out using an epifluorescence Axio Observer microscope 

(Zeiss), equipped with a Plan-Apochromat 63x/1.46 NA oil objective lens, an Orca Flash 4.0 

camera (Hamamatsu), and controlled by ZEN software (Zeiss). Alternatively, for markers 

with small fluorescence intensity, z-plane acquisition was carried out on an Olympus IX81 

(Olympus, UK) inverted microscope equipped with an UPLSAPO 100x/1.40 NA oil objective 

lens, and an Andor Revolution XD spinning disk confocal system composed of a solid-state 

laser combiner (ALC-UVP 350i, Andor Technology, UK), a CSU-X1 confocal scanner 

(Yokogawa Electric Corporation), and an iXonEM+ DU-897 with 2x port coupler camera 

(Andor Technology), controlled by Andor IQ3 software (Andor Technology). Z-stacks were 

acquired with 0.4 µm spacing between each z-plane. 
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Time-lapse imaging of IFT was performed using the same Andor Revolution XD spinning 

disk confocal system described above. Only phasmid cilia fully in focus in a single z-plane 

were selected for live imaging. 200 frames of each phasmid cilium were recorded at a rate 

of 3 frames/s (333 ms per frame). All imaging was performed in temperature-controlled 

rooms kept at 20°C. 

 

 

6.4. Image processing and analyses of live IFT 

 

Z-stack and time-lapse series were processed and analyzed with Fiji software (ImageJ). 

Fluorescence signal of ciliary components was used to measure the length of cilia in wild 

type and mutant strains from the center of the base to the ciliary tip. The distribution profiles 

of IFT components inside cilia were determined by drawing a segmented line along the 

length of each cilium, from the base to the tip, and measuring the fluorescence intensity of 

the pixels along that line. Background signal was measured at the farmost region of the tail 

and subtracted to the raw intensities obtained in the prior step. The resulting intensities 

determined along different cilia were averaged and plotted relative to the distance from the 

center of the ciliary base. When indicated, signal intensity values of each profile were 

normalized to their point of maximum intensity to facilitate comparison between profiles from 

different mutant combinations, and in these instances the total signal from base to tip was 

also determined and plotted separately. 

Kymographs were generated in ImageJ (National Institutes of Health) using the 

KymographClear toolset plugin (v2.0) (Mangeol et al., 2016). To ensure the quality of the 

data used to analyze IFT dynamics, only cilia without severe malformations were used to 

generate kymographs. KymographDirect software (v2.1) (Mangeol et al., 2016) was used 

to analyze IFT dynamics, which takes into account background and bleaching automatically 

and is able to distinguish and separate anterograde from retrograde IFT. Anterograde tracks 

of individual IFT particles along the whole cilium length were automatically detected by the 

program as done in (Mijalkovic et al., 2017), and validated. Given the severity of the 

retrograde IFT phenotypes in wdr-60 mutants, the program was unable to robustly detect 

the retrograde tracks of IFT particles. To account for that, all retrograde tracks (both in 

mutants and in controls) had to be drawn manually. Continuous IFT tracks drawn in the prior 

step were then used to automatically determine IFT velocities at different positions along 

cilia with KymographDirect. When average velocities were calculated for subregions of the 
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axoneme, they were subgrouped as follows: TZ (0–1 μm), middle segment (1–4.5 μm), and 

distal segment (4.5 μm to ciliary tip). 

To determine the frequency of anterograde and retrograde IFT events, we employed the 

approach used in (Mijalkovic et al., 2017). As such, vertical straight line was drawn to cross 

the same position at the ciliary distal segment of each anterograde or retrograde 

kymograph. The line drawn on each kymograph was then used to generate an intensity 

profile plot, which allowed to score the number of IFT events in either direction by counting 

the number of intensity spikes. This quantification reflects the number of distinguishable 

particles that move in either direction over time. 

The average signal intensities of anterogradely or retrogradely moving particles were 

determined using KymographDirect as in (Mijalkovic et al., 2017). The software 

automatically measured the intensity of all pixels composing the track of each IFT particle. 

Each point intensity plotted in the graphs corresponds to the average of all tracks (a 

minimum of 15), for either anterograde or retrograde IFT, from a particular cilium. At least 

15 cilia were used per strain to determine the average intensity of particles moving in either 

direction. 

Images of representative examples of phasmid cilia and kymographs within the same figure 

panel were always scaled to the same brightness and contrast levels. Instances where 

images were not equally scaled are discriminated in the figure legends. 

 

 

6.5. Dye filling 

 

A stock solution containing 8 mg/mL of DiI (1,1’-dioctadecyl- 3,3,3’,3’-

tetramethylindocarbocyanine perchlorate) in dimethyl formamide was prepared in advance 

and stored at −20°C. One confluent but not starved plate of worms from the strain to be 

tested was grown for each experiment, and a fresh dilution of DiI solution at 2.5 μg/mL was 

prepared in M9 (86 mM NaCl, 42 mM Na2HPO4, 22 mM KH2PO4, and 1 mM MgSO4) and 

kept in the dark covered with aluminum foil. Worms were collected, washed in M9, and 

incubated in 500 μL of working DiI solution for 1 h at room temperature in the dark, with 

occasional flipping of the tubes. After washing in M9, worms were placed on an NGM 

seeded plate for 3 h at 20°C to further reduce the background of ingested dye. The neuronal 

uptake of dye was then examined using the Axio Observer microscope as described above. 
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At least 20 adult hermaphrodite worms were examined for each strain in ≥ 2 independent 

experiments. 

 

 

6.6. Chemosensing assays 

 

Chemotaxis to IA, an attractant compound, was assessed using 150–200 well-fed 

synchronized adult worms grown at 20°C per assay, following the guidelines of (Bargmann 

et al., 1993). Briefly, worms were washed three times in CTX buffer (1 mM CaCl2, 1 mM 

MgSO4, and 5 mM KH2PO4, pH 6.0) and placed on a 10 cm CTX plate without bacteria, at 

the starting/origin point. This origin point was set to be at the edge of the plate, equidistant 

to 10% IA attractant (in absolute ethanol) and vehicle (absolute ethanol) regions, which 

were drawn at opposite ends of the plate. Before adding 10 µl of 10% IA to the attractant 

site and 10 µl of 100% ethanol (solvent) to the control site, a solution of 1 M sodium azide 

(NaN3) was added to these two points. Sodium azide immobilizes any worms that reach the 

attractant or vehicle (control) regions, preventing them from moving away. After being 

placed at the origin point, worms were allowed to freely explore the plate for 1 h at 20°C, 

after which their localization and chemotaxis index was determined. The chemotaxis index 

can vary from 1.0 to −1.0 and was calculated as follows: Chemotaxis index = (number of 

worms at the attractant site − number of worms at the control site) / total number of worms. 

 

 

6.7. Osmotic avoidance assay 

 

Osmotic avoidance assays were performed on NGM nonseeded plates at room temperature 

(∼20°C), following the guidelines of (Sanders et al., 2015). Each repeat was performed 

using five young adult hermaphrodite worms of each strain isolated before the experiment. 

Worms were placed inside a glycerol ring with a diameter of ∼1 cm, freshly prepared with a 

tube dipped in a 59% glycerol solution. Worm behavior was immediately monitored for 10 

min to determine whether they avoided crossing the glycerol ring. Worms that left the ring 
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or stayed in contact with its glycerol border for >20 s were classified as escapers. Wild type 

and xbx-1(null) worms were used as controls. 

 

 

6.8. Immunoblotting 

 

For immunoblots of C. elegans extracts, four plates of hermaphrodites reaching confluence 

were collected and washed three times in M9, and the worm pellet was resuspended in an 

equal volume of 4× SDS-PAGE sample buffer (250 mM Tris-HCl, pH 6.8, 30% [vol/vol] 

glycerol, 8% [wt/vol] SDS, 200 mM DTT, and 0.04% [wt/vol] bromophenol blue). The worm 

suspension in sample buffer was supplemented with ∼20 µL of glass beads, incubated for 

5 min at 95°C, and vortexed for an additional 5 min. After boiling and vortexing twice, 

samples were centrifuged at 20,000 g for 1 min at room temperature, and supernatants 

were collected. 20% of each sample was loaded and resolved on a 10% SDS-PAGE gel 

and transferred to 0.2-µm nitrocellulose membranes (GE Healthcare). Membranes were 

rinsed in PBS (137 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4, and 1.47 mM KH2PO4) 

supplemented with 0.1% Tween-20 (PBS-T, pH 7.4), and then blocked with 5% (wt/vol) 

nonfat dry milk in PBS-T for 1 h. Subsequently, membranes were incubated with mouse 

anti-FLAG M2 antibody (Sigma-Aldrich; 1:500 for WDR-60::3xFLAG::GFP or 1:1000 for 

DYCI-1::2xFLAG::AID::GFP) or mouse anti-α-tubulin B512 antibody (1:5000; Sigma-

Aldrich) overnight at 4°C. On the following day, membranes were washed three times in 

PBS-T for 10 min each. Membranes were then incubated with secondary antibodies 

coupled to HRP (1:10000; Jackson ImmunoResearch) for 1 h at room temperature and 

washed three times in PBS-T for 5 min each. Pierce ECL Western Blotting Substrate 

(Thermo Fisher Scientific) was added to membranes to visualize proteins by 

chemiluminescence using x-ray film or a Chemidoc station (Bio-Rad). 
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6.9. Amino acid sequence alignments 

 

The WDR60 amino acid sequences were aligned in Jalview (version 2.11.2.6) using the 

GLprobsWS algorithm. These sequences were retrieved from Uniprot and have the 

following accession numbers: Q8WVS4 (H. sapiens), Q18263 (C. elegans), A8XPF3 (C. 

briggsae), A0A0G2K1X3 (R. norvegicus), Q8C761 (M. musculus), F1NVZ6 (G. gallus), 

A0A1D5NS24 (D. rerio), A0A6I8PTC1 (X. tropicalis), and Q7JR82 (D. melanogaster). 

Darker blue amino acid coloring represents higher percentage identity between species. 

 

 

6.10. Data analyses and statistics 

 

Statistical analyses of datasets were performed using GraphPad Prism software (v8). 

Unless otherwise mentioned, the total n analyzed in each assay was obtained from at least 

three different experiments. Shapiro–Wilk and Kolmogorov–Smirnov normality tests were 

performed to determine whether sample groups followed Gaussian distributions, which 

dictated the choice between the use of parametric or nonparametric statistical tests. One-

way ANOVA followed by comparison of the mean of each experimental group with the mean 

of the control group was used to analyze parametric datasets; otherwise, we used the 

nonparametric Kruskal–Wallis test. Follow-up multiple comparison tests were selected 

according to GraphPad Prism software suggestions. For single-comparison statistical 

analyses of parametric datasets, the two-tailed Student’s t test was used, while the two-

tailed Mann–Whitney U test was used for nonparametric data. Differences were considered 

significant at P values <5% (*, P ≤ 0.05; **, P ≤ 0.01; ***, P ≤ 0.001; and ****, P ≤ 0.0001). 

XY velocity and intensity distribution graphs are shown as mean ± SEM. Graphs in columns 

are shown as mean ± SD. 
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Conclusions and future perspectives 
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The dynein-2 complex is pivotal for cilia function by powering the retrograde transport of 

multiple important cargo to the cytoplasm. In humans, mutations in dynein-2 subunits cause 

rare but very severe diseases that integrate the category of ciliopathies. However, little is 

known so far about the mechanisms by which defective dynein-2 function leads to disease. 

Here, we identified the ortholog of the dynein-2 intermediate chain WDR60 in C. elegans. 

WDR-60 was not required for axoneme extension, but was essential for the robust loading 

of dynein-2 motors onto anterograde IFT trains, and to reach efficient retrograde kinetics for 

trains to effectively cross the transition zone and exit cilia.  

To dissect the mechanisms by which WDR-60 regulates dynein-2 dynamics, we attempted 

to generate several WDR-60 N-terminal deletion mutants. This approach could allow us to 

determine whether WDR-60 functions are interconnected during IFT, and potentially isolate 

the observed phenotypes. We found a highly conserved domain in the N-terminus of WDR-

60 that binds the anterograde IFT train. However, the removal of this domain did not 

severely impact dynein-2 ciliary kinetics. We also uncovered a transcription regulatory 

sequence in the upstream region of the wdr-60 that precluded the generation of other WDR-

60 mutants by manipulation of the endogenous locus. As such, in the future, other genetic 

tools will have to be employed to express those WDR-60 mutants in C. elegans sensory 

neurons. 

We also uncovered that the NPHP module is the main transition zone component offering 

resistance to the passage of IFT trains, and that removal of the NPHP module from the 

transition zone was enough to restore retrograde train ciliary exit in the absence of WDR-

60. These observations reinforce the notion of the transition zone acting as a dense physical 

barrier that IFT trains need to overcome to shuttle ciliary components between the cilium 

and the cytoplasm. 

Yet, it is worth noting that the structure of the retrograde IFT train is still unknown, which 

sometimes complicates the analyses of the results. Having insights into the structure of the 

retrograde IFT trains could help explain why only some IFT subunits tend to detach from 

retrograde trains in the absence of WDR-60, or which IFT subunits could be involved in the 

activation of the dynein-2 motor.  

Lastly, it remains unclear whether there is a homolog of WDR34 in C. elegans, or if WDR-

60 homodimerizes within the dynein-2 complex. DYCI-1 was the C. elegans protein with the 

highest sequence homology to the human WDR34, however, we never detected this 

intermediate chain inside cilia. In the future, employing other genetic approaches or mass 

spectrometry of dynein-2 immunoprecipitates will be key to further characterize the subunit 
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composition of the C. elegans dynein-2 complex, and help us understand what happens to 

the dynein-2 complex in the absence of WDR-60. 

Altogether, this work provides novel insights into the molecular mechanisms underlying 

WDR60-associated ciliopathies, and further enlightens the dynamics between the transition 

zone and the passage of IFT trains. 
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ANNEXES 
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ANNEX I - Article 1. “WDR60-mediated dynein-2 

loading into cilia powers retrograde IFT and 

transition zone crossing” 
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ANNEX II - Article 2. “The IFT20 homolog in 

Caenorhabditis elegans is required for 

ciliogenesis and cilia-mediated behavior” 
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ANNEX III – List of C. elegans strains used in this 

study
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Table 1 - List of C. elegans strains used in this study. 

Strains Genotype Short annotation Reference 

N2   wild-type   

GOU2162 che-3 (cas443[gfp::che-3]) I; xbx-1 (cas502[xbx-1::tagrfp::3xflag]) V GFP::CHE-3 + XBX-1::RFP::3xFLAG Yi et al., 2017 

GOU2362 ift-74 (cas499[ift-74::gfp]) II IFT-74::GFP Yi et al., 2017 

GOU2366 che-3(cas511[gfp::che-3(K2935Q)]) I  GFP::CHE-3(K2935Q) Yi et al., 2017 

JT11069 xbx-1 (ok279) V xbx-1 null Schafer et al., 
2003 

DAM459 ttTi4391-vieSi23[pAD402; Pnphp-4::gfp::nphp-4cDNA; cb unc-
119(+)] I; cxTi10882-vieSi16[pAD390; Phyls-1::mcherry::hyls-1; cb 
unc-119(+)] IV 

GFP::NPHP-4 + mCherry::HYLS-1 Schouteden et al., 
2015 

DAM543 cep-290(tm4927) I; mksr-2(tm2452) IV; nphp-4(tm925) V cep-290 null + mksr-2 null + nphp-4 null Schouteden et al., 
2015 

DAM954  vuaSi21 [pBP39; Pmks-6::mks-6::mcherry; cb-unc-119(+)] II MKS-6::mCherry Schouteden et al., 
2015 

OEB730 oqEx500 [tmem-107::gfp + unc-122p::dsred] TMEM-107::GFP Lambacher et al., 
2016 

EJP13 kap-1(ok676) III; vuaSi1 [pBP20; Pkap-1::kap-1::egfp; cb-unc-
119(+)] IV 

KAP-1::eGFP Prevo et al., 2015 

EJP16 vuaSi2 [pBP22; Posm-3::osm-3::mcherry; cb-unc-119(+)] II; unc-
119(ed3) III; osm-3(p802) IV 

OSM-3::mCherry Prevo et al., 2015 

EJP81 vuaSi24 [pBP43; Pche-11::che-11::mcherry; cb-unc-119(+)] II; unc-
119(ed3) III; che-11(tm3433) V 

CHE-11::mCherry Prevo et al., 2015 

MX1932 nxEx250[rpi-2::gfp; mksr-1::tdtomato; rol-6(su1006)] RPI-2::GFP + MKSR-1::tdTomato Li et al., 2016 

AND10 che-3 (cas443[gfp::che-3]) I GFP::CHE-3 this study 

AND22 ift-74 (cas499[ift-74::gfp]) II; xbx-1 (ok279) V IFT-47::GFP + xbx-1 null this study 

AND24 che-3 (cas443[gfp::che-3]) I; xbx-1 (ok279) V GFP::CHE-3 + xbx-1 null this study 
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AND37 wdr-60 (tm6453) III wdr-60 null this study 

AND38 ift-74 (cas499[ift-74::gfp]) II; wdr-60 (tm6453) III IFT-47::GFP + wdr-60 null this study 

AND40 wdr-60 (tm6453) III; che-3 (cas443[gfp::che-3]) I; xbx-1 (cas502[xbx-
1::tagrfp::3xflag]) V 

GFP::CHE-3 + XBX-1::RFP::3xFLAG + wdr-60 
null 

this study 

AND45 wdr-60 (dan1[wdr-60Δ1498_4125]) III WDR-60(∆CT) this study 

AND46 wdr-60 (dan1[wdr-60Δ1498_4125]) III; ift-74 (cas499[ift-74::gfp]) II IFT-47::GFP + WDR-60(∆CT) this study 

AND47 wdr-60 (dan3[wdr-60::3xflag::gfp]) III WDR-60::3xFLAG::GFP this study 

AND48 wdr-60 (dan1[wdr-60Δ1498_4125]) III; che-3 (cas443[gfp::che-3]) I GFP::CHE-3 + WDR-60(∆CT) this study 

AND49 wdr-60 (dan1[wdr-60Δ1498_4125]) III; che-3 (cas443[gfp::che-3]) I; 
xbx-1 (cas502[xbx-1::tagrfp::3xFlag]) V 

GFP::CHE-3 + XBX-1::RFP::3xFLAG + WDR-
60(∆CT) 

this study 

AND50 wdr-60 (dan3[wdr-60::3xflag::gfp]) III; xbx-1 (cas502[xbx-
1::tagrfp::3xflag]) V 

WDR-60::3xFlag::GFP + XBX-1::RFP this study 

AND59 wdr-60 (dan3[wdr-60::3xFlag::gfp]) III; xbx-1 (ok279) V WDR-60::3xFlag::GFP+ xbx-1 null this study 

AND60 wdr-60 (dan1[wdr-60Δ1498_4125]) III; oqEx500 [tmem-107::gfp + 
unc-122p::dsred] 

TMEM-107::GFP + WDR-60(∆CT) this study 

AND66 che-3(cas443[gfp::che-3]) I; him-8 (e1489) IV GFP::CHE-3 + him-8 (e1489) this study 

AND73 wdr-60 (dan4[wdr-60(Δ1498_4125)::3xflag::gfp]) III WDR-60(∆CT)::3xFlag::GFP this study 

AND79 oqEx500 [tmem-107::gfp + unc-122p::dsred]; xbx-1 (ok279) V TMEM-107::GFP + xbx-1 null this study 

AND80 wdr-60 (tm6453) III; oqEx500 [tmem-107::gfp + unc-122p::DsRed]; 
him-8 (e1489) IV 

TMEM-107::GFP + wdr-60 null this study 

AND81 wdr-60 (dan5[wdr-60(tm6453)::linker::3xflag::gfp]) III wdr-60(null)::3xFlag::GFP this study 

AND83 xbx-1 (ok279) V; wdr-60 (dan4[wdr-
60(Δ1498_4125)::linker::3xFlag::gfp]) III 

wdr-60(∆CT)::linker::3xFlag::gfp+ xbx-1 null this study 

AND86 che-3 (cas443[gfp::che-3]) I; wdr-60 (tm6453) III GFP::CHE-3 + wdr-60 null this study 

AND90 wdr-60 (tm6453) III; che-11 (tm3433) V; vuaSi24 [pBP43; Pche-
11::che-11::mcherry; cb-unc-119(+)] II 

CHE-11::mCherry + wdr-60 null this study 
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AND92 wdr-60 (tm6453) III; vuaSi2 [pBP22; Posm-3::osm-3::mcherry; cb-
unc-119(+)] II; osm-3(p802) IV 

OSM-3::mCherry + wdr-60 null this study 

AND96 che-3 (cas443[gfp::che-3])I; vuaSi21 [pBP39; Pmks-6::mks-
6::mcherry; cb-unc-119(+)] II 

GFP::CHE-3 + MKS-6::mCherry this study 

AND97 che-3 (cas443[gfp::che-3])I; mksr-2 (tm2452) IV; nphp-4 (tm925) V GFP::CHE-3 + mksr-2(tm2452) + nphp-4(tm925) this study 

AND99 che-3 (cas443[gfp::che-3]) I; wdr-60 (tm6453) III; mksr-2 (tm2452) 
IV; nphp-4 (tm925) V 

GFP::CHE-3 + wdr-60 null + mksr-2(tm2452) + 
nphp-4(tm925) 

this study 

AND100 che-3 (cas443[gfp::che-3]) I; wdr-60 (tm6453) III; mksr-2 (tm2452) IV GFP::CHE-3 + wdr-60 null + mksr-2(tm2452)  this study 

AND103  vuaSi21 [pBP39; Pmks-6::mks-6::mcherry; cb-unc-119(+)] II; xbx-1 
(ok279) V 

MKS-6::mCherry + xbx-1 null this study 

AND104 che-3 (cas443[gfp::che-3]) I; vuaSi21 [pBP39; Pmks-6::mks-
6::mcherry; cb-unc-119(+)] II; wdr-60 (tm6453) III 

GFP::CHE-3 + MKS-6::mCherry + wdr-60 null this study 

AND110 wdr-60 (tm6453) III; vuaSi1 [pBP20; Pkap-1::kap-1::egfp; cb-unc-
119(+)] IV 

KAP-1::GFP + wdr-60 null this study 

AND112 che-3(cas511[gfp::che-3(K2935Q)]) I; nphp-4 (tm925) V GFP::CHE-3(K2935Q) + nphp-4(tm925) this study 

AND113 che-3(cas511[gfp::che-3(K2935Q)]) I; mksr-2 (tm2452) IV ; nphp-4 
(tm925) V 

GFP::CHE-3(K2935Q) + nphp-4(tm925) + mksr-
2(tm2452) 

this study 

AND114 che-3(cas511[gfp::che-3(K2935Q)]) I; mksr-2 (tm2452) IV GFP::CHE-3(K2935Q) + mksr-2(tm2452) this study 

AND119 vuaSi24 [pBP43; Pche-11::che-11::mCherry; cb-unc-119(+)] II; wdr-
60 (dan1[wdr-60Δ1498_4125]) III ; che-11 (tm3433) V 

CHE-11::mCherry + WDR-60(∆CT) this study 

AND122 che-3 (cas443[gfp::che-3]) I ; vuaSi21 [pBP39; Pmks-6::mks-
6::mCherry; cb-unc-119(+)] II; wdr-60 (dan1[wdr-60Δ1498_4125]) III 

GFP::CHE-3 + MKS-6::mCherry + WDR-
60(∆CT) 

this study 

AND127 vuaSi1 [pBP20; Pkap-1::kap-1::egfp; cb-unc-119(+)] IV KAP-1::GFP this study 

AND129 che-3 (cas443[gfp::che-3]) I; mksr-2 (tm2452) IV GFP::CHE-3 + mksr-2(tm2452)  this study 
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AND143 ltSi1188[pDC600; Pmex-5::sgfp1-10::gpd-2/3::mcherry::his-15; cb-
unc-119(+)] II; unc-119(ed3) III; dyci-1(dan7[dyci-
1::2xflag::aid::3xsgfp11]) IV 

gonad (sGFP1-10 + mCherry::HIS-15) + DYCI-
1::2xFLAG::AID::3xsGFP 

this study 

AND153 ttTi5605 [Pift-139::sgfp1-10::gpd-2/3::tir1mruby; unc-119(+)] II; unc-
119(ed3) III; dyci-1(dan7[dyci-1::2xflag::aid::3xsgfp11]) IV 

sensory neuron (sGFP1-10 + TIR1mRuby) + 
DYCI-1::2xFLAG::AID::3xsGFP 

this study 

AND158 ttTi5605 [Pift-139::sgfp1-10::gpd-2/3::tir1mruby; unc-119(+)] II; wdr-
60 (dan3[wdr-60::3xflag::gfp]) III; dyci-1(dan7[dyci-
1::2xflag::aid::3xsgfp11]) IV 

sensory neuron (sGFP1-10 + TIR1mRuby) + 
DYCI-1::2xFLAG::AID::3xsGFP + WDR-
60::3xFLAG::GFP 

this study 

AND173 che-3(cas443[gfp::che-3])I; nphp-4 (tm925)V GFP::CHE-3 + nphp-4(tm925) this study 

AND174 che-3(cas443[gfp::che-3]) I; wdr-60 (tm6453) III; nphp-4 (tm925)V GFP::CHE-3 + wdr-60 null + nphp-4(tm925) this study 

AND184 che-3(cas511[gfp::che-3(K2935Q)]) I; mks-5 (tm3100) II GFP::CHE-3(K2935Q) + mks-5(tm3100) this study 

AND190 che-3(cas443[gfp::che-3]) I; mks-5 (tm3100) II;  
wdr-60 (tm6453) III 

GFP::CHE-3 + wdr-60 null + mks-5(tm3100) this study 

AND194 che-3(cas443[gfp::che-3]) I; mks-5 (tm3100) II GFP::CHE-3 + mks-5(tm3100) this study 

AND198 ttTi4391-vieSi23[pAD402; Pnphp-4::gfp::nphp-4cDNA; cb-unc- 
119(+)] I; wdr-60 (tm6453) III; cxTi10882-vieSi16[pAD390;  
Phyls-1::mcherry::hyls-1; cb unc-119(+)] IV 

GFP::NPHP-4 + mCherry::HYLS-1 + 
wdr-60 null 

this study 

AND200 che-3(cas443[gfp::che-3]) I; wdr-60 (tm6453) III;  
cxTi10882-vieSi16[pAD390; Phyls-1::mcherry::hyls-1; cb unc- 
119(+)] IV 

GFP::CHE-3 + mCherry::HYLS-1 +  
wdr-60 null 

this study 

AND201 che-3(cas443[gfp::che-3]) I; cxTi10882-vieSi16[pAD390; Phyls-
1::mcherry::hyls-1; cb unc-119(+)] IV 

GFP::CHE-3 + mCherry::HYLS-1 this study 

AND203 vuaSi24 [pBP43; Pche-11::che-11::mCherry; cb-unc-119(+)] II; xbx-
1(ok279) V 

CHE-11::mCherry + xbx-1 null this study 

AND204 nxEx250[rpi-2::gfp; mksr-1::tdtomato; rol-6(su1006)];  
wdr-60 (dan1[wdr-60Δ1498_4125]) III 

RPI-2::GFP + MKSR-1::tdTomato +  
wdr-60(∆CT) 

this study 

AND207 che-3(cas443[gfp::che-3]) I; cep-290 (tm4927) I GFP::CHE-3 + cep-290(tm4927) this study 

AND208 cep-290 (tm4927) I; che-3(cas443[gfp::che-3]) I;  
wdr-60 (tm6453) III 

GFP::CHE-3 + cep-290(tm4927) + wdr-60 null this study 



151 
 

AND215 ttTi4391-vieSi23[pAD402; Pnphp-4::gfp::nphp-4cDNA; cb-unc- 
119(+)] I; cxTi10882-vieSi16[pAD390; Phyls-1::mcherry::hyls-1; cb-
unc-119(+)] IV; xbx-1 (ok279) V 

GFP::NPHP-4 + mCherry::HYLS-1 + 
xbx-1 null 

this study 

AND216 ttTi4391-vieSi23[pAD402; Pnphp-4::gfp::nphp-4cDNA; cb-unc- 
119(+)] I; wdr-60 (dan1[wdr-60Δ1498_4125]) III; cxTi10882-
vieSi16[pAD390; Phyls-1::mcherry::hyls-1; cb-unc-119(+)] IV 

GFP::NPHP-4 + mCherry::HYLS-1 + 
wdr-60(∆CT) 

this study 

AND219 nxEx250[rpi-2::gfp; mksr-1::tdtomato; rol-6(su1006)];  
wdr-60 (tm6453) III 

RPI-2::GFP + MKSR-1::tdTomato +  
wdr-60 null 

this study 

AND222 nxEx250[rpi-2::gfp; mksr-1::tdtomato; rol-6(su1006)];  
xbx-1(ok279) V 

RPI-2::GFP + MKSR-1::tdTomato +  
xbx-1 null 

this study 

AND266 ttTi5605 [Pift-139::tir1mruby::Prgef-1::sgfp1-10; unc-119(+)] II; unc-
119(ed3) III; dyci-1 (dan7[dyci-1::2xflag::aid::3xsgfp11]) IV 

sensory neuron TIR1mRuby + pan-neuronal 
sGFP1-10 + DYCI-1::2xFLAG::AID::3xsGFP 

this study 

AND337 klp-20(cas447[klp-20::gfp]) III KLP-20::GFP this study 

AND338 klp-20(cas447[klp-20::gfp]) III ; wdr-60(tm6453) III KLP-20::GFP + wdr-60 null this study 

AND384 ifta-1(dan21[ifta-1::aid::gfp]) X IFT-121::GFP AND lab 

AND393 ift-74(cas499[ift-74::gfp]) II ; wdr-60(tm6453) III ; nphp-4(tm925) V IFT-74::GFP + wdr-60 null + nphp-4 null this study 

AND394 klp-20(cas447[klp-20::gfp]) III ; wdr-60(tm6453) III; nphp-4(tm925) V KLP-20::GFP + wdr-60 null + nphp-4 null this study 

AND397 klp-20(cas447[klp-20::gfp]) III ; nphp-4(tm925) V KLP-20::GFP + nphp-4 null this study 

AND399 ift-74(cas499[ift-74::gfp]) II ; nphp-4(tm925) V IFT-74::GFP + nphp-4 null this study 

AND420 dyf-2(dan19[dyf-2::aid::gfp]) III IFT-144::GFP AND lab 

AND424 vuaSi1[pBP20 ; Pkap-1::kap-1::egfp ; cb-unc-119(+)] IV ; wdr-
60(tm6453) III ; nphp-4(tm925) V 

KAP-1::GFP + wdr-60 null + nphp-4 null this study 

AND425 vuaSi1[pBP20 ; Pkap-1::kap-1::egfp ; cb-unc-119(+)] IV ; nphp-
4(tm925) V 

KAP-1::GFP + nphp-4 null this study 

AND433 dyf-2(dan19[dyf-2::aid::gfp]) III ; wdr-60(tm6453) III ; nphp-4(tm925) 
V 

IFT-144::GFP + wdr-60 null + nphp-4 null this study 

AND434 dyf-2(dan19[dyf-2::aid::gfp]) III ; nphp-4(tm925) V IFT-144::GFP + nphp-4 null this study 

AND435 dyf-2(dan19[dyf-2::aid::gfp]) III ; wdr-60(tm6453) III IFT-144::GFP + wdr-60 null this study 
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AND459 wdr-60(dan20[wdr-60(Δ4_1497)::3xflag::gfp]) III WDR-60(Δ2-287)::3xFLAG::GFP this study 

AND470 dyf-11(dan26[dyf-11::aid::gfp]) X IFT-54::GFP AND lab 

AND472 wdr-60(dan24[wdr-60(Δ204_260)::3xflag::gfp]) III WDR-60(Δ55-74)::3xFLAG::GFP this study 

AND473  che-3(cas443[gfp::che-3]) I; wdr-60(dan23[wdr-60(Δ204_260)]) III WDR-60(Δ55-74) + GFP::CHE-3 this study 

AND474 wdr-60(tm6453) III; dyf-11(dan26[dyf-11::aid::gfp]) X  IFT-54::GFP + wdr-60 null this study 

AND475 nphp-4(tm925) V; dyf-11(dan26[dyf-11::aid::gfp]) X IFT-54::GFP +  nphp-4 null this study 

AND476 wdr-60(tm6453) III ; nphp-4(tm925) V; dyf-11(dan26[dyf-11::aid::gfp]) 
X 

IFT-54::GFP + wdr-60 null + nphp-4 null this study 

AND501 wdr-60(tm6453) III; ifta-1(dan21[ifta-1::aid::gfp]) X IFT-121::GFP + wdr-60 null this study 

AND502 nphp-4(tm925) V; ifta-1(dan21[ifta-1::aid::gfp]) X IFT-121::GFP + nphp-4 null this study 

AND503  wdr-60(tm6453) III ; nphp-4(tm925) V; ifta-1(dan21[ifta-1::aid::gfp]) 
X 

IFT-121::GFP + wdr-60 null + nphp-4 null this study 

AND522 bbs-1(dan27[bbs-1::aid::gfp]) I BBS-1::GFP this study 

AND532 vuaSi15[pBP36 ; Posm-6::osm-6::egfp ; cb-unc119(+)] I ; wdr-
60(tm6453) III 

OSM-6::GFP + wdr-60 null this study 

AND533 vuaSi15[pBP36 ; Posm-6::osm-6::egfp ; cb-unc119(+)] I ; nphp-
4(tm925) V 

OSM-6::GFP + nphp-4 null this study 

AND534 vuaSi15[pBP36 ; Posm-6::osm-6::egfp ; cb-unc119(+)] I ; wdr-
60(tm6453) III ; nphp-4(tm925) V 

OSM-6::GFP + wdr-60 null + nphp-4 null this study 

AND535 vuaSi15[pBP36 ; Posm-6::osm-6::egfp ; cb-unc119(+)] I OSM-6::GFP this study 

AND550 bbs-1(dan27[bbs-1::aid::gfp]) I ; wdr-60(tm6453) III BBS-1::GFP + wdr-60 null this study 

AND551 bbs-1(dan27[bbs-1::aid::gfp]) I ; nphp-4(tm925) V BBS-1::GFP + nphp-4 null this study 

AND552 bbs-1(dan27[bbs-1::aid::gfp]) I ; wdr-60(tm6453) III ; nphp-4(tm925) 
V 

BBS-1::GFP + wdr-60 null + nphp-4 null this study 

AND562 wdr-60(dan24[wdr-60(Δ204_260)::3xflag::gfp]) III ; xbx-1(ok279) V WDR-60(Δ55-74)::3xFLAG::GFP + xbx-1 null this study 

AND571 mnEx171[dyf-6::GFP + rol-6(su1006)] IFT-46::GFP this study 
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AND572 mnEx171[dyf-6::GFP + rol-6(su1006)] ; wdr-60(tm6453) III IFT-46::GFP + wdr-60 null this study 

AND573 mnEx171[dyf-6::GFP + rol-6(su1006)] ; nphp-4(tm925) V IFT-46::GFP + nphp-4 null this study 

AND574 mnEx171[dyf-6::GFP + rol-6(su1006)] ; wdr-60(tm6453) III ; nphp-
4(tm925) V 

IFT-46::GFP + wdr-60 null + nphp-4 null this study 
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ANNEX IV – List of primers used for the screening 

of genetic mutations in C. elegans
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Table 2 - List of primers used for the screening of genetic mutations in C. elegans. 

 Screen Primer ID Sequence (5’-3’) 

Dynein 
components 

CHE-3 

GFP tag knock-in 
oTD54 (FW) ACAGGTGGAGTGTATTTAATGAG 

oTD2 (RV) ACAACACGAAAGACGTTGGCTG 

CHE-3(K2935Q) 
oTD7 (FW) GGTGCTAGAATGGCTAAACAATG 

oTD8 (RV) CACCGATATTGTTAGAGTATATCAC 

XBX-1 

RFP tag knock-in 
oTD3 (FW) GTTCGACGCCTCGTTGAGAA 

oTD4 (RV) CACCAATACAAGTCTAAGCTAG 

xbx-1(ok279) 
oTD22 (FW) AGTTCGTCGGAGACACGAATC 

oTD23 (RV) CCACGAACGGCAATTGGTTAC 

WDR-60 

WDR-60(∆CT) 
oTD26 (FW) GAGAGAGGAGAGACAGAAGAGAAAGAG 

oTD41 (RV) CAAATGCCACAAGATACGGAC 

GFP tag knock-in 
oTD42 (FW) TCATAACATACTGGGATTTGGG 

oTD41 (RV) CAAATGCCACAAGATACGGAC 

wdr-60(null) 
oTD40 (FW) AGTTGAGTTGATTTCCTTGGG 

oTD53 (RV) GATATGAAACCTGTGTTGCAG 

WDR-60(∆55-74) 
oTD25 (FW) GCGTCTTCGAGCAAAGTTACG 

oTD600 (RV) CTGAGCCTGAACCAGTGAAC 

WDR-60(∆NT) 
oTD40 (FW) AGTTGAGTTGATTTCCTTGGG 

oTD69 (RV) CTGAAGTCGTCAAAGTTTGG 

DYCI-1 split GFP knock-in 
oTD61 (FW) GTTCGTTGGTGATGATGAGG 

oTD62 (RV) CACAATTACACACACAAGAAGAG 

IFT Kinesin 
subunits 

OSM-3 

wild type 
oTD163 (FW) GGATGCTCTTCTTCGAGAGTACC 

oTD164 (RV) CGAGACGATCCAGTTCGAATTC 

osm-3(p802) 
oTD165 (FW) GGATGCTCTTCTTCGAGAGTACT 

oTD164 (RV) CGAGACGATCCAGTTCGAATTC 

kap-1(ok676) oTD157 (FW) TTTCATTCCTGCCACGTCAC 
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oTD158 (RV) CTTTGATTGACCCAACTCACC 

KLP-20::GFP knock-in 
oTD403 (FW) CCAGAACAACAACCAAACGG 

oTD404 (RV) CAATTACAGGCTTCGCCCTT 

IFT-A/B 
Complexes 

IFT-74::GFP knock-in 
oTD5 (FW) CACGAGTATGACTCACAAGGAG 

oTD6 (RV) CGGAAAGGGTGCTTCATACTTG 

che-11 (tm3433) 
oTD161 (FW) TCTTCGTAGTATCTTGCAGCG 

oTD162 (RV) TACAACTTCAAGGAATGCAGC 

IFT-144::AID::GFP knock-in 
oTD604 (FW) GTGCCGTACTGTATTCTTAC 

oTD605 (RV) CATGTAAAGCGGAATGTAAG 

IFT-121::AID::GFP knock-in 
oTD613 (FW) TCCAAGATTTCTGTTTACCG 

oTD614 (RV) GAAATTCGATTGTTTGAGCAC 

IFT-54::AID::GFP knock-in 
oTD615 (FW) AGATAGAGGAGCTTTGGTG 

oTD616 (RV) TTAATCTGGGTTTTCCTGTG 

BBS 
complex 

BBS-1::AID::GFP knock-in 
oTD638 (FW) GGCTTAGGTTTAGGCTCAAC 

oTD639 (RV) GAAGGGATATTGGTCCGATG 

Transition 
Zone 
components 

mks-5 
(tm3100) 

oTD393 (FW) TTCAATAGCAGATTTCGCCG 

oTD394 (RV) AATCACATTCCTCTTGCAGC 

nphp-4 
(tm925) 

oTD153 (FW) GCCATTCTTGGATCCGCATA 

oTD154 (RV) CCGGCCAGTTGAAATGAAAC 

mksr-2(tm2452) 
oTD155 (FW) TTGCTCATCTCCCTAATGGC 

oTD156 (RV) TGGATTCGGTGATAATCGGC 
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cep-290(tm4927) 
oTD159 (FW) AGCTTGTTCGTCATTTCGGT 

oTD160 (RV) CTGTAGGCACAAGGCCATAA 

MosSCI 
knock-in 

MosSCI Chr I (ttTi4391) 

knock-in 
oTD436 (FW) AGACTATCAGCTCAATGTGC 

oTD271 (RV) TTTACAAGGACTTGGATAAATTGG 

wild type 
oTD436 (FW) AGACTATCAGCTCAATGTGC 

oTD437 (RV) ACCGACTGCCATGATATAGC 

MosSCI Chr I (ttTi4348) 

knock-in 
oTD644 (FW) CACTTGAGCTTACAATAACTTGC 

oTD271 (RV) TTTACAAGGACTTGGATAAATTGG 

wild type 
oTD642 (FW) GAGAGCAACACTGACGAAGAA 

oTD643 (RV) TGCAGTTCGAAATGGTGATTGA 

MosSCI Chr II (ttTi5605) 

knock-in 
oTD270 (FW) GACATTTGAGAATGGCATTGA 

oTD271 (RV) TTTACAAGGACTTGGATAAATTGG 

wild type 
oTD272 (FW) AGGCAGAATGTGAACAAGACTCG 

oTD273 (RV) ATCGGGAGGCGAACCTAACTG 

MosSCI Chr IV (cxTi10882) 

knock-in 
oTD320 (FW) CAGGAGAGCAAGGACCAAAG 

oTD271 (RV) TTTACAAGGACTTGGATAAATTGG 

wild type 
oTD320 (FW) CAGGAGAGCAAGGACCAAAG 

oTD319 (RV) GCCAAATGCCATAGTCAATGG 
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ANNEX V – List of sgRNAs used in this study 

 

 

Table 3 - List of sgRNAs used in this study. 

Target sgRNA ID Sequence (5’-3’) (PAM) 

wdr-60 

pTD135 (plasmid) CGGAATGGATTATATCCCC (TGG) 

pTD136 (plasmid) TGTTCTAGAAGATCCCGCG (CGG) 

pTD133 (plasmid) TCTTTCTTCGATTTTCGGG (TGG) 

sgRNA35 TTTCGAAGAAGATGATGAAG (AGG) 

bbs-1 sgRNA49 CACAAATCGGAGCCAATAAG (GGG) 

dyci-1 
pRG371 (plasmid) AAGCAATCGAATGAGGAAG (CGG) 

pRG393 (plasmid) TAACATGTAGACGAATGCG (CGG) 
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ANNEX VI – Oligos used as homology repair 

templates for CRISPR-Cas9-mediated genomic 

editing 

 

 

Table 4 - Oligos used as homology repair templates for CRISPR-Cas9-mediated genomic 
editing. 

modification oligo ID Sequence (5’-3’) 

WDR-60(Δ288-668) oTD18 
GGATAAATCTGCCGAGGAAGATGAAACGAGGGAAAAGT
CAATTTCTAAGTTTTCTAGGGGATATAATTGAGCGCGGA
AGAATCAAAACGAAACCATTTTGGAGGTTTTGAGAAG 

WDR-60(Δ2-287) oTD68 

CATAGCAACTAAAATGTGCAGCATTTGAACGACCCGAAA
ATCGAAGAAAGATTTCATTTTATTCCATTTTCTATGAAAA
ATGCCATTCCGACTTTGTCAAGTTGTCACTAGTGAGTTT
TC 

WDR-60(Δ55-73) oTD628 
TAAGCCTGAGCCTGAGCCTGAACCAGTGAACGAAAAAA
AGGCTCCGAAAGTTGAAGAAAAGCCACAAAAAGAATCA
AAAGTAGAAGCTGAGGTAGATAAC 
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ANNEX VII - Primers used to generate partially 

single stranded homology repair templates for 

CRISPR-Cas9-mediated genomic editing
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Table 5 - Primers used to generate partially single stranded homology repair templates for CRISPR-Cas9-mediated genomic editing. 

Endogenous knock-in Primer ID Sequence (5’-3’) Description 

BBS-1::AID::GFP 

oTD636 (FW) AGGTTCCGTTTTAGGCTTAG 
to amplify the larger fragment 

oTD637 (RV) GTAGTGGTACTGTAGGGTAC 

oRG2794 (FW) GGAGGATCTGGAGGCGGTTC 

to amplify the smaller fragment 
oTD583 (RV) TTTGTAAAGTTCATCCATTCCAAGAGTTATTC 

DYCI-1::2xFLAG::AID::3xsGFP11 

oTD151 (FW) 
AAGTTTGTACGTGTTGAAGAGCGAAGAATGGAATCGATTT
GCTAGGTAAGCAGCTACCCGTTCCTCTTTCTACATGAAAA
ATGTGCAATTTTCAGAGTTTTATCTGATATGAAGCAATCG 

to amplify the larger fragment 

oTD152 (RV) 
GCCACGTTTCAATAAGAAAGCGTGGGAAAATATGCTTTGT
AAGGGATTTAAAAAACAAGTACCTATGATTTAAATATGATA
AATAGAAAATCTGATTAAAGTTAAGATTGGAAAGAACCG 

oRG982 (FW) GAGTTTTATCTGATATGAAGCAATCG 
to amplify the smaller fragment 

oRD938 (RV) AGTTAAGATTGGAAAGAACCGC 

WDR-60::3xFLAG::GFP 

oTD63 (FW) GAAAAGTATGGAGAGGTTACTG 
to amplify the larger fragment 

oTD64 (RV) GGAGACAATTCAAATTCGG 

oTD56 (FW) GGATCTGGTAGCGGAGAC 
to amplify the smaller fragment 

oTD60 (RV) TCATTTGTATAGTTCATCCATGCC 
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ANNEX VIII – List of primers used to generate the 

constructs for the genomic editing of C. elegans
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Table 6 - List of primers used to generate the constructs for the genomic editing of C. elegans. 

Primer ID Sequence (5’-3’) Description Final construct 

oRG510 (RV) CATATGGTGCACTCTCAG to make a linear fragment of pUC57 backbone 
(Gibson Assembly fragment 1) 

pUC57 - (wdr-60) 
5'Harm::3xFLAG::GFP::3'
Harm 

oRG509 (FW) GGCGTAATCATGGTCATAG 

oTD43 (FW) 
GATTGTACTGAGAGTGCACCATATGGAGCGGTT
TTAGAAAAGTATGGAGAG to amplify 625bp upstream of wdr-60 stop codon 

and generate the 5' homology arm (Gibson 
Assembly fragment 2) oTD44 (RV) 

CCCAAATTTTTAATTCTTCTCAAAACCTCCAAAAT
GGTTTCGTTTTGATTCTTGCGCGCGGGATCTTC
TAGAAC 

oTD46 (RV) 
CAATATCCAAAAAAGATCATTCATTTGTATAGTTC
ATCCATGCC to amplify the 3xFLAG::GFP tag from pRG604 

(provided by the co-supervisor) and add an 
upstream linker sequence (Gibson Assembly 
fragment 3) oTD45 (FW) 

GGAGGTTTTGAGAAGAATTAAAAATTTGGGATCT
GGTAGCGGAGACTACAAAGACCATGACGG 

oTD47 (FW) CAAATGAATGATCTTTTTTGGATATTG to amplify 508bp downstream of wdr-60 stop 
codon and generate the 3' homology arm (Gibson 
Assembly fragment 4) oTD48 (RV) 

AGGAAACAGCTATGACCATGATTACGCCGGAGA
CAATTCAAATTCGG 

oTD636 (FW) AGGTTCCGTTTTAGGCTTAG 
to amplify 1033bp homology arms of bbs-1 (522bp 
upstream of stop codon + 511bp downstream of 
stop codon) to clone into pNZY28 and generate 
pNZY28 - bbs-1 Harms 

pNZY28 - (bbs-1) 
5'Harm::AID::GFP::3'Harm 

oTD637 (RV) GTAGTGGTACTGTAGGGTAC 

oRG2650 (FW) GACTGGATGGAGGCGGATAAAG to amplify the first half of the pNZY28 backbone 
and the 5' homology arm from pNZY28 - bbs-1 
Harms (Gibson Assembly fragment 1) oTD635 (RV) 

GAACCGCCTCCAGATCCTCCATCAAGTGGAAAT
TCGCTGAAG 

oRG2794 (FW) GGAGGATCTGGAGGCGGTTC to amplify the AID::GFP tag from the CA1207 
strain (Zhang 2015) (Gibson Assembly fragment 
2) oTD583 (RV) TTTGTAAAGTTCATCCATTCCAAGAGTTATTC 

oTD636 (FW) 
ACTCTTGGAATGGATGAACTTTACAAATAGTTCC
AGTTTTCACCTTATTGG 
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oRG2649 (RV) CTTTATCCGCCTCCATCCAGTC 
to amplify the second half of the pNZY28 
backbone and the 3' homology arm from pNZY28 
- bbs-1 Harms (Gibson Assembly fragment 3) 

oRG2650 (FW) GACTGGATGGAGGCGGATAAAG to amplify part of the pDC600 backbone 
cointaining the first half of AmpR, ttTi5605 5' 
homology arm, and unc-119(+) (Gibson Assembly 
fragment 1) 

pDC600 - (ttTi5605) Pift-
139::sGFP::gpd-
2/3::TIR1mRuby 

oAC654 (FW) CCTAGTTCTAGACATTCTC 

oTD245 (FW) 
CATTAGAGAATGTCTAGAACTAGGAATCGACTTA
ATTGGTACAG 

to amplify Pift-139 (Gibson Assembly fragment 2) 

oTD246 (RV) 
GAAAAGTTCTTCTCCTTTACTCATTTTTAAATTGA
GATATCAGC 

oTD265 (FW) ATGAGTAAAGGAGAAGAACTTTTC to amplify sGFP1-10 and the gpd-2/3 operon 
linker from pDC600 (Gibson Assembly fragment 
3) oTD264 (RV) 

CGATTCTCTTTTGCATGATGCGTTGAAGCAGTTT
CCCTG 

oTD267 (FW) CTTCAACGCATCATGCAAAAGAGAATCGCCTTG to amplify TIR1::mRuby from the GCP637 strain 
(Gibson Assembly fragment 4) oTD268 (RV) GATGCGGAGCTCTTATCCTCCTCCAAGTCCAGC 

oTD266 (FW) CTTGGAGGAGGATAAGAGCTCCGCATCGGC 
to amplify part of the pDC600 backbone 
cointaining ttTi5605 3' homology arm, and the 
second half of AmpR (Gibson Assembly fragment 
5) oRG2649 (RV) CTTTATCCGCCTCCATCCAGTC 

oRG2650 (FW) GACTGGATGGAGGCGGATAAAG 
to amplify part of the pDC600 backbone 
cointaining the first half of AmpR, ttTi5605 5' 
homology arm, and unc-119(+) (Gibson Assembly 
fragment 1) 

pDC600 - (ttTi5605) Pift-
139::TIR1mRuby::Prgef-
1::sGFP1-10 

oAC654 (FW) CCTAGTTCTAGACATTCTC 

oTD245 (FW) 
CATTAGAGAATGTCTAGAACTAGGAATCGACTTA
ATTGGTACAG 

to amplify Pift-139 (Gibson Assembly fragment 2) 

oTD345 (RV) 
ACAAGGCGATTCTCTTTTGCATTTTTAAATTGAG
ATATCAGC 

oTD344 (FW) 
AATGCAAAAGAGAATCGCCTTGTCGTTTCCAGA
AGAAGTACTC to amplify TIR1::mRuby from the GCP637 strain 

(Gibson Assembly fragment 3) 
oTD268 (RV) GATGCGGAGCTCTTATCCTCCTCCAAGTCCAGC 
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oTD266 (FW) CTTGGAGGAGGATAAGAGCTCCGCATCGGC 

to amplify Prgef-1 (Gibson Assembly fragment 4) 

oTD248 (RV) 
GAAAAGTTCTTCTCCTTTACTCATCTTTACTGCT
GATCGTCGTCGTC 

oTD265 (FW) ATGAGTAAAGGAGAAGAACTTTTC to amplify sGFP1-10 from pDC600 (Gibson 
Assembly fragment 5) oTD342 (RV) ACGCGTCAATGAGACTTTTTTCTTG 

oTD341 (FW) 
CAAGAAAAAAGTCTCATTGACGCGTTCGTGGAT
CCAGATATCCT 

to amplify part of the pDC600 backbone 
cointaining ttTi5605 3' homology arm, and the 
second half of AmpR  (Gibson Assembly fragment 
6) oRG2649 (RV) CTTTATCCGCCTCCATCCAGTC 
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ANNEX IX – DNA sequences coding for the new 

protein tags generated in this study 

 

The DNA sequence coding for the “3xFLAG::GFP” tag inserted at 3’ of the endogenous wdr-

60 locus was amplified from pRG604 (provided by the co-supervisor), adding a 5’ linker 

sequence. 

5’ to 3’ sequence: 

GGATCTGGTAGCGGAGACTACAAAGACCATGACGGTGATTATAAAGATCATGATATCGATTACAAGG

ACGATGACGATAAGATGAGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATT

AGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAACATACGG

AAAACTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTCCATGGGTAAGTTTAAACATATA

TATACTAACTAACCCTGATTATTTAAATTTTCAGCCAACACTTGTCACTACTTTCTGTTATGGTGTTCAA

TGCTTCTCGAGATACCCAGATCATATGAAACGGCATGACTTTTTCAAGAGTGCCATGCCCGAAGGTT

ATGTACAGGAAAGAACTATATTTTTCAAAGATGACGGGAACTACAAGACACGTAAGTTTAAACAGTT

CGGTACTAACTAACCATACATATTTAAATTTTCAGGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTG

TTAATAGAATCGAGTTAAAAGGTATTGATTTTAAAGAAGATGGAAACATTCTTGGACACAAATTGGA

ATACAACTATAACTCACACAATGTATACATCATGGCAGACAAACAAAAGAATGGAATCAAAGTTGTA

AGTTTAAACATGATTTTACTAACTAACTAATCTAATTTAAATTTTCAGAACTTCAAAATTAGACACAAC

ATTGAAGATGGAAGCGTTCAACTAGCAGACCATTATCAACAAAATACTCCAATTGGCGATGGCCCTG

TCCTTTTACCAGACAACCATTACCTGTCCACACAATCTGCCCTTTCGAAAGATCCCAACGAAAAGAG

AGACCACATGGTCCTTCTTGAGTTTGTAACAGCTGCTGGGATTACACATGGCATGGATGAACTATAC

AAA 

 

DNA sequence annotated in SnapGene Viewer (v5.0.8): 
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The DNA sequence coding for the “2xFLAG::AID::3xsGFP11” tag inserted at 3’ of the 

endogenous dyci-1 locus was synthesized as a gBlock (IDT). 

5’ to 3’ sequence: 

GGAGGTGGATCTGGAGGCGGTTCCGGAGGTGGAGATTATAAAGATCATGATATCGATTACAAGGAT

GACGATGACAAGGGAGGTTCCGGAGGCCCAAAGGATCCAGCCAAGCCACCAGCCAAGGCTCAGG

TTGTCGGATGGCCACCAGTCAGATCTTACCGCAAGAACGTCATGGTTTCCTGCCAAAAGTCTTCCGG

TGGACCAGAGGCTGCCGCTTTCGTCAAGGGAGGATCTGGTGGAAGAGATCATATGGTCCTCCACG

AATACGTTAACGCTGCCGGTATCACTGGAGGATCTGGAGGACGTGACCATATGGTTCTCCACGAATA

CGTCAATGCCGCCGGAATCACCGGAGGTTCCGGAGGAAGAGACCATATGGTTCTTCACGAATACGT

CAACGCCGCTGGAATCACC 

 

DNA sequence annotated in SnapGene Viewer (v5.0.8): 

 

 


