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Cilia are highly specialized microtubule-based organelles that have pivotal roles in numerous biological 
processes, including transducing sensory signals. Defects in cilia biogenesis and transport cause pleiotropic 
human ciliopathies. Mutations in over 30 different genes can lead to cilia defects, and complex interactions 
exist among ciliopathy-associated proteins. Mutations of the centrosomal protein 290 kDa (CEP290) lead 
to distinct clinical manifestations, including Leber congenital amaurosis (LCA), a hereditary cause of blind-
ness due to photoreceptor degeneration. Mice homozygous for a mutant Cep290 allele (Cep290rd16 mice) 
exhibit LCA-like early-onset retinal degeneration that is caused by an in-frame deletion in the CEP290 pro-
tein. Here, we show that the domain deleted in the protein encoded by the Cep290rd16 allele directly interacts 
with another ciliopathy protein, MKKS. MKKS mutations identified in patients with the ciliopathy Bardet-
Biedl syndrome disrupted this interaction. In zebrafish embryos, combined subminimal knockdown of 
mkks and cep290 produced sensory defects in the eye and inner ear. Intriguingly, combinations of Cep290rd16 
and Mkksko alleles in mice led to improved ciliogenesis and sensory functions compared with those of either 
mutant alone. We propose that altered association of CEP290 and MKKS affects the integrity of multipro-
tein complexes at the cilia transition zone and basal body. Amelioration of the sensory phenotypes caused 
by specific mutations in one protein by removal of an interacting domain/protein suggests a possible novel 
approach for treating human ciliopathies.

Introduction
Cilia and centrosomes are highly specialized microtubule-based 
organelles that are crucial mediators of diverse biological processes, 
including establishment of polarity and sensory signal transduction 
(1, 2). Primary cilia are ubiquitous, polarized, and nonmotile organ-
elles that originate from the mother centriole (called the basal body) 
in postmitotic cells and serve as antennae for sensing biochemical 
signals (3, 4). Biogenesis of primary cilia and associated signaling 
events is coordinated by anterograde and retrograde intraflagellar 
transport (IFT) that uses kinesin and dynein motors, respectively 
(5). The primary cilium reportedly mediates the selective traffick-
ing of as many as 1,000 proteins (6, 7).

Defects in primary cilia are associated with pleiotropic human dis-
orders, collectively termed ciliopathies, which include a highly pen-
etrant photoreceptor degeneration phenotype (8–11). Mutations in 
over 30 distinct genes that encode centrosomal cilia proteins lead 

to ciliopathies, including McKusick-Kaufmann syndrome (MKKS; 
MIM no. 236700), Joubert syndrome (JBTS; MIM no. 21330), 
Meckel-Gruber syndrome (MKS; MIM no. 249000), Bardet-Biedl 
syndrome (BBS; MIM no. 209900), nephronophthisis (NPHP), and 
Leber congenital amaurosis (LCA; MIM no. 611755). Multiple gene 
defects leading to overlapping clinical manifestations (12), modifi-
er roles of specific alleles (13, 14), and discovery of macromolecular 
functional complexes (15–17) suggest dynamic interactions among 
proteins involved in ciliopathies. Interactions among MKS, NPHP, 
JBTS, and other ciliopathy proteins are required for basal body 
anchoring and establishment of a ciliary gateway (18). Similarly, IFT 
proteins interact to maintain ciliary architecture and transport (19). 
Disruptions of these protein networks, particularly at the base of the 
ciliary transition zone, result in defects of cilia biogenesis (19, 20)  
and signal transduction pathways (20–22). Hence, dissection of 
ciliary protein complexes and of unique interactions among their 
individual components should enhance our understanding of cil-
iopathies, allowing better design of therapeutic strategies.

Mutations in the centrosomal cilia protein CEP290 are respon-
sible for up to 25% of LCA (23). A recent selective screen of 13 LCA 
genes in 60 affected subjects revealed a striking 43% of the mutant 
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alleles in Cep290 (24), suggesting a significant contribution of this 
gene to retinal disease manifestation. In addition, mutations in 
Cep290 produce varying clinical outcomes of JBTS (25–27), MKS 
(28–30), and BBS (31). Cep290 has been implicated in ciliogenesis 
(32, 33), which requires docking of the basal body to the plasma 
membrane and assembly of the BBSome (15) and chaperonin com-
plexes (17). Moreover, in Chlamydomonas and C. elegans, cep290 is 
shown to localize to the transition zone of the cilia and help in 
establishing a gatekeeping function that regulates ciliary protein 
trafficking (18, 34, 35).

During our mutation screening of patients with LCA, we recent-
ly observed variants in the ciliopathy gene MKKS (also known as 
BBS6) in almost 10% of affected individuals. As Cep290 provides the 
largest mutation load to LCA, we hypothesized a functional inter-
action of MKKS with CEP290 in the ciliary transition zone. Here, 
we report a direct physical association between these 2 proteins 
and demonstrate the physiological relevance of this interaction in 
mediating cilia biogenesis and function in 3 sensory systems. Our 
studies reveal a reciprocal functional rescue of visual, auditory, and 
olfactory phenotypes by specific mutant alleles of Cep290 and Mkks 
and suggest a novel paradigm for the treatment of ciliopathies.

Results
Identification of MKKS mutations in patients with LCA. As part of an 
effort to understand the phenotypic variability in inherited retinal 
degenerations, we have been examining patients with LCA (36) for 
mutations in BBS and other ciliopathy-related genes. Sequencing 
the exons of a BBS gene, MKKS (37, 38), in 142 LCA probands led 
to identification of 13 heterozygous sequence variants (Figure 1A,  
Supplemental Figure 1, Supplemental Methods, and Supplemen-
tal Tables 1 and 2; supplemental material available online with this 
article; doi:10.1172/JCI60981DS1). Of these, 5 variants were pre-
dicted to be pathogenic in LCA based on in silico analyses (SIFT, 
Polyphen, and Blossum62), protein conservation, and their pres-
ence in patients with BBS. These variants were not detected in at 
least 100 normal ethnically matched controls and in the 1,000 
Genome database (Supplemental Tables 3 and 4). Two of the vari-

ants have previously been reported in patients with BBS (39, 40). 
The identification of a novel, potentially pathogenic MKKS vari-
ant (p.C376F) in a patient carrying 2 CEP290 mutations (p.C998X 
and p.R1508X) further validates the suggested role of modifiers 
in ciliopathies (13, 14, 24). Discovery of multiple Mkks missense 
variants in LCA, together with the suggested role of a chaperonin 
complex containing MKKS in ciliogenesis (17), prompted us to 
explore the possibility of biochemical and functional interactions 
between CEP290 and MKKS.

Direct interaction of Mkks with the Cep290-DSD domain that is delet-
ed in a mouse model of LCA. In mice, a recessive Cep290rd16 mutant 
allele that results in deletion of 299 residues (from amino acids 
1599–1897; NP_666121) in the CEP290 protein is associated 
with severe LCA-like photoreceptor degeneration and olfactory 
dysfunction (41, 42). When used as bait in yeast 2-hybrid assays, 
the Cep290rd16 deleted region (termed deleted in sensory dystrophy 
[DSD] domain) interacted with full-length MKKS as prey (Fig-
ure 1B). Eight other cilia-associated proteins (BBS2, BBS4, BBS5, 
BBS8, and NPHP1, NPHP2, NPHP4, and NPHP5) did not reveal 
any obvious interaction with the DSD domain (Figure 1B). Evalu-
ation of MKKS mutants/variants identified in human patients 
with BBS (Figure 1A) revealed that the p.G52D and p.G345E 
mutations eliminated the interaction with CEP290-DSD bait, 
while 2 others (p.T57A and p.C499S) reduced this association 
(Figure 1C), using yeast 2-hybrid assays. All mutant clones grew 
well on control medium (Figure 1C). Subsequent yeast 2-hybrid 
analyses did not uncover an interaction of either CEP290-DSD or 
full-length CEP290 with BBS10 or BBS12, the 2 known binding 
partners of MKKS (ref. 17 and Figure 1D). Coimmunoprecipi-
tation experiments using transfected HEK293 cells (Figure 2, A 
and B) or bovine retina extracts (Figure 2C) validated the interac-
tion of CEP290 with MKKS. As in the yeast 2-hybrid assays with 
CEP290 and MKKS human mutant plasmids (Figure 1C), human 
MKKS mutations altered or abrogated the biochemical interac-
tion between in vitro transfected CEP290 and MKKS (Figure 2A). 
We note that differences in protein association between the yeast  
2-hybrid and coimmunoprecipitation data may result from differ-
ent expression levels of mutant plasmids as well as other factors 
intrinsic to yeast or HEK293 cells.

Cooperative effect of cep290 and mkks during zebrafish eye and ear 
development. To confirm and assess the physiological relevance of 
cep290 and mkks in vivo, we used translation-blocking antisense 
morpholinos (27, 43) to knockdown cep290 and mkks proteins 
in zebrafish embryos. We first established the minimal dosages of 
cep290 (1 ng) and mkks (2 ng) morpholinos that gave rise to cili-
ary phenotypes (refs. 27, 43–45, and Figure 3C). Coinjection into 
zebrafish embryos of subminimal dosages of the 2 morpholinos 
(0.5 ng cep290 and 1.0 ng mkks) that did not show ciliary anoma-
lies on their own resulted in significant eye and inner ear defects 
(smaller eye size, altered retinal lamination, and defective inner ear 
tether cell development) as well as axis abnormalities (17.8%, n = 37  
out of 208 morphants, compared with 6.5%, n = 16 out of 245 
uninjected; P < 0.001) (Figure 3, A–C). Together, these results are 
consistent with defects in cilia function (33, 46, 47). These stud-
ies in zebrafish suggest a functional synergy between CEP290 and 
MKKS during normal retinal and otocyst development.

Reduced retinal ciliopathy phenotypes in mice by combinations of 
Cep290rd16 and Mkksko alleles. We then examined the interaction of 
Cep290 and Mkks in the corresponding mouse models of LCA and 
BBS, respectively. Mice with either a Cep290rd16/rd16 or Mkksko/ko geno-

Figure 1
The CEP290-DSD domain specifically interacts with MKKS. (A) A 
schematic of the MKKS protein, with horizontal lines showing vari-
ants/mutations identified in this study (right) and previously reported 
(left). New sequence variants cluster in the same regions as known 
mutations. (B) Yeast 2-hybrid (Y2H) screen using the Cep290-DSD 
domain as bait identified MKKS as a specific interactor. p53/T-antigen 
and laminin/T-antigen combinations were positive and negative con-
trols, respectively. Growth was detected with the MKKS prey only (top 
panels) and validated by β-galactosidase assay (bottom panels). (C) 
Interaction of the Cep290-DSD domain with mutant MKKS constructs 
in yeast 2-hybrid growth assay. The top 3 rows show growth of 10-fold 
serial cell dilutions on double-selection control media (-U-L); the bottom 
3 rows show growth on selective media (-U-L-H). Note equal growth on 
control media plates (top 3 rows). MKKS mutations at residues 52, 57, 
345, and 499 disrupt interaction with CEP290. (D) Yeast 2-hybrid assay 
using CEP290-DSD (left 4 lanes) or full-length CEP290 (CEP290-FL) 
(right 3 lanes) as bait with full-length MKKS, BBS10, BBS12, or empty 
vector as prey. The top 3 rows show growth of 10-fold serial cell dilu-
tions on double-selection control media (-U-L); the bottom 3 rows show 
growth of 10-fold serial dilutions on selective media (-U-L-H). Only 
MKKS interacts with Cep290-DSD. The first row of the BBS12 lane on 
selective medium shows a shadow due to dead cells.
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type have significant retinal deficits (41, 48, 49). However, rather 
than displaying more severe phenotypes, mice carrying a combina-
tion of 3 mutant Cep290rd16 and Mkksko alleles demonstrated lesser 
phenotypic defects in retinal photoreceptor cilia (Figure 4, A–C, 
and E). Mice with triallelic combinations (Cep290rd16/rd16;Mkksko/+ 
or Cep290rd16/+;Mkksko/ko mice) had reduced pathological lesions in 
the retinal fundi (Supplemental Figure 2) and better photorecep-
tor outer segment (OS) morphology (Figure 4A) and ultrastructure 
(Figure 4E) compared with the corresponding single or double 
homozygotes. Consistent with these findings, electroretinography 
(ERG) responses in triallelic mice at P20 also showed considerable 
improvement in comparison with those of either Cep290rd16/rd16 
or Mkksko/ko homozygotes (Figure 4C). The Cep290rd16/rd16;Mkksko/ko 
double-homozygous mutants exhibited a greater degree of pheno-
typic variability, even among littermates or between the 2 eyes, from 
nearly normal fundi to severe retinal pigmentary changes (Supple-
mental Figure 2), with no ERG improvement (Figure 4C). We then 
performed ultrastructural analysis of the photoreceptor connect-
ing cilium, identifying structural features from the basal body 
through the ciliary axoneme (Figure 5, A and B). The flattened, 
oval appearance of the connecting cilium in the Mkksko/ko genotype 
was significantly restored toward the normal round profile in the 
Cep290rd16/+;Mkksko/ko genotype (Figure 5C). Cep290rd16/rd16;Mkksko/ko 
double mutants revealed an abnormal basal body and connecting 
cilium in photoreceptors (Figure 5B and Supplemental Figure 3).

Rescue of ciliary defects in cochlear hair cells and olfactory sensory neu-
rons in mice with combinations of Cep290rd16 and Mkksko alleles. The 
Cep290rd16/rd16 and Mkksko/ko mice also displayed both auditory 
(Figure 6D) and olfactory deficits (41, 48, 49). In the cochlea, the 
development of actin-based stereocilia bundles on mechanosen-

sory hair cells is regulated by the kinocilium, a single transient 
microtubule-based cilium (50). Morphological defects observed 
in stereociliary bundles of Cep290rd16/rd16 or Mkksko/ko mutants were 
largely rescued in Cep290rd16/rd16;Mkksko/ko double homozygotes 
(Figure 6A). Detailed analyses using higher-magnification images 
revealed increased length of hair cell kinocilia in Cep290rd16/rd16 
mice and severe structural abnormalities in Mkksko/ko mice at P0 
(Figure 6, B and C). In contrast, cilia length and structure were 
completely rescued in Cep290rd16/rd16;Mkksko/ko double mutants (Fig-
ure 6, B and C). Consistent with these results, auditory function, as 
assessed by auditory brainstem responses (ABRs), was abnormal in 
both Cep290rd16/rd16 and Mkksko/ko homozygotes (Figure 6D) but was 
largely rescued in triple allelic Cep290rd16 and Mkksko combination 
mutants. Double homozygotes showed an intermediate phenotype 
that was less severe than that of either of the single homozygous 
mutants (Figure 6D and Supplemental Figure 4). Scanning EM 
of the olfactory epithelium at 8 weeks of age revealed morpho-
logically normal cilia in all genotypes except Mkksko/ko, in which few 
cilia were detectable at this age (see Figure 6E, white arrows; note 
that cilia appeared normal by immunostaining at P14 in Mkksko/ko 
mice; Supplemental Figure 5). Addition of 1 or 2 Cep290rd16 alleles 
to Mkksko/ko genotype produced a normal pattern of olfactory cilia, 
even at 8 weeks of age (Figure 6E).

Adjacent subcellular localization of Cep290 and Mkks proteins in sen-
sory cells. To further elucidate the mechanism of reciprocal rescue 
observed with Cep290rd16 and Mkksko alleles, we examined the sub-
cellular localization of CEP290 and MKKS in sensory neurons. In 
photoreceptors, CEP290 was localized just distal to the basal body 
in the connecting cilium (Figure 7A), consistent with previous 
reports (27, 41), whereas MKKS was primarily present in the basal 

Figure 2
Coimmunoprecipitation of CEP290 and 
MKKS in transfected cells and from reti-
nal extracts. (A) Coimmunoprecipitation of 
CEP290-GFP (full length) and MKKS-myc, 
expressed in transfected HEK293 cells. 
Some BBS-associated amino acid sub-
stitutions in MKKS disrupt coimmunopre-
cipitation with CEP290 (top). Expression 
of mutant MKKS protein is demonstrated 
by immunoblot analysis of the input for 
MKKS-Myc constructs (middle). CEP290 
expression is shown by bands in input 
lanes (bottom). (B) Coimmunoprecipita-
tion of WT MKKS-Myc with CEP290-GFP 
(full length) and negative control plasmids. 
Sox2 is used as a negative control and 
BBS2 is used as a positive control. Myc 
plasmids (middle) and GFP plasmids (bot-
tom) were used as inputs. (C) Coimmuno-
precipitation of CEP290 and MKKS from 
bovine retinal extracts. Immunoblots of pro-
teins immunoprecipitated with anti-MKKS 
antibody or normal IgG were probed with 
anti-CEP290 antibody. Note that specific  
290-kDa CEP290-immunoreactive protein 
is pulled down by the anti-MKKS antibody 
but not by control IgG.
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body (Figure 7A). CEP290 and MKKS were adjacent but appear not 
to overlap (Figure 7B). We also detected the expression of CEP290 
protein in Cep290rd16/rd16 and Mkksko/ko and in the double-mutant 
photoreceptors, even though the structures of the connecting cilia 
and inner segments were disrupted (Figure 7C). 

In outer hair cells of P0 mouse cochlea, CEP290 localized distal to 
the basal body at the base of the kinocilium (Figure 7D), a true cil-
ium that regulates development of the stereociliary bundle (50). In 
these cells, MKKS expression overlaps with γ-tubulin, a basal body 
marker (51), suggesting that MKKS is expressed in the basal bodies. 
In olfactory sensory neurons of P15 WT mice, CEP290 was detected 
just distal to γ-tubulin in the sensory cilia (Figure 7E). Thus, despite 
differences in the structure and function of the cilia in distinct sen-

sory tissues, CEP290 is present in the proxi-
mal cilium, a region corresponding to the 
transition zone, in each cell type (52).

To further explore the functional conse-
quences of the Cep290rd16 and Mkksko alleles, 
we localized other photoreceptor and/or cilia 
proteins, including PCM1 (53) and AHI1 
(ref. 14 and Supplemental Figure 6). PCM1 
accumulates at the outer limiting membrane 
in mutant genotypes, whereas expression of 
AHI1 is not significantly altered. Rhodopsin 
appears to accumulate in the inner segments 
and outer nuclear layer in the Cep290rd16/rd16 
genotype and in the Cep290rd16/rd16;Mkksko/ko 
genotype (Supplemental Figure 6A). Note 
the variability in the Cep290rd16/rd16;Mkksko/ko 
genotype (Supplemental Figure 6B), though 
short OSs develop (Supplemental Figure 6C) 
despite the abnormalities in connecting cili-
um biogenesis (Figure 5, A–C, and Supple-
mental Figure 3).

Discussion
CEP290 is a highly conserved multifunction-
al protein of 290 kDa (54). Elegant studies in 
Chlamydomonas have revealed that CEP290 is 
localized in membrane-microtubule connec-
tions at the ciliary transition zone and likely 
controls the composition of flagella proteins 
(34, 35), consistent with its suggested role in 
ciliary transport (41). CEP290 is reported 
to interact with many centriolar and ciliary 
proteins, such as RPGR (41), CP110 (32), 
NPHP5 (20, 55), and PCM1 (32, 41, 53, 55, 
56). CEP290 is also required for the localiza-
tion of small GTPase Rab8 to centrosome 
and cilia (32, 53), thereby playing a critical 
role in cilia biogenesis. In contrast, MKKS 
is a chaperonin-related protein in the peri-
centriolar region and basal body (57), form-
ing complexes with BBS10 and BBS12 (17). 
Based on the central position of CEP290 at 
the base of the ciliary transition zone, we 
hypothesize interactions between CEP290 
and other BBS-related proteins. Indeed, our 
results suggest that structural association 
and functional linkage of ciliary transport 

complexes, mediated by CEP290-MKKS interactions, are critical 
for biogenesis and maintenance of cilia integrity/function.

Human LCA-causing CEP290 mutations are suggested to be 
hypomorphic (58). Likewise, Cep290rd16 is predicted to be a partial-
ly functional mouse allele that retains sufficient CEP290 function 
to produce cilia when MKKS protein is present; nonetheless, these 
cilia are functionally abnormal in part due to disrupted antero-
grade or retrograde transport that results in rapid death of photo-
receptors and olfactory dysfunction (41, 42). In contrast, Mkksko/ko,  
a null allele, had severely abnormal cilia in all 3 sensory tissues 
(Figure 5, B and C; Figure 6, A–C and E; and Supplemental Figure 
3), suggesting an important role of MKKS in cilia biogenesis; yet, 
photoreceptor degeneration in this mutant is relatively slow (48). 

Figure 3
Knockdown by coinjection of subminimal doses of cep290 and mkks morpholinos causes 
sensory defects in zebrafish embryos. (A) Whole mount embryos at 72 hours after fertiliza-
tion. Subminimal doses of morpholinos against cep290 and mkks transcripts and standard 
negative control (SNC) produced no phenotype, whereas coinjecting subminimal doses of 
mkks and cep290 resulted in deformed eyes (yellow circles) and ears (red ovals). Original 
magnification, ×11.5. (B) H&E-stained sections of eyecups and otocysts in control (0.5 ng 
cep290 plus 1.0 ng SNC) and experimental (0.5 ng cep290 plus 1.0 ng mkks) embryos. Note 
the lack of normal lens formation and retinal lamination in the double morphant embryos (top 
panel) and impaired tether cell development in the otocyst (bottom panel). Original magnifica-
tion, ×60. (C) Quantitation of morphant phenotypes. Subminimal doses of cep290 or mkks 
morpholino alone resulted in abnormal embryos at a frequency similar to that of uninjected 
controls (<5%), whereas combining both morpholinos yielded 18% of embryos with ear, eye, 
and/or axis defects. Higher doses of either morpholino alone revealed a greater percentage 
of defective embryos, consistent with previous results (27, 43, 44). Eye or ear defects were 
never observed in uninjected embryos. Error bars are SD. Numbers of embryos examined 
per condition are 245 (uninjected), 53 (0.5 ng cep290 plus 1.0 ng SNC), 121 (0.5 ng mkks 
plus 1.0 ng SNC), 208 (0.5 ng cep290 plus 1.0 ng mkks), 98 (1.0 ng cep290), 125 (2.0 ng 
cep290), and 55 (2.0 ng mkks).
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A less severe phenotype or even rescue of the defects observed in 
sensory cells of Cep290rd16 and Mkksko double-homozygous and 
triple allelic combinations suggest that the CEP290-ΔDSD pro-
tein (produced by the rd16 allele) exhibits novel function(s) to our 
knowledge in the absence of MKKS. In parallel, we predict that 
null Cep290 allele(s) in combination with Mkksko alleles would lead 
to more severe ciliary defects, as suggested by combined morpho-
lino knockdown data in zebrafish. Together with human Cep290 
mutational analysis (54), our results suggest that other hypo-
morphic alleles of Cep290 may also rescue the sensory phenotype 
caused by the loss of MKKS.

Our studies show a direct physical and functional link between the 
DSD domain of CEP290 (in the ciliary transition zone) and MKKS 
(in the basal body). Disrupting this association appears to be a like-
ly cause of cilia dysfunction and/or cell death in Cep290rd16/rd16 and 
Mkksko/ko mice. Recent studies in Chlamydomonas have implicated a 
major function for CEP290 as a gatekeeper, regulating protein traf-
ficking at the base of the cilium (34, 35). Consistent with such a role, 
cilia in Cep290 mutants had abnormal accumulations and reduc-
tions of various IFT and BBS proteins (34). Interactions between IFT 
and BBS proteins have been identified in C. elegans (59) and zebrafish  
retina (60). OSs continuously elongate as the outermost disks are 
engulfed by the RPE, explaining the importance of the ciliary axo-
neme to constantly supply new disk components. In Cep290rd16, 
Mkksko, and combined mutants the axoneme is missing (Figure 4D). 
The lack of basal body and connecting cilia in double-mutant mice, 
suggests that MKKS and Cep290 are required for the elaboration of 
the cilium and for polar segregation of cellular domains.

The DSD domain of Cep290, missing in Cep290rd16, may be essen-
tial in sensory neurons, which rely heavily on transport via the cilium 
(61). Whereas the rd16 mutation results in rapid photoreceptor loss, 
Mkksko mice have more severe disruption of OS morphology and 
slower photoreceptor cell loss. These results are similar to zebrafish 
IFT mutants, in which photoreceptors fail to develop OS. The IFT57 
mutant resembles rd16, in that short OSs develop initially (62), 
whereas in the IFT88 and IFT172 mutants, disorganized disk mem-
branes accumulate (63), as we observed in the Mkksko mice. IFT-A and 
IFT-B particles have distinct roles in cilia (59). In Chlamydomonas,  
BBS proteins export signaling proteins through the flagella as IFT 
cargo (64), and Cep290 mutants have increased IFT proteins and 
BBS4 (34). These findings suggest complementary roles for differ-
ent IFT proteins, and likewise for Cep290 and MKKS, in OS main-
tenance versus formation of the cilium. Although no direct connec-
tion among Cep290, BBS, and IFT in mammalian photoreceptors 
or hair cells has yet been identified, we hypothesize that such a 
link may be important in sensory neuron function. In mammalian 
sensory cells, imbalances in regulation of IFT caused by the loss of 
CEP290-DSD domain may be corrected by the absence of MKKS. 
Likewise, the severity of ciliary dysfunction was reduced when the 
DSD domain was removed by introducing Cep290rd16 allele(s) in the 
Mkksko/ko genotype (Figure 7F). A link between CEP290 and proteins 
of the BBS and IFT families can be tested in future experiments by 
exploring the expression of IFT proteins in these mutants and the 
interaction of IFT components with CEP290 and MKKS.

Consistent with this hypothesis, recent morphological and 
functional analysis in C. elegans (18) and mammalian cell lines 
(20) demonstrated a cooperative role of MKS and NPHP proteins 
that localize to the transition zone distal to the basal body in 
creating a gateway for entry to the cilium (18, 20). CEP290 has 
multiple domains and proposed gatekeeping functions that reg-
ulate trafficking of an assortment of cargo, which together may 
explain a large degree of genetic and clinical heterogeneity asso-
ciated with mutations in this protein. Our identification of an 
interaction between CEP290-DSD and MKKS provides further 
mechanistic insight into the roles of these 2 proteins at struc-
tural and functional levels.

Improved cilia integrity and biogenesis in combined Cep290-Mkks 
mutants are particularly intriguing, though sensory neurons in dis-
tinct tissues appear to respond differently. Hair cells and olfactory 
sensory neurons show improvement in both triple mutant allelic 
combinations and in double-homozygous states. Photoreceptors, 
however, exhibit a partial rescue of defects only in triple allelic 
combinations (Cep290rd16/+;Mkksko/ko and Cep290rd16/rd16;Mkksko/+) but 
not in the double homozygotes (Cep290rd16/rd16;Mkksko/ko). This dif-
ferential response indicates a more fundamental structural and/or 
functional requirement of CEP290-MKKS interaction in photore-
ceptor cilia compared with that in cochlear hair cells or olfactory 
sensory neurons. The photoreceptors have a single long-lasting 
cilium with immense transport requirements for daily replace-
ment of OS discs (52), whereas cochlear hair cells contain a tran-
sient kinocilium required for the establishment of the stereocilia 
bundles (50). Once a hair cell has reached maturity the kinocilium 
retracts as it is no longer required. The olfactory sensory neurons 
display multiple basal bodies and cilia per cell, thus potentially 
mitigating cilia defects in individual cells (65).

We believe that a unique finding of our study is the demonstra-
tion of a physical linkage between proximal cilia (e.g., CEP290) 
and basal body (e.g., MKKS) proteins. Thus, variants in one 

Figure 4
Triallelic loss of Mkks and/or the Cep290-DSD domain ameliorate cilia 
phenotypes in photoreceptors. (A) Cross sections through the P18 
retina in different combinations of Cep290rd16 and Mkksko alleles, as 
indicated. Note the short, abnormal OSs in Cep290rd16/rd16 or Mkksko/ko  
genotypes and the more normal OS in the triallelic Cep290rd16/+;Mkksko/ko  
genotype. Here, the Cep290rd16/rd16;Mkksko/ko genotype looks similar to 
Cep290rd16/rd16. The white arrows indicate comparison between 2 simi-
lar genotypes that are improved by combining alleles of Cep290 and 
Mkks. Original magnification, ×40. (B) Quantitation of outer nuclear 
layer thickness at P18 in the genotypes indicated. Higher variability is 
noted in double-homozygous mutants (see error bars on Cep290rd16/rd16  
versus Cep290rd16/rd16;Mkksko/ko). Error bars are SD; n = 6 (WT), n = 4  
(Cep290rd16/+;Mkksko/ko), n = 3 (Mkksko/ko), n = 14 (Cep290rd16/rd16; 
Mkksko/ko), n = 8 (Cep290rd16/rd16). (C) Scotopic ERG b-wave amplitudes 
in the indicated mouse genotypes (at P20). Removing one WT Mkks 
allele on a Cep290rd16/rd16 background results in improved responses, 
as does adding one Cep290rd16 allele on a Mkksko/ko background. 
Note that single homozygous or double-homozygous genotypes have 
essentially no ERG b-wave response. Error bars are SD; n = 3 (WT),  
n = 3 (Cep290rd16/rd16), n = 6 (Cep290rd16/rd16;Mkksko/+), n = 4 (Mkksko/ko),  
n = 3 (Cep290rd16/+;Mkksko/ko), and n = 3 (Cep290rd16/rd16;Mkksko/ko). (D) 
Longitudinal EM sections through the OS, connecting cilia, and inner 
segments in P14 retina show that OS morphology is disrupted in the 
indicated mutant genotypes. Original magnification, ×3,000. (E) Higher- 
magnification images (original magnification, ×30,000) of OSs in P14 
retina confirm improved OS morphology in Cep290rd16/+;Mkksko/ko  
and Cep290rd16/rd16;Mkksko/+ triallelic genotypes. OSs of triallelic mice 
form concentric stacks of discs (parallel orange lines), more similar to 
WT. The white arrows indicate comparison between 2 similar geno-
types that are improved by combining alleles of Cep290 and Mkks. 
RPE, retinal pigment epithelium; CC, connecting cilia; IS, inner seg-
ment; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner 
nuclear layer; ONH, optic nerve head.
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protein may impact the structure and/or function of the entire 
cilium. The coexisting alterations in an interacting protein(s) 
can attenuate (as reported here) or deteriorate (as in the case of 
RPGRIP1L, ref. 13, and AHI1, refs. 13, 14) ciliopathy phenotypes. 
A range of phenotypic variability in the Cep290rd16/rd16;Mkksko/ko 

genotype is consistent with the hypothesis that individual cells 
vary in their ability to compensate for disruptions in ciliary com-
plexes. Modest changes in protein interactions can modify these 
disruptions and lead to cellular pathology or death, analogous to 
the “butterfly effect” in chaos theory, in which tiny wing move-

Figure 5
Ultrastructural (EM) analysis of 
cilia and basal bodies in P14 WT 
mouse retinal photoreceptors. 
(A) Ultrastructural (EM) analysis 
of cilia and basal bodies in P14 
WT mouse retinal photorecep-
tors. The left panel shows a lon-
gitudinal section electron micro-
graph, with white lines indicating 
the plane of the cross section 
electron micrographs (middle 
panel) through, 1, the basal body; 
2, transition zone; 3, connecting 
cilium; and 4, axoneme of OSs. 
The right panel shows a repre-
sentative cross section through 
inner/OS junction and illustrates 
each structure in situ. Origi-
nal magnification, ×20,000. (B) 
Basal bodies, 1, and connecting 
cilia, 3, in cross section, showing 
the normal 9 + 0 arrangement of 
the microtubule bundles in P14 
WT and Cep290rd16/rd16 animals. 
In Mkksko/ko animals, note the dif-
fuse pericentriolar material sur-
rounding the basal body (white 
arrows) and flattened cilium (red 
arrow). Cep290rd16/+;Mkksko/ko 
mice have improved ciliary and 
basal body morphology com-
pared with that of single homo-
zygotes. Black arrows indicate 
comparison between Mkksko/ko 
and Cep290rd16/+;Mkksko/ko geno-
types. Additional examples of 
cilia and basal bodies for each 
genotype are shown in Supple-
mental Figure 3. Original mag-
nification, ×50,000. (C) Quan-
titation of connecting cilium 
short/long diameter ratio in WT,  
Mkksko/ko, and Cep290rd16/+; 
Mkksko/ko genotypes, showing res-
cue of cilia cross-sectional shape 
in the triallelic genotype. Original 
magnification, ×50,000. Error 
bars are SEM; n = 4 (WT), n = 7  
(Mkksko/ko), and n = 4 (Cep290rd16/+; 
Mkksko/ko).
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ments in a sensitive dynamic system ultimately have far-reaching 
effects (66). In concordance, extensive phenotypic variations are 
reported in patients with LCA and BBS (12, 54). In addition to 
restoring the missing or abnormal protein, our studies suggest 
a therapeutic approach for treating ciliopathies by targeting one 
or more interacting proteins.

Methods
Patients and mutation screening. LCA is defined by poor fixation and wan-
dering nystagmus with congenital onset before 6 months of age, amau-
rotic pupils, absent or severely decreased ERG before age 12 months, and 
essentially normal retinal appearance with no systemic disease. Patients 
with juvenile-onset retinitis pigmentosa (RP) have decreased vision, with 

Figure 6
Loss of MKKS in combination with CEP290-DSD rescues hair cell kinocilia and olfactory sensory cilia defects. (A) Confocal images of stereocili-
ary bundles of hair cells from P0 mice. Minor defects in stereociliary bundle architecture in Cep290rd16/rd16 mice compared with those in P0 WT 
mice and marked defects in bundle morphology in Mkksko/ko mice (blue circles). Bundle morphology is normal in double mutants (white arrow). 
Original magnification, ×75.6. (B) Higher-magnification image (original magnification, ×116) of phalloidin-labeled stereocilia bundles (red) and 
acetyl-α-tubulin–marked kinocilia (green) of outer hair cells in P0 cochlea. In the adjacent monochromatic panel, red lines identify kinocilia. 
Abnormal bundle rotation and misplaced, malformed, or missing kinocilia in Mkksko/ko cells are rescued in the double mutant (white arrows). (C) 
Quantitation of kinocilium length. Cep290rd16/rd16 cilia are significantly longer than WT cilia; Mkksko/ko kinocilia are highly abnormal or absent; 
double-mutant kinocilia are indistinguishable from WT kinocilia. ND, not determined. Error bars are SD; kinocilia measured, respectively, are  
n = 42 (WT), n = 77 (Cep290rd16/rd16), and n = 35 (Cep290rd16/rd16;Mkksko/ko). (D) ABRs in 3- to 4-month-old mice of indicated genotypes, with mean 
threshold ± SD. Mkksko/ko and Cep290rd16/rd16 mice show elevated hearing thresholds. Complete rescue of ABR thresholds in animals with triallelic 
combinations and partial rescue in double homozygotes. Error bars are SD; cochlea examined for each condition, respectively, are n = 8 (WT), 
n = 8 (Cep290rd16/rd16), n = 18 (Cep290rd16/rd16;Mkksko/+), n = 6 (Mkksko/ko), n = 6 (Cep290rd16/+;Mkksko/ko), and n = 6 (Cep290rd16/rd16;Mkksko/ko). (E) 
SEM images of olfactory epithelium at 7 to 8 weeks of age, showing loss of cilia in Mkksko/ko mice (small white arrow) and their retention in the 
double-mutant and triple allelic combinations (large white arrow). Original magnification, ×6,500.
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or without nystagmus (noted later at around 1 year age) and with nyctalo-
pia and an abnormal, diminished ERG at around 1 year age. We excluded 
systemic disease by history and pediatric examinations.

DNA was extracted with a QIAamp DNA Blood Kit (Qiagen) from 
peripheral blood according to standard procedures. A total of 142 DNA 
samples from patients with LCA or juvenile RP were sequenced for variants 
in the MKKS gene (NCBI accession no. NM170784). Of these, 58 patients 
had potentially disease-causing CEP290 sequence changes, and 84 patients 
were negative for the common (~500) mutations in 12 reported LCA genes 
tested by APEX technology (http://www.asperbio.com/asper-ophthalmics) 
or Carver laboratory technology (https://www.carverlab.org/). PCR ampli-
fication was performed with intronic primers designed to flank the splice 
junctions of each coding amplicon of the MKKS gene (see Supplemental 
Table 1 for primer sequences). PCR products were subjected to automated 
DNA sequencing using BigDye Terminator Cycle Sequencing Kit (Applied 
Biosystems) and a capillary sequencer (Applied Biosystems no. 3730XL2). 
Sequences were analyzed using SeqMan (DNASTAR).

MKKS variants that were present in the SNP database (NCBI) were exclud-
ed, and the remaining variants were examined in at least 100 ethnically 
matched control subjects and against the 1,000 Genome database (http://
browser.1000genomes.org/index.html). Cosegregation analysis of variants 
was performed when families were available. We carried out in co analyses, 
including Blosum62, SIFT, Polyphen (NCBI), and conservation compari-
sons, to predict the impact of the MKKS variant on protein function. Clini-
cal history and genetic characteristics of patients with potentially disease-
causing MKKS variants are included in the Supplemental Methods.

Zebrafish morpholinos. Morpholinos, tagged with fluorescein (Gene 
Tools Inc.) and targeted against translation-initiating AUG codons, have 
the following sequences: Mkks, 5′-TTCTTCTTACTAATGCGAGACAT-
GC-3′ (44), and Cep290, 5′-GCCGCAGGCATTCTTCAGGTCAGCT-3′ 

(27). A standard negative control morpholino and translational block-
ing morpholinos against zebrafish genes Cep290 (27) and Mkks (43) were 
quantified spectrophotometrically (NanoDrop Tech Inc.). Staged Danio 
rerio embryos, between 2 to 8 cells, were microinjected with morpholi-
no (0.4–1.2 nl) into the yolk sac. Each needle was calibrated against a 
micrometer to determine the volume delivered per pulse. Microinjected 
embryos were incubated at 28°C overnight and scored for survival the 
following day. At 72 hours after fertilization, live embryos with fluoresce-
in signal were observed and recorded (Leica), after which they were fixed 
with 4% glutaraldehyde at room temperature for 30 minutes and then in 
4% paraformaldehyde overnight at 4°C. Fixed tissues were washed with 
PBS and embedded in OCT compound (Tissue-Tek). Sections (10 μm) 
were stained with standard H&E protocol.

Animals and functional testing of mice. Cep290rd16/rd16 mutant mice (41) on a 
C57BL/6J background and Mkksko/ko mice (48, 49) on a mixed 129/Sv and 
C57BL/6 background were used to generate double mutants on a mixed 
C57BL/6 and 129 background (approximately 75% C57BL/6). P0 is con-
sidered the day of birth. After euthanasia by carbon dioxide inhalation, 
eyes were collected and immersion fixed in 4% PFA for 4 hours followed 
by cryoprotection in graded sucrose, frozen, and sectioned at 10 μm. For 
some experiments, the eyes were fixed in 2% glutaraldehyde for 30 minutes, 
transferred to 10% buffered formalin or 4% PFA until processing, embed-
ded in methacrylate, sectioned, and stained with H&E or PAS.

Measurement of hearing threshold/ABR. Mice were divided into 6 groups depend-
ing upon their genotype: control (WT, Mkksko/+, or Cep290rd16/+) (n = 8 ears),  
Cep290rd16/rd16 (n = 8 ears), Mkksko/ko (n = 6 ears), Cep290rd16/+;Mkksko/ko (n = 6 
ears), Cep290rd16/rd16;Mkksko/+ (n = 18 ears), and Cep290rd16/rd16;Mkksko/ko (n = 6  
ears). ABR recordings were made in a sound-attenuated booth using an 
auditory-evoked potential system with high-frequency transducers (Intel-
ligent Hearing Systems). Waveform acquisitions were generated by averag-
ing the response from 1,024 stimuli. Stimuli were presented at 21.1 Hz 
with alternating polarity. The maximum sound intensity tested for click 
and tone-burst stimulus was 120 dB SPL, except for 32 kHz tone-burst 
stimuli where 100 dB of maximum sound intensity was used. The inten-
sity of stimuli was gradually decreased by 5 dB until reproducibility of 
waveforms was lost. A threshold was defined as the lowest sound intensity 
that can reproduce waveforms. ABR thresholds from each genotype were 
averaged and compared among the groups. Since ABR thresholds achieved 
from the click and 8-kHz stimuli did not follow a normal distribution, 
Mann-Whitney test was used for comparing the average of those values. 
Otherwise, t test was used for comparisons.

Funduscopy. Mice were anesthetized with ketamine and xylazine, and 
pupils were dilated with topical 0.5% tropicamide and 1% cyclopentolate 
hydrochloride. The endoscope contacted the corneal surface through a 
layer of 1% GSP. Using a fundus imaging system 16, we connected a 5-cm 
long tele-otoscope (1218AA; Karl Storz) and digital camera (D80; Nikon) 
with an additional +5.00 magnifying lens. The setting of the camera was as 
follows: large image; operating mode P, and white balance set at Shade. A 
Xenon lamp (201315-20; Karl Storz) connected through an optic fiber to 
the tele-otoscope was used as the light source.

Antibodies. CEP290 rabbit polyclonal antibody has been described pre-
viously (41). Another Cep290 antibody (Primm Biotech) was made by 
immunizing 3 rats with an E. coli–expressed recombinant protein carrying 
a His-tagged CEP290 domain (amino acids 2217–2396). The antiserum 
was characterized by ELISA and purified using an affinity column made 
by cross-linking the recombinant CEP290 protein domain. The antibody 
(CP290PB_Rat) was diluted (50% glycerol) and stored in aliquots at a con-
centration of 1 mg/ml. The purified antibodies were tested in immunob-
lots of mouse retina extracts and detected a major band of 290 kDa. Com-
mercial antibodies included anti-BBS6 (Abnova), anti-acetylated α-tubulin 

Figure 7
CEP290 and MKKS are expressed in adjacent domains in ciliated sen-
sory cells. (A) CEP290 (red) and rootletin (green) in WT photorecep-
tors. CEP290 localizes to the connecting cilium, distal to ciliary rootlet. 
MKKS (red) and rootletin (green); MKKS caps the rootlet in the basal 
body (BB) region. Original magnification, ×180. (B) CEP290 (green), 
MKKS (red), and rootletin (rootlet; blue) in photoreceptors. CEP290 
and MKKS are expressed in adjacent, nonoverlapping domains corre-
sponding to connecting cilium and basal body. Arrow shows proximal-
distal orientation of cilium. Original magnification, ×480. (C) CEP290 
(red) continues to be expressed in Cep290rd16/rd16, Mkksko/ko, and in 
double homozygotes, albeit irregularly and disorderly. Original magni-
fication, ×180. (D) Expression of CEP290 (green) and γ-tubulin (red) in 
P0 WT cochlea. In hair cells, CEP290 is detected in punctate spots at 
base of kinocilium (white arrows); γ-tubulin (red) localizes to the basal 
body. CEP290 is expressed broadly in supporting cells surrounding 
hair cells. Diagram shows enlargement of the hair cell (purple circle). 
IHC, inner hair cells; OHC, outer hair cells. Original magnification, 
×176.4. (E) CEP290 (green) and γ-tubulin (red) expression in olfactory 
sensory neurons on the surface of the olfactory epithelium. Olfactory 
sensory neurons have multiple basal bodies and cilia per cell (sche-
matic on right), with arrow indicating proximal-distal direction. Origi-
nal magnification, ×60. (F) A possible model depicting interaction of 
CEP290-DSD in proximal cilia, with MKKS in adjacent basal bodies. 
The long green cylinder indicates CEP290, with the hook indicating the 
MKKS-interacting DSD domain. The short green cylinder represents 
CEP290-ΔDSD, and the red oval represents MKKS. The yellow penta-
gon and blue diamond represent predicted CEP290- and MKKS-inter-
acting proteins, respectively. Asterisks indicate that the effect of losing 
both alleles is tissue specific. In the cochlea and olfactory epithelium, 
improvement is noted with loss of both alleles. In photoreceptors, such 
improvement does not occur.
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and anti–γ tubulin mouse monoclonals (Sigma-Aldrich), and anti-rootle-
tin (67). Secondary antibodies included Alexa Fluor 488, Alexa Fluor 546, 
Alexa Fluor 568, and phalloidin (Molecular Probes).

Confocal microscopy. Cryosections (10 μm) were collected and immuno-
labeled with antibodies. After overnight incubation in primary antibody, 
sections were washed and incubated in Alexa Fluor–conjugated goat anti-
mouse and goat anti-rabbit secondary antibody (Invitrogen). DAPI was 
included in incubation buffer to label nuclei. Sections were washed and 
transferred to glass slides for imaging. Primary antibodies were omitted 
from samples prepared as negative controls. Samples were imaged on either 
a Leica SP2 or Olympus FV1000 laser scanning confocal microscope using a 
×63 oil immersion objective. Samples were imaged in sequential scan mode 
to minimize bleed through and exported as noncompressed TIFF files.

EM. Mice were deeply anesthetized with ketamine (50 mg/kg) and xylazine 
(5 mg/kg) and perfused transcardially with 2% PFA/2.5% glutaraldehyde in  
0.1 M phosphate buffer (pH 7.4). Eyes were enucleated and hemisected, and 
the posterior eyecup segments were immersed in fixative for 2 hours and 
rinsed in PBS at 4°C overnight. For transmission EM, the fixed eyecups were 
dehydrated in ethanol in series (50%, 70%, and 95%), block-stained in 1% ura-
nyl acetate in absolute ethanol for 1 hour, rinsed in ×2 absolute ethanol, and 
embedded via propylene oxide in epoxy resin (Embed 812; Electron Microscopy  
Science). Ultrathin sections were cut, post-stained in uranyl acetate and lead 
citrate, and observed by electron microscope (JEOL1010X, Peabody).

Quantitation. To quantify kinocilia length, cochlear whole mounts were 
imaged using a Zeiss confocal microscope. Only cilia lying flat within a 
1.5-μm section were measured. Cilia were confirmed to be lying flat by 
observing a cross-sectional view of the scanned tissue, which included the 
individual cilia. To quantify photoreceptor cilium cross-sectional diameter 
ratios, the long and short diameters of connecting cilia EM images were 
measured in ImageJ (http://rsbweb.nih.gov/ij/), and ratios of short/long 
axes were calculated.

Yeast 2-hybrid analysis. In other experiments, full-length MKKS-pGBDU 
and a series of various missense variants (NCBI no. CAC16847.1; p.Y37C, 
p.G52D, p.T57A, p.T112A, p.S236P, p.A242S, p.L277P, p.D286A, p.T325A, 
p.G345F, p.C499S) were cotransformed with Cep290-DSD-pGADT7 into 
PJ69-4A yeast competent cells and plated on -L-U selective medium. Indi-
vidual cotransformants were streaked onto high stringency selection plates 
(-U-L-H) and analyzed for growth using 10-fold serial dilution assay.

Mammalian cell culture, transfection, and coimmunoprecipitation assays. HEK293 
cells were maintained in Dulbecco’s modified Eagle medium (Invitrogen), 
supplemented with 10% fetal bovine serum and 1x penicillin/streptomy-
cin/amphotericin (Sigma-Aldrich), and grown at 37°C in 5% CO2. Cells 
were grown in 6-well dishes, transfected with Cep290-pGFP and MKKS-
pCMV myc containing missense variants (NCBI no. CAC16847.1; p.G52D, 
p.T57A, p.L277P, p.G345E, p.C499S) using Lipofectamine (Invitrogen), 
and harvested after 48 hours by scraping into 1 ml ice-cold RIPA buffer 
(Invitrogen) supplemented with protease inhibitors (Roche). Cell lysates were 
immunoprecipitated overnight at 4°C with 1 μl rabbit polyclonal anti-EGFP 

(Clontech). Immunoprecipitate was collected using Dynabeads Protein G 
magnetic beads (Invitrogen), per the manufacturer’s instructions. Beads were 
washed 4 times with 1 ml fresh RIPA buffer and resuspended in 1× SDS-
PAGE sample buffer. Immuoblotting was carried out using monoclonal 
anti-myc (Sigma-Aldrich) as probe. Membranes were blocked with 5% milk, 
probed with the appropriate antibody, and detected by ECL (Amersham). 
Coimmunoprecipitation from bovine retinal extracts was performed using 
anti-MKKS and anti-CEP290 antibodies, as described previously (68).

Statistics. All statistical analyses are presented with Prism (GraphPad soft-
ware). Two-way comparisons in Figure 4C, Figure 5C, and Figure 6, C and 
D, used 2-tailed Student’s t tests. P values of less than 0.05 were considered 
significant in all experiments.

Study approval. Human blood samples and pedigrees were collected after 
obtaining informed consent from patients/families. The consent forms and 
studies adhered to the tenets of Helsinki and were approved by the institu-
tional review boards of the University of Pennsylvania and the McGill Uni-
versity Health Centre. Mouse experiments were approved by the Animal Care 
and Use Committee (ACUC) of the National Eye Institute, conforming to 
ARVO guidelines. The zebrafish were maintained under a National Human 
Genome Research Institute ACUC-approved protocol.
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