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Summary

Intraflagellar transport sub-complex A (IFT-A) is known to regulate retrograde IFT in the cilium. 

To rigorously assess its other possible roles, we knocked out an IFT-A subunit, IFT121/WDR35, 

in mammalian cells and screened the localization of more than 50 proteins. We found that Wdr35 

regulates cilium assembly by selectively regulating transport of distinct cargoes. Beyond its role in 

retrograde transport, we show that Wdr35 functions in fusion of Rab8 vesicles at the nascent 

cilium, protein exit from the cilium, and centriolar satellite organization. Further, we show that 

Wdr35 is essential for entry of many membrane proteins into the cilium through robust 

interactions with cargoes and other IFT-A subunits, but the actin network functions to dampen this 

transport. Wdr35 is mutated in several ciliopathies, and we find that certain disease mutations 

impair interactions with cargo and other IFT-A subunits. Together, our data link defects in IFT-A 

mediated cargo transport with disease.

eTOC Blurb

Fu et al. find that Wdr35-containing intraflagellar transport sub-complex A (IFT-A) regulates 

selective transport of distinct cargoes for primary cilium assembly. Wdr35 is essential for entry of 

many membrane proteins into the cilium.
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Introduction

The primary cilium, an antenna-like structure protruding from the cell surface, is essential 

for multiple signaling pathways and development (Fu et al., 2014; Nozawa et al., 2013). The 

primary cilium is derived from centrosomes and is maintained by intraflagellar transport 

(IFT) particles, including two protein sub-complexes, IFT-A and IFT-B (Engel et al., 2012; 

Hao and Scholey, 2009). IFT-B and IFT-A were shown to regulate anterograde and 

retrograde IFT within the cilium, respectively (Bhogaraju et al., 2013b; Ocbina et al., 2011; 

Tran et al., 2008). Tubulin and outer dynein arm components were found to be cargoes of 

IFT (Ahmed et al., 2008; Bhogaraju et al., 2013a; Hou et al., 2007). However, other IFT 

cargoes, especially those conveyed by IFT-A, remain largely undefined (Lechtreck, 2015; 

Liem et al., 2012; Mukhopadhyay et al., 2010). IFT121/Wdr35, which assembles into the 

IFT-A complex with five other subunits (IFT144/Wdr19, IFT140, IFT139/Ttc21b, IFT122, 

and IFT43) (Cole and Snell, 2009), was shown to be required for retrograde IFT in C. 
elegans (Blacque et al., 2006). In WDR35 null MEFs, retrograde transport of IFT88 within 

cilia is disrupted (Mill et al., 2011), and a previous report, published while our work was in 

progress, showed that the membrane proteins, Evc1/2 and Smo, did not localize to cilia 

(Caparros-Martin et al., 2015). Further, knock-down of Wdr35 in RPE1 cells led to variable 

effects on cilium targeting of two G protein-coupled receptors (GPCRs) (Mukhopadhyay et 

al., 2010). Moreover, experiments performed with mouse IFT144 mutants suggested that this 

IFT-A subunit is required for proper cilium assembly, likely as a result of roles in both 

retrograde and anterograde transport (Liem et al., 2012). However, mechanistic links 

between the IFT-A complex and transport to the cilium or anterograde transport have not 

been previously explored.

Mutations in WDR35 and other IFT-A subunits have been found in patients with ciliopathies 

(Alazami et al., 2014; Gilissen et al., 2010; Mill et al., 2011; Perrault et al., 2012), such as 

short-rib polydactyly and Sensenbrenner syndrome/cranioectodermal dysplasia (CED) with 
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ectodermal and skeletal abnormalities. However, it is not known how different disease-

related WDR35 mutations affect its function, and the relationship between WDR35 
mutations and ciliopathies is largely unknown. Here, we have comprehensively examined 

the impact of knocking out WDR35 in human RPE1 cells. By examining the localization of 

a large set of centrosome- and cilium-related proteins in WDR35 knockout (KO) cells, we 

suggest that Wdr35 plays key roles in cargo transport in concert with other IFT-A subunits. 

Further, the collaboration of Wdr35-dependent cargo transport and the actin network, as well 

as the link between cargo transport defects and disease, reveal the potential for 

therapeutically targeting diseases associated with IFT-A mutations.

Results

Wdr35 loss results in multiple defects, including abnormal transport within, and exit from, 
the cilium

To better understand Wdr35 function, we knocked out the WDR35 gene using CRISPR/

Cas9 (Cong et al., 2013; Haurwitz et al., 2010) in human RPE1 cells (Figure S1A). We 

obtained WDR35 knock-out (KO) clones, #1 and #2, using two different single guide RNAs 

(sgRNAs) targeting exons 1 and 2 of WDR35 (Figure S1A). Sequencing of both clones 

identified insertion/deletions in the genomic locus, which are expected to lead to premature 

termination of WDR35 translation. We detected Wdr35 expression using quantitative reverse 

transcription-coupled PCR (qRT-PCR). The sizes and levels of cDNA amplicons using 

different primers confirmed the edited genomes in the two WDR35 KO clones. Wdr35 

mRNA in clone #2 was markedly decreased, probably as a result of nonsense-mediated 

mRNA decay (Lykke-Andersen and Jensen, 2015). As described below, we showed that 

defects in ciliogenesis were rescued by full-length Wdr35, confirming that none of the 

resulting phenotypes arose from off-target mutations (Figures 6A–6D). Moreover, western 

blotting of lysates showed that expression of several centrosomal and ciliary proteins was 

not altered in the WDR35 KO (Figure S1B).

First, we examined the assembly and structure of primary cilia in WDR35 KO cells by 

transmission electron microscopy (TEM) after 48 h of serum starvation (SS). Our analysis 

revealed that Wdr35 is required for normal cilium structure (Figure 1A), consistent with 

phenotypes observed in mice carrying null alleles of IFT-A components(Liem et al., 2012; 

Ocbina et al., 2011; Qin et al., 2011). Thus, we found that cilia in WDR35 KO cells are 

shorter and bulbous, exhibiting abnormal morphology of both the axoneme and ciliary 

membrane, as well as an aberrant distribution of electron-dense particles. A comparison of 

ciliation frequency at early and later time points indicated that WDR35 ablation led to both 

decreases and delays in cilium assembly (Figures 1B, 1C, S1C and S1D). In contrast with 

the slight reduction of IFT88-positive cilia after WDR35 ablation, there was a strong 

reduction in the occurrence of cilia positive for modified tubulin markers, namely, 

glutamylated (GT335+), acetylated (Ace-tub+), and detyrosinated (Detyro-tub+) tubulin. To 

comprehensively explore the roles of Wdr35 at the centrosome and cilium, we examined the 

localization of >50 proteins before and after ciliation (Table S1) in WDR35 KO cells. We 

found that many components, including distal appendage proteins and transition zone 

markers, were not affected in the WDR35 KO (Figure S1C-S1F). Likewise, attachment and 
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morphology of early ciliary vesicles that dock to the distal appendage were not affected 

(Figure 1D).

Next, we examined Rab8 (Figure 1E), which localizes to developing cilia (Kobayashi et al., 

2014; Lu et al., 2015; Westlake et al., 2011). Rab8 first appears at centrioles as puncta that 

extend through subsequent fusion events to form tube-like structures. Interestingly, the tube-

like Rab8 staining was dramatically reduced in WDR35 KO cells, although the total number 

of cells with Rab8-positive foci was less strongly affected. Further, the localization of 

several other vesicle–associated proteins, including Rab11, was not affected, and Golgi 

morphology and endocytic transferrin uptake were not impacted by Wdr35 ablation, ruling 

out other vesicular functions for Wdr35 (Figure S1C). Together, these findings indicate that 

Wdr35 is required for growth of Rab8 vesicles after initial docking during cilia assembly.

In agreement with the role of IFT-A in retrograde transport, the WDR35 KO exhibited 

defects in retrograde transport and exit of IFT88 from the cilium (Figures 1F, S1C and S2A). 

In cells lacking Wdr35, IFT88 forms a ‘bulb’ within the cilium characterized by its aberrant 

accumulation, primarily at the tip. Wdr35 also regulated the retrograde transport of many 

proteins with diverse functions, including other IFT-B subunits (IFT54 and IFT20), 

anterograde IFT motor Kif3A, IFT-A subunits (IFT140 and IFT144), BBsome subunits 

(BBS4 and BBS5), and the Hedgehog (Hh) pathway-associated transcription factor, Gli2 

(Figures 1F–1H and S2B–S2F). Because the BBSome is normally rapidly exported from 

cilia in mammalian cells (Eguether et al., 2014; Liew et al., 2014), the markedly increased 

percentages of BBS4- and BBS5-positive cilia in WDR35 KO cells indicated defective 

ciliary exit stemming from aberrant retrograde transport (Figure 1H).

Wdr35 null cells exhibit marked defects in cargo transport to the cilium

Importantly, we observed severe ciliary import defects in WDR35 KO cells. First, we noted 

defective entry of the IFT-A component, IFT144, into cilia, suggesting that interactions with 

Wdr35 were essential (Figure S2D), in contrast with the relatively minor impact on IFT88 

(IFT-B) import (Figure 1F). Second, we found that Wdr35 was required for Arl13b cilium 

entry using two different antibodies and exogenously expressed GFP-tagged Arl13b (Figures 

2A, S2G and S2H). Strikingly, Arl13b was not observed in cilia of WDR35 KO cells serum 

starved for different durations (Figure 2B). We found that in control RPE1 cells, although 

most cilia were positive for both IFT88 and Arl13b, a small percentage of cilia showed 

strong localization of either IFT88 or Arl13b (Figure 2C), suggesting that cells might use 

alternative pathways for cilium entry of IFT-B and membrane proteins. Another membrane 

protein, INPP5E, was also excluded from cilia after Wdr35 ablation (Figures 2A, 2D and 

S2G). Likewise, ciliary entry of three G protein-coupled receptors (GPCRs; serotonin 

receptor (5HT6), MCHR1, and SSTR3) was dependent on Wdr35 (Figures 2E–2G and S2I). 

The localization of Smoothened (Smo) is dependent on Hedgehog activation(Corbit et al., 

2005), but even in the presence of a Hedgehog agonist, SAG, Smo was not efficiently 

targeted to cilia in WDR35 KO cells (Figures 2H and 2I), similar to results obtained with 

null Wdr35 MEFs (Caparros-Martin et al., 2015). A mild defect in retrograde transport of 

Smo was also observed in WDR35 KO cells (Figure 2I). Interestingly, unlike endogenous 

Smo, ectopically expressed GFP-Smo localized to cilia without hedgehog stimulation 
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(Kovacs et al., 2008), and in WDR35 KO cells expressing this fusion protein, retrograde 

transport defects were primarily observed (Figures 2J and S2J), suggesting that cilium entry 

of GFP-Smo in the absence of Wdr35 relies on a Wdr35-independent pathway, perhaps 

involving β arrestin-mediated targeting (Kovacs et al., 2008). Like Smo, Arl13b and INPP5E 

also displayed retrograde transport defects in the small percentage (<10%) of WDR35 KO 

cells able to import these proteins into the cilium (Figure 2K).

To test whether the role of Wdr35 in cargo transport was restricted to RPE1 cells, we also 

generated WDR35 KO 293T cells (Figure S2K). We found that Wdr35 was also required for 

retrograde intraflagellar transport of IFT88 and ciliary entry of Arl13b in these cells (Figures 

S2L–S2O), suggesting functional conservation of Wdr35 in both cell lines. We examined 

whether ciliary import coincided with stable interactions with Wdr35. Immunoprecipitation 

(IP) of 293T cell extracts showed that Wdr35 bound to Arl13b but not IFT88 or Cep41 

(Figure 2L), suggesting stable interactions with select proteins most dramatically affected by 

Wdr35 loss. Together, these findings indicate that Wdr35 is essential for transporting a 

subset of protein cargoes into the cilium, and once inside the cilium, several proteins are 

continuously transported by Wdr35-dependent retrograde IFT. Because Wdr35 promotes 

targeting of Arl13b, INPP5E and Rab8 during early ciliogenesis, when the nascent ciliary 

vesicle has not fused with the cell membrane, we conclude that Wdr35 plays an important 

role in regulating transport of these proteins directly from the cytoplasm.

Integrated function of Wdr35-IFT-A complex

To investigate whether Wdr35 functions independently or in concert with the IFT-A complex 

to transport cargoes, we knocked down IFT43 and IFT144 in RPE1 cells and examined the 

localization of three cargoes (IFT88, BBS4, and Arl13b) (Figures 3A–3D, S3A and S3B). 

Our data indicate that, like the WDR35 KO, knock-down of Wdr35, IFT43, or IFT144 led to 

defects in retrograde transport of IFT88 and BBS4 and abolished entry of Arl13b into the 

cilium. The consistent roles of Wdr35, IFT43, and IFT144 suggest that the IFT-A complex 

acts in concert to transport these cargoes.

To understand how Wdr35 collaborates with other IFT-A proteins, we performed an 

extensive series of immunoprecipitations (Figures 3E–3G and S3C–S3M) on four IFT-A 

subunits (Wdr35, IFT43, IFT122, and IFT139) and three ciliary membrane cargoes (Arl13b, 

SSTR3, and INPP5E) using extracts of growing and quiescent RPE1 cells as well as 

proliferating 293T cells. We found that interactions among these seven proteins form a 

network (Figure 3H). Most importantly, ciliary membrane proteins interacted with each of 

these IFT-A subunits, supporting the conclusion that Wdr35 assembles an integrated IFT-A 

complex competent for transport of cargo. Robust interactions among these proteins could 

be detected in growth medium with serum, where levels of ciliation are low. This finding 

reinforces the observation that the interaction of IFT-A components and membrane cargoes 

can occur outside of cilia. Of note, the expression of exogenous wdr35 and IFT122 was 

much lower after serum-starvation (Figures S3C and S3D), and their interactions were, 

correspondingly, more weakly detected.

Arl13b-INPP5E and Arl13b-SSTR3 interactions were also observed, suggesting coordinated 

transport of diverse cargoes. Indeed, INPP5E was also found to be targeted to cilia by 
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Arl13b and PDE6D (Humbert et al., 2012; Thomas et al., 2014), consistent with the 

coincident loss of localization of multiple membrane proteins after ablation of Wdr35. It has 

been shown that Arl13b interacts with IFT-B components via IFT46 and IFT74 (Cevik et al., 

2013), and our data suggest the existence of a separate Arl13b-IFT-A complex independent 

of IFT-B.

Role for Wdr35 in centriolar satellite assembly

During our search for possible Wdr35-regulated targets, we found that the relative intensity 

of four centriolar satellite proteins (Cep290, PCM1, Cep131 and BBS4) was reduced in the 

proximity of centrosomes after WDR35 ablation (Figures S4A and S4B). However, the 

overall abundance of PCM1 and Cep290 was not impacted by Wdr35 loss (Figure S1B), 

suggesting that these proteins were aberrantly localized in the absence of Wdr35. Likewise, 

depletion of IFT43, IFT144, or Wdr35 with siRNAs led to similar reductions in centriolar 

satellite proteins around centrosomes (Figures S3A and S4C-S4F). Satellite dispersal after 

IFT-A knock-down was less dramatic when compared with PCM1 knock-down, consistent 

with the notion that IFT-A proteins are not core components of centriolar satellites. GFP-

Wdr35 partially co-localized with PCM1 and Cep290 (Figure S4G), and Wdr35 was able to 

bind Cep290 (Figure S6C). Together these results indicate that Wdr35 and other IFT-A 

subunits are required for proper centriolar satellite organization. Given that BBS4, a ciliary 

cargo of Wdr35, is also involved in satellite organization (Kim et al., 2004), and several 

centriolar satellite proteins function in cilia assembly (Kim et al., 2008; Tsang et al., 2008), 

Wdr35-dependent centriolar satellite organization could be linked with its roles at cilia.

A role for the actin network in the regulation of WDR35 function

Actin polymerization antagonizes ciliogenesis, whereas de-polymerization by Cytochalasin 

D (CytoD) promotes cilium assembly and elongation of cilia (Cao et al., 2012; Kim et al., 

2015; Kim et al., 2010). We tested a connection between Wdr35 function and actin by 

perturbing the actin network with CytoD. As expected, the global filamentous actin (F-actin) 

network was significantly disrupted by CytoD treatment (Figure S5A). Strikingly, 

examination of multiple cilia markers (GT335, Arl13b, IFT54, IFT88, BBS5, INPP5E and 

Rab8) revealed functional interactions between Wdr35-dependent transport and the actin 

network (Figures 4A, S5B and S5C). First, in WDR35 KO cells, CytoD treatment partially 

rescued the occurrence of GT335-positive cilia and the “bulb-like” accumulation of IFT88, 

IFT54, and BBS5 (Figures 4A–D). CytoD treatment also increased the percentages of 

acetylated tubulin (Ace-tub+) and detyrosinated tubulin-positive (Detyro-tub+) cilia, 

although tubulin modifications in the cytoplasm were not affected by actin destabilization 

(Figures S5D–S5G). Unlike the control, elongated cilia were not consistently observed after 

CytoD treatment of WDR35 KO cells, and IFT54 and BBS5 exit from the cilium was not 

rescued (Figures 4A and 4E–4G). As noted, cilia in WDR35 KO cells were enriched with 

IFT-B and the BBSome but lacked Arl13b and INPP5E owing to defects in both retrograde 

IFT and ciliary entry (Figures 1 and 2). Remarkably, we found that CytoD treatment 

substantially rescued the defects in Arl13b and INPP5E entry provoked by WDR35 ablation 

(Figures 4A, 4H–4J, S5B and S5C). Interestingly, CytoD treatment, which increases cilium 

targeting of BBS5 (Figure 1G), also dramatically increased Rab8 recruitment to cilia in both 

control and WDR35 KO cells (Figures 4A and 4K). Due to its departure from mature cilia 
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(Westlake et al., 2011), Rab8 tends to concentrate at proximal ciliary regions, whereas 

CytoD promoted its accumulation at distal regions, similar to the pattern of Rab8 in 

elongating cilia. Thus, as a result of the combined rescue of protein ciliary targeting and 

partial restoration of retrograde transport, cilia in CytoD-treated WDR35 KO cells were 

enriched for Arl13b, INPP5E, Rab8, IFT-B, and BBSome as compared to the untreated KO 

cells (Figure S6J). We also found that the bulbous accumulation of IFT-B was partially 

alleviated by CytoD treatment, perhaps as a result of enhanced cilium-targeting of 

membrane proteins such as Arl13b, which associates with IFT-B (Cevik et al., 2013), and 

subsequent diffusion or transport (Li et al., 2010). Further, we treated cells with LiCl, which 

also leads to cilium elongation in control cells, possibly by promoting tubulin acetylation 

(Ahmed et al., 2008), but unlike CytoD treatment, it neither increased Arl13b entry nor 

diminished the IFT54 ‘bulb’ in WDR35 KO cells (Figure S5H). These results suggested that 

rescue of transport phenotypes observed in WDR35 KO cells was not simply a consequence 

of restoring cilium length.

These findings prompted us to further explore the connections between the actin network 

and Arl13b transport. We found that the bulk of cytoplasmic foci of Arl13b were associated 

with actin in RPE1 cells, and their co-localization was most apparent at the leading edge 

(Figures 4L and S5I). As visualized by phalloidin-FITC (Figure 4L), CytoD treatment 

dramatically depolymerized actin filaments, promoting formation of numerous actin “nodes” 

as described in cells treated with another actin depolymerization drug, Latrunculin A (Luo et 

al., 2013). We found that in contrast with the association of Arl13b with actin filaments in 

vehicle-treated cells (Figures 4L, 4M and S5J), actin nodes were robustly marked by Arl13b 

near the centrosome and in other cytoplasmic locations (Figures 4L, 4N and S5J). Indeed, a 

strong correlation (Pearson’s correlation coefficients of 0.6–0.7) between Arl13b and F-actin 

was found in regions with actin nodes, suggesting that most Arl13b is associated with actin 

after CytoD treatment. Similar Arl13b-actin nodes were also visualized by β-actin, although 

they were less obvious due to higher overall staining as compared with F-actin (Figure S5K). 

Interestingly, after CytoD treatment, targeting of Arl13b to the centrosome and cilium was 

significantly enhanced both in growth medium and under serum-starved conditions (Figures 

4H, 4I and 4O and S5K). We also used two other methods to depolymerize F-actin, in 

addition to CytoD. First, we used the ROCK inhibitor, Y-27632 (Liao et al., 2007), and 

observed similar rescue of Arl13b and INPP5E targeting in WDR35 KO cells (Figure S6A-

C). In addition, we depleted ACTR3, which is required for nucleating actin at filament 

branches (Kim et al., 2010; Rogers et al., 2003), and this led to increased targeting of Arl13b 

and INPP5E to cilia in both wild-type and WDR35 KO cells (Figure S6D–F).

To explore the trafficking of Arl13b further, we performed live-cell imaging of Arl13b 

during ciliogenesis. We found that Arl13b initially accumulated at the centrosome, prior to 

cilium assembly and elongation (Figure 5A; Movies S1 and S2). Further, Arl13b foci were 

also found to transiently localize near the centrosome, indicating transport from the 

cytoplasm to centrosomes. Interestingly, CytoD markedly accelerated the centrosomal 

accumulation and cilium targeting of Arl13b (Figure 5A; Movie S2). The targeting of 

Arl13b to cilia was inhibited in WDR35 KO cells (Figure 5B; Movie S3), but CytoD 

partially restored the rate of this transport (Figure 5B; Movie S4), consistent with our 

observations in fixed cells (Figure 4). By comparing transport of Arl13b in WT and WDR35 
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KO cells with and without CytoD treatment, our results show that transport of Arl13b is 

indeed up-regulated after actin de-polymerization.

To rule out effects of CytoD on ciliary gating of membrane proteins, we showed that the 

integrity of transition zone proteins, Cep290 and Tctn1 (Chih et al., 2012; Garcia-Gonzalo et 

al., 2011), was unaffected by Wdr35 loss or CytoD treatment (Figure S6G). In addition, a 

diffusion barrier exists at the base of the cilium to maintain the composition of ciliary 

membrane proteins, and disruption of the diffusion barrier enables free diffusion of proteins 

from cytoplasm to cilia (Hu et al., 2010; Kee et al., 2012). To determine whether CytoD 

promotes entry of membrane proteins by altering this barrier, we examined the fluorescence 

recovery of Alr13b inside cilia after photo-bleaching (FRAP) to test the diffusion potential 

of ciliary Arl13b without or with CytoD (Figures S6H and S6I). Like HTR6 and other 

membrane proteins (Hu et al., 2010), Arl13b in the bleached region could be partially 

recovered rapidly (within seconds) if either the proximal or distal region of the cilium was 

bleached, whereas its fluorescence was not restored within a much longer time-frame if the 

entire cilium was bleached (Larkins et al., 2011). A similar recovery pattern for Arl13b was 

observed after CytoD treatment, suggesting that Arl13b can freely diffuse inside the cilium 

but not across the diffusion barrier (Figures S6H and S6I). Our data suggest that the 

diffusion barrier is likely to be intact after CytoD treatment (Breslow et al., 2013), and 

CytoD promotes ciliary entry of membrane proteins like Arl13b by selective transport rather 

than diffusion.

Actin nodes were found to exhibit motility through a biased random walk or drift-diffusion 

motion (Luo et al., 2013). Given the motility of actin nodes and the observation that Arl13b 

is tightly associated with these nodes, we suggest that Arl13b that is not anchored to the 

actin bundles may be more readily transported to the centrosome/cilia, as it would possess 

more degrees of freedom in trafficking. Together, our data strongly suggest that defects in 

Wdr35-dependent membrane protein transport can be specifically rescued through actin de-

polymerization (Figure S6J). In other words, the filamentous actin network suppresses 

transport of Wdr35-regulated membrane proteins to the centrosome and cilia in normal cells.

The impact of Wdr35 mutations on its functional interaction network

Mutations in Wdr35 are linked to multiple recessive developmental diseases, including 

short-rib polydactyly as well as Sensenbrenner and Ellis-van Creveld syndromes (Bacino et 

al., 2012; Caparros-Martin et al., 2015; Gilissen et al., 2010; Hoffer et al., 2013; Lin et al., 

2013; Mill et al., 2011). To test how such mutations could affect a Wdr35-dependent 

transport pathway, we expressed epitope-tagged Wdr35 disease-related and truncation 

mutants (all mutants analyzed, except fragments encompassing residues 641–1181 and 337–

1181, are associated with disease) in an effort to rescue the defects observed in WDR35 KO 

cells (Figures 6A-6D, S7A and S7B). As expected, wild-type Wdr35 efficiently targets to 

cilia and rescues defects in both retrograde transport of IFT88 and cilium entry of Arl13b. 

We found that a carboxy-terminal region of Wdr35 is required for cilium targeting, although 

mutations in the amino-terminus also compromised the localization of otherwise full-length 

proteins (Figures 6A and 6B). All mutants except E626G (which did not affect cilium 

assembly; (Caparros-Martin et al., 2015)) exhibited defects in transport of both IFT88 and 
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Arl13b (Figures 6A-D). Given that both E626G and a splice-site mutation in Wdr35 exist in 

the same patient (Gilissen et al., 2010), E626G could retain residual functions but may 

exhibit other undisclosed defects important for development. Interestingly, two carboxy-

terminal Wdr35 fragments (encompassing residues 641–1181 and 337–1181) efficiently 

localized to cilia and showed relatively mild defects in IFT88 and Arl13b transport, as 

compared with an amino-terminal fragment (1–640) (Figures 6C, 6D and S7B). This 

suggests that the carboxy-terminal half of Wdr35 could play an important role in cargo 

transport. Because Wdr35 mutants with the strongest defects in retrograde IFT also exhibit 

the most severe defects in membrane protein entry, we surmise that retrograde transport and 

cargo entry into the cilium share a common mechanism.

To further elucidate how Wdr35 functions within the IFT-A complex for cargo transport, we 

mapped the interactions of Wdr35 disease-related and truncation mutants with membrane 

proteins (Arl13b and INPP5E), IFT-A subunits (IFT139, IFT122, Wdr35, and IFT43), as 

well as the centriolar/centriolar satellite protein, Cep290 (Figure S7C). Although most 

disease-associated point mutations generally showed mild effects, we observed several 

notable exceptions. First, the S168R and L531P mutations either slightly or severely altered 

binding to Arl13b, respectively, although binding to INPP5E was not impacted. Intriguingly, 

both mutations crippled binding to Cep290 altogether. Two additional mutations (W261R 

and Δ101–150) likewise abrogated Cep290 binding. Notably, all four mutations that disrupt 

Cep290 binding map to the amino-terminal WD40 repeats, which constitute known cargo-

binding domains in other proteins, including subunits of Coat protein complex I (COPI), 

which is essential for Golgi to endoplasmic reticulum transport (Eugster et al., 2004)(see 

Supplemental Information). In addition, a number of Wdr35 truncation mutants (including 

1–640, which also results from a patient mutation) showed dramatic alterations in binding to 

both IFT-A subunits and cargoes. Interestingly, the amino-terminal Wdr35 fragment (1–640) 

robustly interacted with Arl13b and INPP5E, but it failed to interact or exhibited 

considerably reduced association with IFT139, full-length Wdr35, and IFT43. On the other 

hand, a carboxy-terminal Wdr35 fragment (545–1181) exhibited very robust binding to 

cargoes and all other IFT-A subunits. Furthermore, five small, non-overlapping fragments 

(1–200, 201–544, 545–800, 801–954 and 955–1181) were tested, and fragment 545–800 

was also found to efficiently bind to IFT122 and Arl13b. Our mapping of the Wdr35 

interaction network is summarized (Figures 3H, 6E–F; Table S2), and based on the totality 

of these data, we suggest that Wdr35 can interact with cargoes through direct and indirect 

mechanisms: Wdr35 most likely interacts with membrane proteins (1) directly through its 

WD40 domains and (2) indirectly through associated IFT-A subunits that are likewise able 

to interact with these cargoes. However, the integrity of both types of Wdr35 interactions--

with cargo and other IFT-A subunits--is required to fully restore the activity of this complex 

in WDR35 null cells (Figure 6). In contrast with its binding to all other proteins, full-length 

Wdr35 was required to bind Cep290, suggesting that it interacts with the latter protein 

through a distinct type of interface. Interestingly, homologies between IFT-A and COPI 

subunits (Figures S7E and S7F) indicate similar topologies and interactions with cargoes, 

suggesting a resemblance in their transport mechanisms worthy of further exploration 

(Jekely and Arendt, 2006; Taschner et al., 2012)(See Supplemental Information).
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Discussion

Model for Wdr35 function during ciliogenesis

In summary, through screening of potential Wdr35-regulated proteins in WDR35 KO cells, 

we have revealed Wdr35/IFTA-dependent regulation at distinct points during ciliogenesis 

(Figure 6G). We propose that after Rab8 vesicle docking to the distal appendage, Wdr35 and 

IFT-A promote initial axoneme extension through growth of Rab8 vesicles. IFT-B, BBsome, 

and transition zone protein are correctly targeted independently of IFT-A. Further, the IFT-A 

complex also transports various membrane proteins to cilia, whereas the actin network 

dampens IFT-A-dependent vesicular and membrane protein transport. After cilium entry, 

IFT-A, IFT-B, BBSome, and membrane protein cargoes are regulated by IFT-A-mediated 

retrograde IFT from the cilium tip to the base. Interestingly, all modes of Wdr35-dependent 

transport that we have characterized in this study are directed toward the centrosomal base, 

suggesting a unified mechanism for microtubule minus-end directed transport, possibly 

involving distinct dynein complexes. Retrograde IFT and transport to the centriolar satellites 

are indeed known to be directed by different dynein motors (Cole and Snell, 2009; Hao et 

al., 2011).

Role for the actin cytoskeleton in ciliogenesis

Actin de-polymerization has been shown to stabilize the pericentrosomal preciliary 

compartment (PPC) (Kim et al., 2015; Kim et al., 2010), a vesiculo-tubular compartment 

that collects proteins destined for the cilium at the early stages of ciliogenesis. Our data 

indicate that CytoD promotes cilium entry of several membrane and vesicle proteins, 

although it is currently unclear whether and how these proteins partition with PPC 

components. A recent study suggested that Arl13b interacts with an exocyst component, 

Sec5, which localizes to both cilia and the periciliary region in MDCK cells (Seixas et al., 

2015). Nonetheless, Sec5 was not found in all Arl13b-positive cilia of RPE1 and NIH-3T3 

cells (Seixas et al., 2015), suggesting that membrane transport could differ across cell types. 

Arl13b was found to co-localize and interact with actin in our study and in HeLa cells 

(Barral et al., 2012), and here we also show that actin de-polymerization leads to both 

conversion of Arl13b-actin bundles to dissociated Arl13b-actin nodes and enhanced 

targeting of Arl13b to centrosome and cilia. Therefore, we hypothesize that assembly of 

actin filaments can antagonize Wdr35-dependent transport during cilium assembly, and 

CytoD releases Arl13b from the filamentous actin network into Arl13b-actin nodes for 

transport toward the centrosome/cilium by diffusion-drift motion, bypassing the function of 

Wdr35. We note that only specific types of actin-associated proteins (e.g., myosin II) show 

clear association with actin nodes after actin depolymerization, like Arl13b, although others 

(α-actinin and β-spectrin) do not (Luo et al., 2013). Further studies will be required to 

understand how Wdr35 and Arl13b collaborate with other actin-binding proteins, if any, to 

control ciliogenesis-dependent transport in the face of an intact filamentous actin network.

Moreover, the potential utility of actin-depolymerizing drugs in the treatment of ciliopathies 

caused by mutations in genes encoding IFT-A proteins, such as WDR35, should also be 

explored. Loss of WDR35 leads to defects in trafficking of several GPCR pathway 

components, including the serotonin receptor and the Hedgehog component, Smo. 
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Hedgehog signaling is essential for chondrocyte differentiation and osteogenesis during 

bone growth, mesenchymal cell differentiation during skeletal repair and regeneration, and 

normal limb bud patterning, and serotonin was found to trigger changes in cell adhesiveness 

and ectoderm extension (Alman, 2015; Bouldin et al., 2010; Colas et al., 1999). Our 

functional studies of Wdr35 could therefore help link the ectodermal and skeletal 

abnormalities found in Sensenbrenner patients, as well as other clinical manifestations 

associated with defects in other IFT-A components, with Wdr35 mutations (Gilissen et al., 

2010).

Experimental Procedures

Generation of WDR35 Knock-out RPE1 and 293T cells by CRISPR/Cas9

Generation of CRISPR knockout (KO) cells was previously described (Ran et al., 2013; 

Sanjana et al., 2014). In brief, lentiGuide-Puro empty vector was used to generate CRISPR 

control cells, and lentiGuide-Puro ligated with two different guide RNAs (gRNA-1 and 

gRNA-2) targeting 5’-GAGCAAGAAAGTGAGTTTCC-3’ in exon 1 and 5’-

CCGCATGCTATGAACCCTTG-3’ in exon 2 were used to generate WDR35 knockout #1 

and #2, respectively. Lentivirus supernatants from 293T cells transfected with lentiCas9-

Blast and lentiGuide-Puro vectors were added to RPE1 cells for virus infection. After one 

week of infection, knockout effectiveness was verified by Surveyor assay, and single clones 

were isolated. The genomic regions around the CRISPR targeting sites were amplified and 

sequenced, and one control clone and two WDR35 KO clones with predicted premature 

translation termination were selected for further functional analysis. The Cas9-Flag could 

not be detected by immunofluorescence in both control and the two WDR35 KO clones in 

this study. Similarly, WDR35 KO 293T cells were generated with gRNA-2 and a modified 

pLVX-Cas9 expression vector. Targeted genomic regions in wild type and knockout clones 

were further verified by sequencing.

Detailed descriptions of the other experimental procedures used in this study are available in 

the Supplemental Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Wdr35 regulates selective transport of distinct cargoes for primary cilium 

assembly

Wdr35 regulates cargo transport in concert with other IFT-A subunits

Actin depolymerization increases Wdr35-dependent membrane cargo 

transport

Defects in IFT-A mediated cargo transport are linked with disease
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Figure 1. Wdr35 is essential for proper cilium assembly, retrograde transport, and cargo export
(A) Primary cilium structure in control and WDR35 KO #2 cells was examined by 

transmission electron microscopy (TEM) after 48 h of serum-starvation (SS). Magnified 

views of the boxed insets indicate the proximal, middle and distal regions of the cilia. Green 

arrows indicate electron-dense particles inside cilia. (B and C) Percentages of IFT88- (B) 

and GT335-positive (C) cilia in WDR35 KO versus control cells at different time points are 

shown. (D) Ciliary vesicles in WDR35 KO cells at 6 h after SS are indicated with arrows. 

(E) Rab8-positive (Rab+) vesicles near centrosomes/cilia were classified and counted at 

different time points before and after SS. Asterisks indicate significance of occurrence of 

Rab8 tubes. (F and G) Percentages of different IFT88 (F) and IFT140 (G) patterns at cilia in 

control and WDR35 KO cells. The aberrant accumulation of protein (e.g., IFT88) inside 

cilia, mostly at the tip, is noted as ‘bulb’, and significance is indicated with asterisk. (H) 

Quantification of BBS4- and BBS5-positive cilia in control and WDR35 KO cells. Scale 

bars in (A) and (D), 0.2 μm. All data are presented as mean ± SD. **P < 0.01. See also 
Figures S1 and S2, and Table S1.
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Figure 2. Wdr35 controls membrane protein transport into cilia
(A) Ciliary membrane proteins (Arl13b and INPP5E) were visualized in serum-starved 

control and WDR35 KO RPE1 cells. (B) Arl13b+ cilia were quantified at different times 

after serum starvation. (C) RPE1 cells at SS 6 h were co-stained with Arl13b and IFT88 

antibodies. Boxed insets with different patterns of IFT88 and Arl13b staining are shown. 

Boxes 1 to 4 indicate tubular structures that are Arl13b+IFT88+, Arl13b-IFT88+, Arl13b

+IFT88−, and Arl13b−IFT88−, respectively. (D) INPP5E+ cilia were quantified at different 

times. (E) Representative images showing control and WDR35 KO cells transfected with 

mCherry-5HT6 or Flag-SSTR3. (F) Quantification of mCherry-5HT6+, GFP-5HT6−CTS20+ 

and Flag-SSTR3+ cilia after Wdr35 ablation. (G) Control and WDR35 KO cells were 

infected with retroviruses expressing GFP-SSTR3 or GFP-MCHR1, and relative numbers of 

GFP+ cilia were quantified. (H) Control and WDR35 KO cells with or without sonic 

hedgehog agonist (SAG) treatment were visualized with anti-Smo antibodies. (I) 

Quantification of Smo staining in (H). Asterisks indicate significance of occurrence of Smo+ 

cilia. (J) GFP-Smo was visualized after transfecting WDR35 KO cells, and the staining 

pattern of GFP-Smo was quantified. Asterisks indicate significance of occurrence of cilia 

with bulbous Smo. (K) Representative images of WDR35 KO cells showing that Arl13b, 
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INPP5E and Smo are also regulated by Wdr35-dependent retrograde transport. The red 

arrows indicate the aberrant protein accumulation at cilia tips. (L) Lysates of proliferating 

293T cells transfected with empty vector or Flag-Wdr35 were immunoprecipitated (IP) 

using anti-Flag antibodies. Western blots of immunoprecipitates were probed with 

antibodies against Arl13b, IFT88, Cep41, and Flag, as shown. The reduced mobility of 

modified (likely ubiquitylated; data not shown) Wdr35 is shown. Scale bar, 10 μm. Data are 

presented as mean ± SD. **P < 0.01. In all cases, the cells were fixed at 48 h after SS to 

stain cilia unless stated otherwise. See also Figure S2 and Table S1.
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Figure 3. Wdr35 regulates cargo transport in concert with other IFT-A subunits
(A) RPE1 cells transfected with non-specific (NS) siRNAs and siRNAs targeting different 

IFT-A subunits (Wdr35, IFT43, and IFT144) were serum starved for 48 h and stained with 

GT335, BBS4, Arl13b and IFT88 antibodies as indicated. Two different Wdr35 oligos (a 

and b) were used. Representative immunofluorescence images are shown. Scale bar, 10 μm. 

(B) Quantification of IFT88 phenotypes at cilia as in (A). Asterisks indicate significance of 

occurrence of bulbous IFT88. (C and D) Quantification of BBS4+ (C) and Arl13b+ (D) cilia 

as in (A). Data in (B–D) are presented as mean ± SD. **P < 0.01. (E) Lysates of 293T cells 

co-transfected with GFP-Arl13b and either Flag-EV, Flag-Wdr35, Flag-IFT43, or Flag-

INPP5E were immunoprecipitated (IP) using anti-Flag antibodies. Both inputs and IPs were 

probed with antibodies against GFP and Flag antibodies. (F) As in (E), extracts of cells co-

transfected with GFP-Wdr35, V5-IFT139, and either Flag-EV or Flag SSTR3, were 

immunoprecipitated using anti-Flag antibodies. Blots were probed with anti-GFP, anti-V5, 

and anti-Flag antibodies as shown. (G) 293T cells expressing Flag-Wdr35, V5–122, and 

each of five GFP/YFP-tagged vectors (GFP alone, GFP-Wdr35, GFP-IFT122, IFT43-YFP 

and GFP-Arl13b) were lysed and immunoprecipitated using anti-GFP as in (E and F). Blots 

were probed with antibodies against V5, Flag, and GFP. The bands on the blots are 

annotated on the right in (E–G), and the smears indicate modified forms of proteins. (H) 

Summary of interactions among four IFT-A subunits (Wdr35, IFT43, IFT122 and IFT139) 

and three ciliary membrane cargo proteins (Arl13b, INPP5E and SSTR3), indicated by blue 

and yellow dotted lines, respectively. Interactions between two IFT-A subunits, two 

membrane proteins, and one IFT-A subunit and one membrane protein are indicated with 

red, blue, and green arrows, respectively. See also Figures S3 and S4.
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Figure 4. The actin network antagonizes cargo transport
(A) Control and WDR35 KO cells treated with DMSO or 0.25 μg/ml Cytochalasin D for 24 

h were visualized with antibodies against cilium markers, GT335, IFT54, IFT88, BBS5, and 

Arl13b. Representative immunofluorescence images are shown. Scale bar, 10 μm. (B–K) 

Quantification of cilium markers as in (A). GT335+ cilia (B), cilia with IFT88+ ‘bulb’ (C), 

IFT54 localization at cilia (D), relative IFT54 immunofluorescence intensity at cilia (E), 

cilium length measured by IFT54 (F), percentages of BBS5+ cilia (G), percentages of 

Arl13b+ cilia (H), Arl13b intensity at cilia (I), percentages of INPP5E+ cilia (J), and 
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percentages of centrosomal Rab8 types (K) were analyzed. Asterisks in (D) indicate 

significance of occurrence of the bulbous IFT54. (L) RPE1 cells starved for 48 h (and 

treated with DMSO or CytoD for the final 4 h) were stained with anti-Arl13b antibodies and 

phalloidin-FITC. Representative single z-sections of different cellular regions are shown. 

Arrows indicate centrosomes visualized by γ-tubulin. (M and N) Visualized Arl13b-actin 

complex types in non-cortical regions as in (L). Both representative images and their 

illustrated cartoons are shown. Arl13b associated with long actin filaments when treated 

with DMSO (M) while co-localize with small actin nodes with CytoD treatment (N). (O) 

Arl13b-positive (Arl13b+) structures (dot/tube) around centrosomes were counted in RPE1 

cells with DMSO or CytoD treatment as indicated. Asterisks indicate significance of 

occurrence of total Arl13b+ structures. Data in (E), (F) and (I) are presented as mean ± 

SEM, and others are shown as mean ± SD. **P < 0.01; *P < 0.05; n.s., not significant. See 
also Figures S5 and S6.
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Figure 5. Cytochalasin D promotes active transport of Arl13b to the centrosome and cilium
(A and B) Wild type (A) and WDR35 KO (B) RPE1 cells expressing GFP-Arl13b and 

mCherry-centrin2 were serum-starved in medium without or with CytoD. Representative 

images at indicated time points were shown. See also Figures S5 and S6.
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Figure 6. Wdr35-dependent retrograde intraflagellar transport and membrane cargo entry share 
a common mechanism
(A) WDR35 KO (#2) cells were rescued by infection with lentiviruses expressing different 

Flag-tagged Wdr35 constructs. Several disease-related and truncation mutants were 

analyzed. Representative images of IFT88 and Arl13b are shown. Scale bar, 10 μm. (B–D) 

Cilia targeting efficiency of Wdr35 constructs (B), IFT88 localization in cilia (C), and 

percentages of Ar13b+ cilia shown in (A) were quantified. Mutants with the strongest 

defects in IFT88 transport also exhibit most severe defects in cilium targeting of Arl13b. 

Asterisks over each bar indicate its difference with WDR35 KO rescued with WT in (B–D), 

and asterisks in (C) indicate significance of occurrence of bulbous IFT88. **P < 0.01. n.s., 

not significant. (E) Comparison of computational analysis with mapped Interactions of IFT-

As based on IP results. The regions required for COPI complex formation were aligned to 

Wdr35 regions based on sequence similarity, i.e., homology-based prediction. Numbers 

indicate the minimum regions in Wdr35 required for robust interactions. (F) Schematic 

showing the minimal regions in Wdr35 required for various interactions. See also Figure S7 

and Table S2.
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Figure 7. A Model depicting the role of Wdr35-containing IFT-A complex in regulating the cargo 
transport network during cilium assembly
See text for details.
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