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Summary

Mutations in CEP290, a transition zone protein in primary cilia, cause diverse ciliopathies, 

including Leber congenital amaurosis (LCA) and Joubert syndrome related disorders (JSRD). We 

examined cilia biogenesis and function in cells derived from CEP290-LCA and CEP290-JSRD 

patients. CEP290 protein was reduced in LCA fibroblasts with no detectable impact on cilia; 

however, optic cups derived from iPSCs of CEP290-LCA patients displayed less-developed 

photoreceptor cilia. Lack of CEP290 in JSRD fibroblasts resulted in abnormal cilia and decreased 
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ciliogenesis. We observed selectively reduced localization of ADCY3 and ARL13B. Notably, 

Hedgehog signaling was augmented in CEP290-JSRD because of enhanced ciliary transport of 

Smoothened and GPR161. These results demonstrate a direct correlation between the extent of 

ciliogenesis defect(s) in fibroblasts and photoreceptors with phenotypic severity in JSRD and 

LCA, respectively, and strengthen the role of CEP290 as a selective ciliary gatekeeper for 

transport of signaling molecules in and out of the cilium.

eTOC

Using fibroblasts and iPSC-derived optic cups from patients with distinct CEP290 mutations, 

Shimada et al. show a concordance between ciliogenesis defects in different cell types and clinical 

severity in Leber congenital amaurosis and Joubert syndrome. These studies establish CEP290 as 

gatekeeper of signaling molecules in and out of the primary cilium.
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INTRODUCTION

Primary cilia are highly conserved, non-motile microtubule-based organelles that protrude 

from the surface of most vertebrate cells and coordinate diverse sensory and developmental 

signaling pathways in different cell types and tissues(Goetz and Anderson, 2010; Singla and 

Reiter, 2006)(Oh and Katsanis, 2012). In non-dividing quiescent or post-mitotic 

differentiated cells, the mother centriole docks at the apical plasma membrane and forms the 

basal body(Ishikawa and Marshall, 2011). Primary cilium originates from the basal body by 

specific targeting of hundreds of proteins along the ciliary axoneme via intraflagellar 

transport (IFT)(Pazour and Bloodgood, 2008)(Boldt et al., 2016; Ishikawa et al., 2012; Sang 

et al., 2011). Not surprisingly, mutations in genes encoding ciliary proteins can cause a 

plethora of divergent yet overlapping clinical phenotypes (ciliopathies)(Hildebrandt et al., 

2011; Nigg and Raff, 2009; Novarino et al., 2011). Clinical findings in Joubert syndrome 

(MIM#213300) and related disorders (JSRD) include fibrocystic disease of kidneys, retinal 

abnormalities, oculomotor apraxia, congenital hepatic fibrosis and mental retardation with 

malformation of cerebellar vermis and brainstem(Sattar and Gleeson, 2011). Retinopathy is 

commonly observed in syndromic ciliopathies, and photoreceptor degeneration caused by 

cilia defects in non-syndromic Leber congenital amaurosis (LCA) (MIM#204000) represents 

the least severe phenotype(Rachel et al., 2012a; Zaghloul and Katsanis, 2009).

Initially identified for JSRD(Ben-Salem et al., 2014; Sayer et al., 2006; Valente et al., 2006), 

the centrosome-cilia gene CEP290 is associated with multiple ciliopathy 

phenotypes(Coppieters et al., 2010; Zaghloul and Katsanis, 2009). Subsequent to findings in 

a mouse retinal degeneration mutant (rd16) with hypomorphic Cep290 defect(Chang et al., 

2006), mutations in CEP290 were discovered and now account for 20–25% of LCA(den 

Hollander et al., 2006)(den Hollander et al., 2008; Perrault et al., 2007). CEP290-LCA 
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patients also exhibit additional sensory defects such as anosmia caused by olfactory cilia 

dysfunction(McEwen et al., 2007).

The CEP290 gene encodes a large multi-domain 290 kDa protein involved in cilia 

biogenesis and transport. The CEP290 protein constitutes an integral component of the 

transition zone (TZ) between the basal body and the ciliary axoneme and serves as a 

diffusion barrier for transport in and out of cilium(Craige et al., 2010; Rachel et al., 2015). 

CEP290 is located in the Y-shaped linker region of the TZ in photoreceptor cilium(Betleja 

and Cole, 2010; Craige et al., 2010) and necessary for the formation of the outer segment 

(Rachel et al., 2015), which is critical for phototransduction and cell survival(Gilliam et al., 

2012; Marszalek et al., 2000; Rachel et al., 2012a; Tsujikawa and Malicki, 2004; Wright et 

al., 2010). Mutations in CEP290 are suggested to differentially impact protein interactions, 

cilia biogenesis, and trafficking in distinct cellular contexts.

How specific CEP290 mutations generate a spectrum of overlapping yet discrete pleiotropic 

effects in ciliopathies is poorly understood. While LCA mutations associated with sensory 

dysfunction(Chang et al., 2006; den Hollander et al., 2006; McEwen et al., 2007) are likely 

hypomorphic, complex phenotypes (such as JSRD) caused by wide-ranging human CEP290 
mutations are puzzling. Mouse Cep290 mutants can recapitulate several features associated 

with human disease; for example, an in-frame deletion in Cep290 produces early 

photoreceptor degeneration in rd16 mice(Cideciyan et al., 2011), and Cep290 gene-trap and 

knockout mice phenocopy syndromic ciliopathy(Hynes et al., 2014; Rachel et al., 2015). 

However, the precise biological impact of distinct human disease-causing CEP290 mutations 

remains unclear.

We took advantage of fibroblasts and induced pluripotent stem cells (iPSCs) derived from 

patients with CEP290-LCA and CEP290-JSRD and from familial controls to generate in 
vitro models for investigating cilia biology. Fibroblasts from CEP290-JSRD patients had no 

detectable CEP290 protein and abnormal cilia, whereas those of CEP290-LCA displayed 

reduced CEP290 protein and normal cilia. Cilia defects were evident in photoreceptors of 

CEP290-LCA-derived optic cups, consistent with the human phenotype. Furthermore, 

aberrant cilia in CEP290-JSRD fibroblasts exhibited selective transport defects and higher 

Hedgehog (Hh) signaling. Our results are consistent with the proposed gate-keeping 

function of CEP290 in ciliary transport and suggest that distinct CEP290 mutations have 

selective impact on cilia biogenesis and transport in different cell types.

RESULTS

Reduced CEP290 Protein in LCA but Complete Loss in JSRD Patient Fibroblasts

We generated fibroblast lines from skin biopsies of three CEP290-LCA, three CEP290-

JSRD patients, and four familial controls (Figure 1A, Table S1A, S1B, and Supplementary 

Figure S1 and S2). All patients except for LCA-3 were compound heterozygotes for 

CEP290 mutations. While patient LCA-3 is homozygous for IVS26+1655A>G, the two 

other LCA patients, LCA-1 and LCA-2, carry one of this allele (Figure 1A); this mutation is 

commonly observed in LCA(den Hollander et al., 2006) and creates a strong splice-donor 

site with insertion of a cryptic exon in the CEP290 mRNA(Perrault et al., 2007). Despite 
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severely limited visual function, LCA patients’ retina retained large numbers of cone 

photoreceptors [LCA1-3 patients are referred as P5, P4 and P6 in (Cideciyan et al., 2007), 

and P7, P6, and P9 in (Cideciyan et al., 2011), respectively]. Phenotypes and genotypes of 

JSRD patients 1–3 are provided in Figure S2 and Table S1B. All three JSRD patients had 

reduced visual acuity, moderate to high hyperopia, nystagmus and retinal degeneration. 

JRSD-2 and JRSD-3 had coloboma. JSRD-3 also carried c.2501A>G; p.Gln834Arg 

variation in KIF7 and c.2882G>A; p.Arg961His change in NPHP4, which can potentially 

modify the JSRD phenotype caused by CEP290 mutations.

To establish a correlation between CEP290 mutation and the cilia phenotype, we examined 

CEP290 protein in fibroblasts by immunoblot analysis. Full-length CEP290 protein was 

reduced by 50–80% in CEP290-LCA fibroblasts compared with controls; however, no 

protein was detected in CEP290-JSRD fibroblasts (Figure 1B, C). The splice donor site 

introduced by the IVS26+1655A>G mutation competes with the normal splice donor site, 

leading to the production of variable amounts of correctly spliced full-length CEP290 

protein in LCA-1, 2 and 3. Full-length CEP290 protein levels were higher in LCA-3 

fibroblasts carrying the homozygous IVS26+1655A>G allele compared with LCA-1 and 2 

with heterozygous IVS26+1655A>G allele, consistent with its being a hypomorphic 

mutation. All other heterozygous mutations in LCA and JSRD patients introduce either a 

premature stop codon (LCA-1, LCA-2, JSRD-1, JSRD-2 and JSRD-3), a frameshift 

(JSRD-2), or an in-frame deletion (JSRD-3), all leading to non-detectable full-length 

CEP290 protein. CEP290 protein correctly localized to cilia of control and LCA fibroblasts 

but was absent in cilia of JSRD fibroblasts, consistent with immunoblotting (Figure 1D). 

Thus, in agreement with a previous study(Drivas et al., 2015), mutations causing LCA 

resulted in reduced full-length CEP290 protein and those associated with the syndromic 

ciliopathy JSRD resulted in complete protein loss irrespective of the mutation within the 

gene.

Aberrant Cilia Biogenesis in CEP290-JSRD but not in CEP290-LCA Fibroblasts

To determine the effect of CEP290 mutations and variable CEP290 protein levels, we 

examined cilia in patient and control fibroblasts after 72 hour serum-starvation. 

Immunocytochemistry for γ-tubulin and acetylated tubulin showed similar ciliation in 

CEP290-LCA fibroblasts and controls, whereas CEP290-JSRD fibroblasts had fewer cilia 

(Figure 2A and C). Cilia length was variable in all patient and control fibroblasts, with a 

broader length distribution in CEP290-JSRD. We detected no significant difference in 

average cilia length in CEP290-LCA fibroblasts compared with controls (Figure 2A–C); 

however, CEP290-JSRD fibroblasts had significantly longer cilia, on average, compared to 

all other cultures. Thus, ciliation was largely unaffected in CEP290-LCA fibroblasts even 

when CEP290 protein content was significantly reduced, whereas a complete loss of 

CEP290 protein in JSRD fibroblasts resulted in decreased and abnormal ciliogenesis.

Early Defects in Ciliary Membrane Formation in the Absence of CEP290

To investigate the mechanism of impaired ciliogenesis in CEP290-JSRD fibroblasts, we 

performed transmission electron microscopy (TEM) analyses. Cilia in control and patient 

samples were observed at a frequency consistent with the immunofluorescence studies 
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(Figure 2, 3). However, JSRD fibroblasts showed early defects in ciliary membrane 

assembly (Figure 3; Supplementary Figure 3). Small 25–50 nm vesicles, described as distal 

appendage vesicles (DAV)(Lu et al., 2015), and larger 300–500 nm ciliary vesicles (CV) 

were more frequently observed in JSRD fibroblasts than in controls. Two of the eleven JSRD 

cells examined showed intracellular axonemes lacking a surrounding membrane sheath, and 

one of these revealed DAVs docked at the basal body (Figure 3). These data suggest that 

cilia formation was initiated in JSRD cells but axonemal and/or ciliary membrane growth 

was defective. Absence of the membrane surrounding an axoneme indicates that the loss of 

CEP290 protein disrupts the ciliary membrane assembly steps.

JSRD cilia revealed unusually high levels of endocytic vesicles at the ciliary pocket (CP), a 

specific membrane domain at the base of cilia (Figure 3A), suggesting that membrane 

trafficking events associated with mature cilia are compromised in the absence of CEP290 

and likely reflect fusion failure and/or promotion of endocytosis on the CP.

Photoreceptor Cilia Defects in Optic Cups Derived from CEP290-LCA iPSCs

Given the photoreceptor phenotype in CEP290-LCA patients we decided to examine cilia in 

photoreceptors of human retinal organoids. We derived iPSC lines from two CEP290-LCA 

patients and one familial control (Supplementary Figure S3) and differentiated these into 

three-dimensional (3-D) optic cups (Figure 4A) (Kaewkhaw et al., 2015; Reh et al., 2010; 

Zhong et al., 2014). Consistent with a recent study(Parfitt et al., 2016), we detected 

recoverin and rhodopsin-positive photoreceptors in both CEP290-LCA and control iPSC-

derived optic cups at 200 days (Supplementary Figure S4). Cilia positive for ciliary ARL13B 

and the basal body γ-tubulin markers were observed in photoreceptors of both CEP290-

LCA and control optic cups (Supplementary Figure S4). Ultrastructural analysis by TEM 

recognized four groups of ciliary-associated structures: cilia; CV; docked mother centriole 

(MC); and no membrane (Figure 4B, C, and Supplementary Figure S5A,B). Control samples 

included mostly cilia or CVs (Figure 4B–I, II, C). Docked MCs were observed only in 

CEP290-LCA optic cups, indicating a failure to develop cilia after docking to the cell 

membrane (Figure 4B–III, V, C). Furthermore, membraneless intracellular cilium was 

observed in the optic cups from one CEP290-LCA patient (Figure 4B–VI, C). Our results 

indicated the presence of under-developed cilia in CEP290-LCA iPSC-derived optic cups 

and ciliogenesis defects similar to those observed in CEP290-JSRD fibroblasts.

Altered Transport of ARL13B and ADCY3 in CEP290-JSRD Fibroblasts

To investigate whether ciliary transport was affected in patients’ fibroblasts, we first 

examined ARL13B, a membrane associated small GTPase protein required for ciliogenesis 

and known to be mutated in JSRD(Cantagrel et al., 2008; Larkins et al., 2011). We did not 

observe any difference in ciliary ARL13B levels between Ctrl-1 and LCA-2 patient 

fibroblasts. However, ARL13B levels were reduced in cilia, but not in whole fibroblasts, of 

CEP290-JSRD compared to controls (Figure 5A–C and Supplementary Figure S6). As 

ARL13B functions in ciliogenesis(Larkins et al., 2011), we suggest that decreased ciliation 

in CEP290-JSRD fibroblasts is associated with aberrant ARL13B regulation.
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Similar to our findings with ARL13B, localization to the cilium of adenylate cyclase 3 

(ADCY3), a membrane-associated enzyme that catalyzes the formation of the secondary 

messenger cyclic adenosine monophosphate (cAMP), was markedly reduced in CEP290-

JSRD compared to control fibroblasts; however, no change was observed between CEP290-

LCA patient and corresponding control (Figure 5D–E). ADCY3 was distributed throughout 

the cytoplasm and accumulated at the base of the cilium in several CEP290-JSRD fibroblasts 

(data not shown). RT-PCR analysis revealed no change in expression of ADCY3 mRNA 

(Figure 5F), suggesting that reduced accumulation of ADCY3 in JSRD cilium was not the 

result of changes in protein expression. Together, our results implicate aberrant ciliary 

targeting of membrane-associated proteins in JSRD cilia.

Transition zone and IFT Proteins in CEP290-JSRD Cilia

To test if CEP290 loss in JSRD affects other TZ proteins, we examined the localization of 

RPGR, RPGRIP1L and TMEM67. RPGRIP1L and TMEM67 are mutated in JSRD(Romani 

et al., 2013), while RPGR mutations are associated with retinitis pigmentosa(Ghosh et al., 

2010) – a later-onset and generally less severe retinal degeneration than LCA. 

Immunofluorescence demonstrated normal localization of these TZ proteins in JSRD cilia 

(Figure 6A–C), suggesting that the absence of CEP290 does not affect TZ protein 

composition. Additionally, immunostaining of pericentriolar material (PCM-1) at the base of 

the cilia was unaltered in JSRD fibroblasts (Figure 6D).

We further examined the levels of cilia-associated IFTA and IFTB complex proteins. 

Localization of IFT140 and IFT88 was unchanged in basal body and cilia of JSRD 

fibroblasts (Figure 6E, F), though the IFTB complex protein IFT57 exhibited a small but 

insignificant reduction (Figure 6G). Thus, CEP290-JSRD defects in ciliogenesis and ciliary 

trafficking are not likely caused by aberrant IFT ciliary accumulation.

Enhanced Hh signaling in JSRD Fibroblasts Caused by Abnormal Hh Receptor Trafficking

Abnormal Hh signaling has been associated with JSRD(Aguilar et al., 2012; Hynes et al., 

2014). To examine the Hh signaling pathway in JSRD patient and control fibroblasts, we 

treated serum-starved cells with the Smo agonist SAG and monitored expression of the Hh 

responsive genes, PTCH and GLI1. SAG-dependent expression of PTCH and GLI1 was 

higher in JSRD fibroblasts compared to controls (Figure 7A, B and Supplementary Figure 

S6B, left panel), even though ciliation was reduced in patient cells. Enhanced levels of GLI2 

were also observed in the tips of JSRD cilia (Figure 7C). In concordance with higher Hh 

signaling, Gli3-repressor (Gli3-R) was more strongly down-regulated following SAG 

treatment in JSRD fibroblasts compared to control cells (Supplementary Figure S6B, right 

panel). Thus, CEP290-JSRD fibroblasts displayed augmented ciliary Hh signaling compared 

to control cells.

We tested by immunofluorescence whether Hh receptors were altered in CEP290-JSRD 

fibroblasts. Smo and PTCH1 analyses were inconclusive due to poor detection of these 

proteins in cilia (data not shown). GPR161 labeling was strong in the cilia of both control 

and patient fibroblasts under unstimulated (no SAG) conditions (Figure 7D). However, while 

control fibroblasts displayed a small reduction in ciliary GPR161 following 24 hour SAG 
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treatment, CEP290-JSRD ciliated fibroblasts revealed a strong SAG-induced loss of 

GPR161. Our results suggest that elevated Hh signaling in patient fibroblasts is associated 

with abnormal ciliary trafficking of GPR161 following pathway activation. Moreover, 

altered ciliary ARL13B (see Figure 5A) could also affect Hh signaling(Mariani et al., 2016).

To address questions about ciliary trafficking abnormalities in CEP290-JSRD fibroblasts, we 

generated Smo-GFP expressing JSRD and control fibroblasts using a lentiviral expression 

vector. Total Smo-GFP protein levels were similar in control and patient cells (Figure 7E); 

however, ciliary Smo-GFP was significantly lower in patient fibroblasts following 24 hour 

SAG treatment (Figure 7F). These results are similar to those observed with ARL13B and 

ADCY3 (see Figure 5). We next performed fluorescence recovery after photobleaching 

(FRAP) experiments to evaluate ciliary trafficking of Smo-GFP. JSRD cilia showed more 

rapid fluorescence recovery of Smo-GFP (42 −/+ 4 %) than control cilia (5 −/+ 1 %) 30 min 

after photobleaching (Figure 7G). These findings demonstrate that JSRD fibroblasts have 

higher rates of Smo-GFP transport into the cilium compared to controls.

DISCUSSION

Ciliopathies encompass numerous syndromic and non-syndromic disorders that are 

genetically heterogeneous. Mutations in more than 30 genes can cause JSRD 

phenotypes(Kroes et al., 2016; Suzuki et al., 2016), and at least 20 genes are associated with 

LCA(den Hollander, 2016; Jacobson et al., 2016). CEP290 mutations can result in multiple 

divergent phenotypes, including JSRD and LCA. Here we used patient-derived cell models 

in vitro to demonstrate how distinct CEP290 mutations cause cell-specific cilia defects in 

CEP290-LCA and CEP290-JSRD.

Given that JSRD exhibits a severe and pleiotropic phenotype, we hypothesized that 

ciliogenesis defects would be more dramatic in JSRD compared to LCA. By comparing 

fibroblasts from three LCA and three JSRD patients, we validated the relationship between 

the clinical phenotypes and the presence of full-length CEP290 protein. Under our 

experimental conditions, normal ciliogenesis and cilia length were achieved even with less 

than normal amounts of full-length CEP290 in LCA fibroblasts. However, photoreceptors in 

retinal organoids derived from iPSCs of LCA patients were more vulnerable to altered 

CEP290 levels. As predicted, complete loss of the full-length CEP290 protein resulted in 

reduced ciliogenesis and abnormal cilia length in JSRD fibroblasts. No nonsense mediated 

decay occurred in either LCA or JSRD fibroblasts (RT-PCR data not shown), suggesting that 

a certain amount of truncated protein may be synthesized in the patient’s cells. However, we 

could not identify a suitable antibody to detect the presence of the truncated protein in the 

patient fibroblasts.

In the three LCA and two control fibroblast lines cultured to 90–100% confluence prior to 

72 hour serum-starvation, we never observed any significant reduction in the number of 

ciliated cells or cilia length in contrast to previous reports(Burnight et al., 2014; Gerard et 

al., 2012; Parfitt et al., 2016). Under our experimental conditions, contact inhibition can 

induce quiescence and cilia formation even before serum-starvation. The previously reported 

observation of shorter cilia in LCA patient-derived fibroblasts might reflect differences in 
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the kinetics of ciliogenesis and argues for more stringent criteria for evaluation of this assay, 

especially when designing therapies.

Ciliogenesis defects in photoreceptors of retinal organoid cultures derived from iPSCs of 

LCA patients are consistent with the clinical findings in this congenital disease. In 

developing retinal photoreceptors, outer segment formation begins with the emergence of a 

primary cilium(Sedmak and Wolfrum, 2011; Sung and Chuang, 2010). Docking of the 

mother centriole (that becomes the basal body) to the apical side of the plasma membrane is 

accompanied by formation of a CV. The cilium elongates from the basal body and elaborates 

into a connecting cilium and outer segment. We observed subcellular morphological 

differences, including under-developed mother centrioles, incompletely formed CVs and 

membrane-less cilia in photoreceptors of LCA retinal organoids, demonstrating a tissue 

specific requirement for CEP290 in photoreceptor cilia development as previously 

proposed(Cideciyan et al., 2011; Rachel et al., 2015) and suggesting a molecular explanation 

for the tissue-specific ciliary defects in LCA. Impaired ciliation in CEP290 LCA optic cups, 

but not in fibroblasts, indicates that CEP290 has tissue specific functions in cilia assembly, 

which could be associated with different ciliogenesis pathways used by these cells.

JSRD fibroblasts exhibited reduced ciliation and variable cilia length in the absence of 

CEP290 protein, a phenotype previously described in JSRD patients and murine 

models(Aguilar et al., 2012; Drivas and Bennett, 2014; Hynes et al., 2014). Some JSRD 

fibroblasts had abnormally long dysmorphic cilia similar to those observed recently in 

TMEM107 mutant fibroblasts(Shaheen et al., 2015). Intracellular cilia lacking the ciliary 

membrane in JSRD fibroblasts had been previously observed in the Cep290-knockout 

mouse(Rachel et al., 2015). Lack of cilia in many CEP290-JSRD fibroblasts suggests that 

disruption of ciliary membrane assembly may be responsible for the observed defect in 

ciliation. Additionally, disruption of ciliary membrane transport of ARL13B and ADCY3 

suggests that gate-keeping function of CEP290 is selectively altered. ADCY3 is expressed in 

cilia of different cell types and its inhibition causes cilia elongation, thus implying that 

ADCY3-cAMP signaling partly controls cilia length (Abdul-Majeed et al., 2012; Ou et al., 

2009). The role of CEP290 as a functional TZ gate controlling ARL13B and ADCY3 ciliary 

retention is supported by evidence in C.elegans(Li et al., 2016) and Chlamydomonas 
(Betleja and Cole, 2010). Many TZ proteins including Tmem67, Tmem231, Tmem237, 

Cc2d2a and Tectonics are shown to play important roles in ciliogenesis(Chih et al., 2011; 

Garcia-Gonzalo et al., 2011; Huang et al., 2011). Furthermore, mutations in other TZ 

proteins including RPGRIP1L and TMEM67 have also been linked to JSRD. However, no 

change in RPGRIP1L and TMEM67 in CEP290-JSRD cilia suggests that CEP290 functions 

primarily in gating of specific ciliary-targeted proteins and not in maintaining structural 

integrity of the TZ.

Impaired ciliary Hh signaling has been reported in human fetal samples with CEP290-

JSRD(Aguilar et al., 2012). Studies in murine embryonic fibroblasts from Cep290-gene trap 

that model JSRD/MKS disease have shown that impaired ciliogenesis is associated with 

reduced Hh signaling(Hynes et al., 2014). In contrast, human CEP290-JSRD fibroblasts 

displayed increased Hh responsiveness in SAG treated cells, reflecting species or tissue-

specific differences or the association with more severely impaired ciliogenesis. FRAP 
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studies demonstrated that Smo-GFP transport into the cilium was higher in JSRD patient 

cilia compared to control cells, and that the reduced levels of Smo-GFP and GPR1161 

observed in patient cilia resulted from lower retention in the cilia, possibly caused by higher 

transport rates out of the cilium. The more rapid exit of GPR161 and entry of Smo into the 

cilium is likely responsible for the stronger downstream Hh responses observed. Together 

with a recent report(Taylor et al., 2015), our studies demonstrate elevated Hh signaling in 

ciliopathy patient cells when ciliation is reduced. Reduced ciliogenesis and enhanced ciliary 

transport and signaling could explain why CEP290-JSRD patients have relatively less severe 

phenotypes than other CEP290-associated syndromic ciliopathies, such as MKS(Barker et 

al., 2014). We conclude that CEP290-JSRD mutations especially impact the ciliary 

localization of selected proteins via aberrant gatekeeping function in the TZ. The proposed 

role of CEP290 “gate” in controlling the transport of distinct Hh signaling proteins might 

explain why different mutations in the same gene result in overlapping yet clinically and 

genetically heterogeneous disorders, ranging from LCA to JSRD and even MKS.

Antisense oligonucleotides (AONs) have been used in CEP290-LCA fibroblasts and iPSC-

derived optic cups for phenotype rescue(Collin et al., 2012; Gerard et al., 2012; Parfitt et al., 

2016). However, AONs can be applied only to intronic mutations that cause mis-splicing. 

Interestingly, overexpression of full-length CEP290 using lentivirus in fibroblasts can evoke 

cytotoxicity(Burnight et al., 2014). CEP290 gene augmentation therapy remains a potential 

translational approach; however, well-characterized patient-based in vitro cell culture 

systems with consistent phenotypes, as reported here, are necessary for deciphering disease 

mechanism(s) and evaluation of distinct treatment strategies.

EXPERIMENTAL PROCEDURES

Isolation of fibroblasts from skin biopsy

Fibroblasts were isolated from skin biopsies as described in Supplemental Experimental 

Procedures. Ctrl-3 and JSRD-1 fibroblasts expressing Smo-GFP were generated using 

lentivirus as described previously(Lu et al., 2015).

Ciliogenesis assay

Fibroblasts (passage 5–10) maintained in MEMα (Life Technologies, Grand Island, NY, 

USA) with 10% FBS and 100 μg/ml of Primocin™ were plated on collagen-coated chamber 

slides (μ-Slide 8 well; ibidi, Am Klopferspitz, Planegg/Martinsried, Germany) at a density of 

2×104 cells in 300 μl of culture medium/well. The following day, cells at 90–100% 

confluency were placed in serum-free medium (MEMα with 100 μg/ml of Primocin™) for 

72 hours. Cells were then fixed in 4% PFA for 10 min or in ice-cold methanol for 5 min.

Immunofluorescence and imaging

Following fixation, cells were permeabilized for 1 hour, incubated overnight in the primary 

antibody, washed with PBS and finally incubated with secondary antibodies (see 

Supplemental Experimental procedures). iPSC-derived optic cups at differentiation day 204–

211 were fixed and immunostained as described previously(Kaewkhaw et al., 2015). Details 

of immunofluorescence imaging are described in Supplemental Experimental Procedures.
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Statistical analysis

Excel and Prism6 software were used for statistical analysis, and significance was 

determined by Student’s t test. Mann Whitney U test was used for statistical analysis of cilia 

length.

Immunoblotting

Fibroblasts were lysed in RIPA buffer, separated by SDS-PAGE and analyzed by 

immunoblotting (see Supplemental Experimental Procedures). Enhanced 

chemiluminescence (ECL) was used to develop immunoblots, and protein levels were 

quantified using ImageJ.

RT-PCR analysis

RNAs were isolated from control and JSRD patient’s fibroblasts with or without serum-

starvation for 72 hours using Trizol reagent according to manufacturer’s directions. For 

ADCY3 RT-PCR, cDNA was generated using SSII RT with a combination of random 

hexamers and Oligo(dT) (Life Technologies) and equal concentration of cDNA was used for 

PCR using gene specific primers. Thirty cycles were performed for ADCY3 with a 

hybridization temp of 58°C and 28 cycles for GAPDH. The results were quantified using 

Image J software.

PTCH1 and GLI1 expressions in total RNA of control and JSRD fibroblasts were 

determined using Taqman probes purchased from Applied Biosystems and the one step 

qScript™ XLT kit from Quanta Biosciences according to manufacturer’s instructions. 

Quantitative RT-PCR was performed using the Applied Biosystems 7500 Fast Real-Time 

PCR System.

Reprogramming of Fibroblasts to iPSCs

Fibroblasts were reprogrammed to iPSCs using integration-free Sendai virus as previously 

described(Beers et al., 2015).

Maintenance of hiPSCs and differentiation into optic cups

hiPSCs were cultured on BD Matrigel-hESC-qualified Matrix-coated plates with Essential 

8™ Medium (Gibco) using EDTA-based passaging procedure(Beers et al., 2012). hiPSCs 

were passaged every 3–4 days at 70–80% confluency. Differentiated cells were mechanically 

eliminated before passaging. hiPSCs were differentiated into optic cups, as described(Zhong 

et al., 2014). See Supplemental Experimental Procedures for details.

Study Approval

After written informed consent, biopsies were obtained from three LCA patients, three 

JSRD patients and four unaffected families controls. The study followed the tenets of the 

Declaration of Helsinki and was approved by University of Pennsylvania Institutional 

Review Board protocol #183400 (for LCA) and NIH IRB protocol #03-HG-0264 (for 

JSRD). Genetics and phenotype of patients and controls are shown in Supplementary Table 

S1.
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Supplementary Material

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

1. Normal cilia in fibroblasts but not in photoreceptors of CEP290-LCA 

organoids

2. No CEP290 protein and defective ciliogenesis in CEP290-JSRD fibroblasts

3. Selective reduction in ciliary localization of ARL13B & ADCY3 in JSRD 

fibroblasts

4. Cilia defects in JSRD fibroblasts affect Smo and GPR161 transport in Hh 

signaling
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Figure 1. CEP290 protein is reduced in LCA and undetectable in JSRD patient fibroblasts
(A) Schematic representation of CEP290 and locations of mutations. Blue bar: PCM-1 

binding domain, Green bar: CP110 binding domain, Purple bar: Rab8a binding domain, 

Orange bar: Myosin-tail homology domain(Drivas et al., 2013) (B) Immunoblotting to 

examine full-length CEP290 expression. β-actin was used as a loading control. Normal 

represents control human fibroblasts (Coriell Institute, GM07492). (C) Quantification of 

CEP290 full-length protein. Values were normalized against the control, and error bars 

represent ± s.e.m. of three independent experiments. Statistical significance was determined 
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using Unpaired Student’s t test, *p<0.05, **p<0.01, n.s.=not significant. (D) Fluorescence 

micrographs of control, LCA and JSRD fibroblasts immunostained for CEP290 (red) and 

acetylated tubulin (green) and DAPI (blue). Scale bar, 5 μm.
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Figure 2. Number of ciliated cells and cilia length are unaltered in LCA fibroblasts, but reduced 
and abnormally distributed in JSRD
(A) Immunofluorescence micrographs of 72 hour serum-starved control, LCA and JSRD 

fibroblasts stained for acetylated tubulin (green), γ- tubulin (red) and DAPI (blue). Scale 

bar, 10 μm. (B) Quantification of primary cilia length (n>50, three independent 

experiments). Error bars represent ± s.d. Statistical significance was determined using Mann 

Whitney U Test. *p<0.05 (C) Percentage of cells with cilia of different length (n>50, three 

independent experiments).
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Figure 3. Early stages of ciliogenesis are impaired in JSRD fibroblasts
(A) Representative electron micrographs of classified M-centrioles from control (Ctrl-3 and 

Ctrl-1), LCA (LCA-1) and JSRD patients (JSRD-1 and JSRD-3) fibroblasts; distal 

appendage vesicles (DAV), ciliary vesicles (CV) and membraneless axonemes (MA). Black 

arrows indicate DAV and yellow arrows show MA. Red arrowheads indicate endocytic 

membrane forming from the ciliary pocket. Scale bar, 500 nm. (B) Quantification of MC and 

ciliary structures analyzed in (A); from Ctrl-3 (total=13), JSRD-1 (total=10), JSRD-3 

(total=10), Ctrl-1 (total=7), LCA-1 (total=11).
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Figure 4. Ciliogenesis is abnormal in photoreceptors of retinal organoids derived from LCA-
iPSCs
(A) Generation of optic cups from skin biopsy. Scale bars, iPSCs (left) 250μm, iPSC-derived 

optic cup (right) 200 μm. (B) Representative images of ciliary structures in iPSC-derived 

optic cups: cilia (I); ciliary vesicle, CV (II); docked MC (III-V); intracellular cilia (VI). 

Scale bar, 500 nm. (C) Classification of MC and ciliary structures in iPSC-derived optic 

cups at day 200 analyzed by transmission electron microscopy (TEM); Ctrl-1 (total=19), 

LCA-2A (total=23), LCA-2F (total=14), from LCA-1 (total=14).
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Figure 5. Localization of ARL13b and ADCY3 to cilia is reduced in JSRD fibroblasts
(A) Representative immunofluorescence images of LCA patient (LCA-2) and familial 

control (Ctrl-1), JSRD patient (JSRD-1) and familial control (Ctrl-3) fibroblasts serum-

starved for 72 hours and stained for ARL13B and CEP164. Scale bar, 2 μm. (B) 

Quantification of ARL13B levels in cilia of fibroblasts from single plane images control 

(Ctrl-3) and JSRD patients (JSRD-1). Means ± s.e.m. of three independent experiments. 

Statistical significance was determined using Unpaired Student’s t test. **p<0.005. Ctrl3, 

n>100 cells, JSRD-1, n>100 cells measured. (C) Immunoblot analysis of ARL13B 

expression in control (Ctrl-3) and JSRD patients (JSRD-1) fibroblasts with β-actin loading 

control. The bands indicated by asterisk are specific for ARL13B protein detected by this 

antibody. (D) Representative immunofluorescence micrographs of 72 hour serum-starved 

LCA patient (LCA-2) and familial control (Ctrl-1), JSRD patient (JSRD-1) and familial 

control (Ctrl-3) fibroblasts stained for acetylated tubulin (green), ADCY3 (red) and DAPI 

(blue). ADCY3 signal is localized to cilia in Ctrl-3 but distributed throughout the cytoplasm 

in JSRD-1 cells. Scale bar, 5 μm. (E) Quantification of ADCY3/acetylated tubulin signal 

intensity ratio from single plane images (n>50, three independent experiments). Error bars 

Shimada et al. Page 22

Cell Rep. Author manuscript; available in PMC 2017 August 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



represent ± s.e.m. Statistical significance was determined using Unpaired Student’s t test. 

****p<0.0001. (F) RT-PCR analysis of ADCY3 in the control and JSRD fibroblasts. Values 

were normalized against GAPDH control, and error bars represent ±s.e.m. of three 

independent experiments.
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Figure 6. CEP290-JSRD mutations differentially impact ciliary transition zone proteins and IFT
(A, B) Quantifications (left) and representative images (right) of TMEM67 and RPGRIP1L 

ciliary levels from a single plane image in fibroblasts from control (Ctrl-3) and JSRD 

patients (JSRD-1) serum-starved for 72 hours and stained for TMEM67 or RPGRIP1L, 

ARL13B and CEP164 (left). Mean ± s.e.m. of three or four independent experiments is 

show. p>0.1 (Ctrl-3, n>50 cells, JSRD-1, n>50 cells). Scale bar, 2 μm. (C, D) Representative 

immunofluorescence images of 72 hour serum-starved Ctrl-3 and JSRD-1 fibroblasts stained 

for acetylated tubulin (green), RPGR (red, C) or PCM-1 (red, D) and DAPI (blue). Scale bar, 

5 μm. (E-G) Quantifications of IFT140 (E), IFT88 (F), IFT57 (G) ciliary levels in fibroblasts 

from single plane images control (Ctrl-3) and JSRD patients (JSRD-1) serum-starved for 72 

hours and stained for indicated IFT proteins, with ARL13B and CEP164. Mean ± s.e.m. of 

three independent experiments is shown. p>0.1 (Ctrl-3 n>50 cells, JSRD-1 n>50 cells).
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Figure 7. Hedgehog signaling is altered in JSRD Fibroblasts
(A, B) RT-PCR analysis of PTCH1 (A) and GLI1 (B) fold inductions in control (Ctrl-3) and 

JSRD (JSRD-1) patient fibroblasts serum-starved for 72 hours with or without 24 hour SAG 

treatment. Values were normalized to control –SAG. (C) Quantification of GLI2 ciliary tips 

fluorescence accumulation from a single image plane in control (Ctrl-3) and JSRD (JSRD-1) 

patient fibroblasts following 72 hour serum-starvation and 24 hour SAG treatment. 

Fibroblasts (n>50) were stained for GLI2 (green), ARL13B (red) and CEP164 (blue). 

Representative images are shown. (D) Quantification and representative images of ciliary 

GPR161 levels from a single image plane in control (Ctrl-3) and JSRD (JSRD-1) patient 

fibroblasts following 72 hour serum-starvation with or without 24 hour SAG treatment. 

Fibroblasts (n>50) were stained for GPR161 (green), ARL13B (red) and CEP164 (blue). (E) 

Western blot analysis of SMO-GFP expression in fibroblasts from control (Ctrl-3) and JSRD 

patient (JSRD-1) in presence or absence of serum. (F) Quantification of Smo-GFP levels in 

cilia from a single image plane before FRAP in fibroblasts from control (Ctrl-3) and JSRD 

patients (JSRD-1) following 72 hour serum-starvation and 24 hour SAG treatment. (G) 
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Fluorescence recovery dynamics of Smo-GFP in control (Ctrl-3) and JSRD patient 

(JSRD-1). Representative images of Smo-GFP fluorescence before and after bleaching are 

shown. Over 20 different cilia from 3 independent experiments were quantified. In A-C, D 

and G), error bars represent means ± s.e.m. of three independent experiments, whereas (F) 

shows mean ± s.d. Statistical significance was determined using Unpaired Student’s t test. 

**p<0.001, ***p<0.0001. Scale bar, 2 μm.
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