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ABSTRACT 24 

Cerebrospinal fluid flow is crucial for neurodevelopment and homeostasis of the ventricular 25 

system of the brain, with localized flow being established by the polarized beating of the 26 

ependymal cell (EC) cilia.  Here, we report a homozygous one base-pair deletion, c.1193delT 27 

(p.Leu398Glnfs*2), in the Kinesin Family Member 6 (KIF6) gene in a child displaying neuro-28 

cranial defects and intellectual disability. To test the pathogenicity of this novel human KIF6 29 

mutation we engineered an analogous C-terminal truncating mutation in mouse. These mutant 30 

mice display severe, postnatal-onset hydrocephalus. We generated a Kif6-LacZ transgenic mouse 31 

strain and report expression specifically and uniquely within the ependymal cell (EC) layer of the 32 

brain, without labeling other multiciliated mouse tissues. Analysis of Kif6 mutant mice with 33 

scanning electron microscopy (SEM) and immunofluorescence (IF) revealed a reduction in EC 34 

cilia, without effect on other multiciliated tissues. Consistent with our findings in mice, defects 35 

of the ventricular system and EC cilia were observed in kif6 mutant zebrafish. Overall, this work 36 

describes the first clinically-defined KIF6 homozygous null mutation in human and defines KIF6 37 

as a conserved mediator of neuro-cranial morphogenesis with a specific role in the maintenance 38 

of EC cilia in vertebrates.  39 

  40 
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AUTHOR SUMMARY 41 

Cerebrospinal fluid flow is crucial for neurodevelopment and homeostasis of the ventricular 42 

system of the brain. Localized flows of cerebrospinal fluid throughout the ventricular system of 43 

the brain are established from the polarized beating of the ependymal cell (EC) cilia. Here, we 44 

identified a homozygous truncating mutation in KIF6 in a child displaying neuro-cranial defects 45 

and intellectual disability. To test the function of KIF6 in vivo, we engineered mutations of Kif6 46 

in mouse. These Kif6 mutant mice display severe hydrocephalus, coupled with a loss of EC cilia. 47 

Similarly, we observed hydrocephalus and a reduction in EC cilia in kif6 mutant zebrafish. 48 

Overall, this work describes the first clinically-defined KIF6 mutation in human, while our 49 

animal studies demonstrate the pathogenicity of mutations in KIF6 and establish KIF6 as a 50 

conserved mediator of neuro-cranial development and EC cilia maintenance in vertebrates.  51 

 52 

 53 

 54 
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INTRODUCTION 55 

The delicate balance of cerebrospinal fluid (CSF) production and flow is important for the 56 

morphogenesis and function of the brain development and homeostasis. CSF circulation in 57 

human is largely due to gradients established by the secretion of CSF from the choroid plexuses, 58 

and its resorption at the arachnoid granulations [1]. The clinical significance of CSF stasis 59 

includes hydrocephalus and intracranial hypertension. Moreover, severely diminished CSF flow 60 

combined with increased intracranial pressure can secondarily cause ventriculomegaly, cognitive 61 

impairment, as well as degenerative and age-related dementias [2]. For these reasons, the 62 

identification of genetic risk factors involved in the pathogenesis of CSF stasis is critical for the 63 

development of genetic diagnostics and early interventions for these disorders. 64 

  One element for circulation of CSF is the multiciliated ependymal cells (ECs), which are 65 

specialized glial cells covering the ventricular walls of the brain and spinal canal [3]. In contrast, 66 

to primary cilia which are single, immotile cellular organelles extending from most cell types, 67 

ECs contain dozens of apically-arranged motile cilia, which beat in a polarized fashion to 68 

generate localized or near-wall CSF flows [4]. Defective EC cilia or loss of their polarized 69 

beating causes a disruption of this localized CSF flow leading to increased intracranial pressure, 70 

and dilation of ventricles and hydrocephalus in mice [5-8]. Importantly, this EC cilia-driven CSF 71 

flow is crucial for regulating brain function and adult neurogenesis [4, 9].  72 

 Impaired ciliary motility due to disruptions of the key kinesins, dyenins, and intraflagellar 73 

components necessary in most or all cilia, results in a syndromic condition known as primary 74 

ciliary dyskinesia (PCD) in humans [10, 11].  While hydrocephalus can occur in some PCD 75 

patients, it is a less common manifestation of the disease in humans [11]. In contrast, genes 76 

implicated in PCD or mutations which disrupt the structure or motility of all motile cilia are 77 
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strongly correlated with hydrocephalus in mouse  [8]. Alternatively, some hydrocephalus in mice 78 

with dysfunctional cilia may be the result of altered function of the choroid plexus, prior to the 79 

onset of cilia-driven CSF flow [7].  80 

 KIF6 (Kinesin family member 6, MIM: 613919) encodes a member of the kinesin-9 81 

superfamily of microtubules motor proteins which act predominately as "plus-end" directed 82 

molecular motors that generate force and movement across microtubules [12]. Kinesins are 83 

critical for numerous cellular functions such as intracellular transport and cell division, as well as 84 

for building and maintaining the cilium in a process known as intraflagellar transport [13]. 85 

During this process, kinesins have been shown to transport cargo within the ciliary axoneme 86 

[14], establish motility and compartmentalization of the axoneme [15], or to facilitate plus-end 87 

directed microtubule disassembly and control of axonemal length [16]. As such, multiple 88 

kinesins have shown to be associated with monogenic disorders affecting a wide-spectrum of 89 

tissues, with several modes of inheritance (www.omim.org).  Interestingly, KIF6 has previously 90 

been proposed as locus for susceptibility to coronary heart disease [17], while other studies did 91 

not substantiate this association [18]. We previously reported that kif6 mutant zebrafish are adult 92 

viable exhibiting larval-onset scoliosis without obvious heart defects [19]. Because of these 93 

conflicting results, and a lack of relevant mouse models, the role of KIF6 in human disease 94 

remains an open question.   95 

 Here, we present a patient with consanguineous parents, presenting with neuro-cranial 96 

defects and intellectual disability. Homozygosity mapping followed by whole-exome sequencing 97 

(WES) identified a novel homozygous frameshift mutation in KIF6 which is predicted to result 98 

in the truncation of the C-terminal cargo-binding domain of the kinesin motor protein. We 99 

generated an analogous frameshift mutation in the mouse and found that these mutant mice 100 
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displayed progressive, postnatal-onset hydrocephalus with cranial expansion, coupled with a 101 

reduction in the quantity of EC cilia. In addition, we observed that kif6 mutant zebrafish also 102 

display dilation of the ventricular system, coupled with reduced EC cilia. Interestingly, we failed 103 

to observe additional PCD related defects of other multiciliated tissues in Kif6 mutant mouse or 104 

zebrafish models. Together these results demonstrate that KIF6 function is unique and specific 105 

for EC cilia. Finally, we propose that KIF6 represents a novel gene for neuro-cranial 106 

development and intellectual disability in humans. 107 

 108 

RESULTS 109 

Clinical features and mutation identification 110 

  We identified a Thai boy with intellectual disability and megalencephaly. His parents 111 

were first cousins. He was born at 34 weeks gestation with a head circumference of 34 cm (97th 112 

centile). APGAR scores were 7 and 9 at 1 and 5 minutes, respectively. Neonatal hypoglycemia 113 

(blood sugar of 11 mg/dL) and neonatal jaundice were treated promptly. In the first few months 114 

of life, he was found to have delayed neurodevelopment and central hypotonia. He was able to 115 

hold his head at 5 months, rolled over at 8 months, walked and had first words at 2 years old. At 116 

the age of 9 years and 9 months, an IQ test by Wechsler Intelligence Scale for Children: 4th 117 

edition (WISC-IV) revealed that his full-scale IQ was 56, indicating intellectual disability. The 118 

patient had possible seizure activity at age 10 described as parasomnias, was found to have 119 

intermittent bifrontocentreal rhythmic theta activity, and the spells resolved after valproic acid 120 

therapy. His height and weight followed the curve of 50th centile, but his head circumference 121 

remained at 97th centile (53.5 cm and 55 cm at 6 and 9 years old, respectively). Physical 122 

examination was generally unremarkable except macrocephaly and low-set prominent anti-123 
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helical pinnae (Fig 1A). Eye examination, hearing tests, thyroid function tests, chromosomal 124 

analysis, and nerve conduction velocity were normal. Both brain CT scans at 4 months and 8 125 

years old and brain MRI at 7 months old showed a slight dolichocephalic cranial shape (cephalic 126 

index = 75), without overt structural brain abnormalities (Fig 1B-D). X-ray analysis of the spine 127 

showed no obvious scoliosis at 10-years-old (Fig 1E). 128 

 To elucidate the genetic etiology, we performed homozygosity mapping, whole genome 129 

array comparative genomic hybridization (CGH), and whole exome sequencing (WES). WES 130 

identified 83 homozygous variants, which had not been reported as SNPs in dbSNP137 (S1 131 

Table). We then selected only those located within the 63 homozygous regions found by 132 

homozygosity mapping (S2 Table). Seven candidate variants (one frameshift and six missense 133 

mutations; Table I) were identified. Of the six missense, five were predicted to be either benign 134 

by Polyphen-2 or tolerated by SIFT prediction programs. The remaining variant, c.235G>A; 135 

p.V79M of the Carboxypeptidase E (CPE) gene, was not evolutionarily conserved among 136 

diverged species (S1 Fig). We, therefore, decided to further our study on the only candidate 137 

truncating mutation, a homozygous one base-pair deletion, c.1193delT (p.Leu398Glnfs*2) in 138 

exon 11 of Kinesin family member 6 (KIF6) (NM_001289021.2).  139 

 KIF6 is located on human chromosome 6p21.2 and comprises 23 exons. The 2.4-kb KIF6 140 

cDNA encodes a canonical N-terminal kinesin motor domain (amino acid positions 3-353) and 141 

three coiled-coil regions (amino acid positions 358-385, 457-493, and 633-683), predicted by 142 

SMART server [20]. Segregation of the homozygous sequence variant with the disease 143 

phenotype was confirmed by Sanger sequencing (Fig 1F) and by restriction fragment length 144 

polymorphism (RFLP) analysis of the pedigree (Fig 1G), while his parents and his unaffected 145 

brother were heterozygous for the deletion (Fig 1F, G and data not shown). The deletion was not 146 
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observed in our 1,600 in-house Thai exomes, the 1000 Genome Database, and the ExAC 147 

Database. The pedigree combined with the novelty of the mutation in KIF6 presented here, 148 

strongly suggest this C-terminal truncating mutation in KIF6 may be etiologic for neuro-cranial 149 

developmental defects. 150 

Table 1. Seven candidate variants from WES and homozygosity mapping 151 

# Chromosome 

(position) 

Gene Zygosity Nucleotide 

change 

Amino acid change Polyphen-2 

(score) 

SIFT 

1 6 (39513453) KIF6 Homozygous c.1193delT p.L398QfsX399   

2 4 (166300608) CPE Homozygous c.235G>A p.V79M Possibly 

damaging 

(0.889) 

Deleterious 

3 6 (41895234) BYSL Homozygous c.391C>T p.R131C Probably 

damaging 

(0.975) 

Tolerated 

4 7 (44120345) POLM Homozygous c.359G>A p.R120Q Probably 

damaging 

(0.999) 

Tolerated 

5 7 (64167644) ZNF107 Homozygous c.962T>G p.I321S Probably 

damaging 

(0.969) 

Tolerated 

6 2 (96148317) TRIM43B Homozygous c.146C>T p.P49L Benign 

(0.071) 

Tolerated 

7 5 (140307142) PCDHAC1 Homozygous c.665T>C p.I222T Benign 

(0.001) 

Tolerated 

 152 

Generation of Kif6 Mutation in Mouse 153 

To test the functional consequence of the C-terminal truncating p.L398fsX2 mutation (Fig 1H), 154 

we generated an analogous frameshift mutation in exon14 of the mouse Kif6 155 
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(ENSMUST00000162854) gene, which is ~150bp downstream of the frameshift mutation found 156 

in the patient (Fig 2A). After backcross of founder mice to C57B6/J strain, we identified a 157 

nonsense allele with scarless insertion (c.1665ins) of a 3-stop donor cassette -providing 158 

integration of an ochre termination codon in all three reading frames into the endogenous Kif6 159 

locus (S2 Fig). This endonuclease-mediated insertional frameshift mutation (Kif6em1Rgray) is 160 

predicted to truncate the C-terminal cargo-binding domain of the kinesin motor protein 161 

(p.G555+6fs). This novel mutant allele of Kif6 (hereafter called Kif6p.G555fs) is predicted to 162 

encode a C-terminal truncated KIF6 protein 168 amino acids longer than is predicted for the 163 

human p.L398fsX2 variant (Fig 2A).  164 

 165 

Hydrocephalus in Kif6p.G555fs Mouse  166 

Intercrossing Kif6p.G555fs/+ heterozygous animals gave offspring with the expected Mendelian 167 

ratios, with typical appearance at birth. However, beginning at postnatal day (P)14-onwards, 168 

100% (n=7) of Kif6p.G555fs/ p.G555fs homozygous mutant mice displayed classic indications of 169 

hydrocephalus including doming of the cranium (Fig 2C), a hunched appearance, and with 170 

decreased open field activity. We observed apparent megalencephaly and hemorrhaging in older 171 

(P21-P28) Kif6p.G555fs/ p.G555fs mutant brains (Fig 2D), which likely results from increased 172 

intracranial pressure and swelling of the ventricles causing damage to the neural tissue against 173 

the cranium. At P14, the body weights were not significantly decreased in Kif6p.G555fs mutants 174 

(5.8+1.3 (g)rams) compared with littermate controls (7.0+1.2g) (n=5/genotype; p=0.17). 175 

However, at P28 mutant mice showed decreased weight on average (12.67+1.53 g) compared to 176 

littermate controls (15.33+1.15g), although this trend was not statistically significant 177 

(n=3/genotype; p= 0.07). At P28, extracted whole brain sizes appear to be larger in 178 
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Kif6p.G555fs/p.G555fs mutants compared to non-mutant littermate controls (Fig 2D). For these 179 

reasons, mutant animals were not maintained for observation past P28. qPT-PCR analysis of 180 

several Kif6 exon-exon boundaries found no evidence for non-sense mediated decay in 181 

Kif6p.G555fs mutant mice (Fig 2B).  182 

 To determine whether a more N-terminal truncated Kif6 mutation would result in a more 183 

severe hydrocephalus phenotype, we isolated a conditional-ready Kif6 allele, where exon 4 is 184 

flanked by LoxP sites (Kif6tm1c) (KOMP repository, see Methods and Materials). Recombination 185 

of the Kif6tm1c allele is predicted to generate a frameshift mutation, which should generate a 186 

severely truncated, 89 amino acid, KIF6 protein (p.G83E+6fs) with a non-functional N-terminal 187 

motor domain. We generated a whole body conditional knockout by crossing the Kif6tm1c mouse 188 

to the CMV-Cre deleter mouse [21]. We observed postnatal-onset, hydrocephalus in CMV-Cre; 189 

Kif6tm1c/tm1c conditional mutant mice (n=10) analogous to our observations in Kif6p.G555fs/ p.G555fs 190 

mutant mice (data not shown). Interestingly, we find no evidence of non-sense mediated decay in 191 

these mutant mice despite the generation of an early premature termination codon (data not 192 

shown). Because the onset and progression of hydrocephalus was equivalent comparing the 193 

whole-body conditional CMV-Cre;Kif6tm1c/tm1c and  Kif6p.G555fs/p.G555fs mutant mice strains we 194 

suggest that any KIF6 protein encoded by these mutant mouse strains is likely non-functional. 195 

Given its relevance to the human mutation, the majority of experiments were all done using the 196 

p.G555fs allele.  197 

 Mouse brains were analyzed histologically by hematoxylin and eosin (H&E) stained 198 

coronal sections. Our analysis of coronal sectioned brain at P14 failed to find significance when 199 

comparing the total area in section (499.2+39.9µM (Control) vs. 552.5+50.8µM 200 

(Kif6p.G555fs/p.G555fs); n=7/genotype; p=0.42). However, lateral and third ventricles (LV and 3V 201 
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respectively) were obviously enlarged in Kif6p.G555fs/p.G555fs mutants (Fig 2F). Quantitation of LV 202 

volumes normalized to total brain volume confirmed ventricular expansion in Kif6p.G555fs/p.G555fs 203 

mutants (n= 7 for each genotype; p<0.05; Fig 2G). No obvious defects of the cortex or 204 

development of other brain regions in Kif6p.G555fs/p.G555fs mutant mice were apparent at a gross 205 

anatomical level (Fig 2E, F). Together these data suggest that Kif6 p.G555fs/p.G555fs mutant mice 206 

display postnatal-onset, progressive hydrocephalus, without obvious overgrowth of neural 207 

cortex. 208 

 209 

Kif6 is Expressed Specifically in the ECs of the Mouse Brain 210 

To determine the endogenous expression patterns of Kif6 in the mouse, we isolated a Kif6-LacZ 211 

reporter mouse (Kif6-LacZtm1b) (KOMP repository, see Methods and Materials). Hemizygous 212 

Kif6-LacZtm1b/+ mice appeared unremarkable and exhibited no evidence of hydrocephalus. 213 

Intercrosses of Kif6tm1b/+ hemizygous mice failed to generate litters with Kif6tm1b/tm1b 214 

homozygous mice, suggesting that the homozygosity of the lacZ expressing allele is embryonic 215 

lethal (data not shown). At P10 and P21, Kif6tm1b/+ transgenic mice showed lacZ expression 216 

throughout the ependyma of the ventricular system including the central canal.  However, no 217 

lacZ expression was detected in the choroid plexus or in other regions of the brain (Fig 3A, A' 218 

and S3B' Fig), with the exception of a small population of cells flanking the third ventricle 219 

(arrows, S3 Fig). Interestingly at P10, other multi-ciliated tissues in these transgenic mice such 220 

as the oviduct or trachea were not labeled (Fig 3B-C'). Moreover, no laterality defects or obvious 221 

changes to trachea cilia were observed in Kif6 p.G555fs/p.G555fs mutant mice (S6A, B Fig), 222 

suggesting that Kif6 expression and function are tightly restricted to the multiciliated EC in 223 
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mouse. Taken together these data suggested a cellular mechanism centered on defective ECs 224 

underlying the development of hydrocephalus in Kif6p.G555fs/p.G555fs mutant mice. 225 

 226 

Progressive Loss of Cilia in Kif6p.G555fs/ p.G555fs Mutant Mice 227 

Defects in ECs and their cilia are known to cause hydrocephalus in mouse [8]. To assay EC cilia, 228 

we utilized scanning electron microscopy (SEM) to directly visualize the LV. Heterozygous 229 

Kif6p.G555fs/+ mice displayed a high-density of regularly spaced EC multiciliated tufts along the 230 

LV surface (Fig 4A-A’), typical for P21 mice [22]. In contrast, homozygous Kif6p.G555fs/p.G555fs 231 

mutant mice displayed a marked reduction of multiciliated tufts across the LV wall, coupled with 232 

a reduction in the density of ciliary axonemes extending from the ECs (Fig 3B-B’). The loss of 233 

EC cilia was more severe at P28 (S4 Fig). Together, these data suggested that hydrocephalus 234 

may result from either a reduction in EC differentiation and/or defects in EC cilia maintenance 235 

during postnatal development.  236 

 To address the differentiation status of the ECs, we utilized immunofluorescence (IF) in 237 

coronal sectioned brain tissues to image known proteins components of the EC and their cilia. At 238 

P21, we observed the expression of the ependymal cell-marker S100B [22] throughout the 239 

epithelium lining luminal surface of the ventricles, as well as, the presence of apically localized 240 

g-tubulin-positive basal bodies within these ECs in both WT (Fig 4C-C'') and Kif6p.G555fs/p.G555fs 241 

mutant mice (Fig 4D-D''). Conversely, we observed a severe reduction in the density of CD133-242 

positive EC axonemes [23] extending into the ventricular lumen in Kif6p.G555fs/p.G555fs mutant mice 243 

(Fig 4C, C'''), compared with WT (Fig 4D, D'''). Quantitation of several sections from 244 

independent mice confirmed a severe reduction of CD133-positive ciliary axonemes due to the 245 

loss of KIF6 function (n=5 mice/genotype, p<0.001) (Fig 4E). These results suggest that the 246 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 19, 2018. ; https://doi.org/10.1101/350140doi: bioRxiv preprint 

https://doi.org/10.1101/350140
http://creativecommons.org/licenses/by-nc-nd/4.0/


 13 

onset of hydrocephalus in Kif6 mutant mice is primarily due to the loss of EC ciliary axonemes 247 

and not the result of defects in the differentiation of these cells. 248 

 249 

Ventricular Dilation and Reduced EC Cilia in kif6 Mutant Zebrafish 250 

Previous studies in kif6sko/sko mutant zebrafish found late-onset scoliosis, without obvious 251 

hydrocephalus or defects in EC cilia during early embryonic development [19]. Interestingly, 252 

reduced CSF flow, ventricular dilation, and loss of EC cilia during larval zebrafish development 253 

is associated with scoliosis [24]. In order to determine if kif6 mutant zebrafish display changes in 254 

the ventricular system later in adults, we used iodine contrast-enhanced, micro computed 255 

tomography (µCT) [25] to generate high-resolution (5 µM) images of the intact zebrafish brain. 256 

After reconstruction and alignment of 3D tomographic datasets in the coronal plane, we utilized 257 

stereotyped landmarks of the zebrafish brain and spinal cord [26] to compare equivalent axial 258 

sections of aged matched (90 days post fertilization (dpf)) kif6sko/+ heterozygous and kif6sko/sko 259 

homozygous mutant zebrafish. At each axial level of the brain (Fig 5A), we observed consistent 260 

dilation of the ventricular system and central canal in kif6sko/sko homozygous mutant zebrafish 261 

(yellow arrows; Fig 5C, E, G), compared to a stereotyped anatomy of the wild-type (WT) 262 

zebrafish brain (Fig 5B, D, F). Multiple regions of kif6sko/sko mutant zebrafish brain were found to 263 

be structurally abnormal in kif6sko/sko mutants compared to WT zebrafish (S1, 2 Movies). We next 264 

quantified the areas of two anatomically distinctive ventricles in our tomographic datasets: (i) the 265 

tectal ventricle (TecV) and (ii) a region of the rhombencephalic ventricle (RV) just posterior to 266 

the lobus facialis [26]. We found that both the TecV and the posterior RV were significantly 267 

more dilated in kif6sko/sko mutant zebrafish comparing several optical sections from independent 268 

aged-matched zebrafish (n=3 fish/genotype; p<0.0001). The central canal was also clearly 269 
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dilated in kif6sko/sko mutant zebrafish (yellow arrow, Fig 5G). However, we were unable to 270 

reliably quantify this area in WT samples at the current resolution. Our previous observations in 271 

kif6sko/sko mutant zebrafish embryos failed to find phenotypes that are characteristic of cilia 272 

defects, such as hydrocephalus, situs inversus, or kidney cysts [19]. Moreover, we observed 273 

normal development and function of EC cilia in the central canal in embryonic mutant zebrafish 274 

[19]. These data, together with our new observations of ventricular dilation in adult kif6 mutants 275 

(Fig 5), suggest that Kif6 is required for the post-embryonic maintenance of the EC cilia as was 276 

observed in other zebrafish mutants displaying similar scoliosis as observed in kif6 mutant 277 

zebrafish [19, 24]. 278 

 In order to assay whether EC cilia were affected in adult (90dpf) kif6sko/sko mutant 279 

zebrafish, we isolated a stable transgenic allele, Tg(Foxj1a:GFP)dp1 which effectively labels 280 

multiple multiciliated Foxj1a-positive cell lineages, including ECs, with cytoplasmic EGFP in 281 

zebrafish [24]. We observed no differences in the specification of Foxj1a:GFP-positive ECs 282 

comparing WT and homozygous kif6sko/sko mutant fish (Fig 5I, J). Cytoplasmic GFP can freely 283 

diffuse into and label the ciliary axoneme [27]. As such, we were able to observe GFP-positive 284 

EC cilia projecting into the ventricular lumen in Tg(Foxj1a:GFP)dp1; kif6sko/+ heterozygous fish 285 

(red arrowheads; Fig 5I).  In contrast, these GFP-labeled EC cilia were reduced or absent in 286 

Tg[Foxj1a:GFP] dp1; kif6sko/sko mutant fish  (Fig 5J, K). Furthermore, SEM analysis of the 287 

ventricles in kif6sko/sko mutant zebrafish further supported our observations of ventricular dilation 288 

and loss of EC cilia in adult kif6sko/sko mutant fish (S5 Fig). Akin to our observations in Kif6 289 

mutant mice trachea, we did not observe defects of other multiciliated tissues such as the nasal 290 

cilia (S6C, D Fig) in kif6sko/sko mutant zebrafish. Together, these data suggest that Kif6 functions 291 

specifically in the maintenance of EC cilia as well as for ventricular homeostasis in zebrafish.  292 
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 293 

DISCUSSION 294 

 This study demonstrates the importance of KIF6 for neuro-cranial development in 295 

vertebrates, and a unique and highly specialized role in ependymal cells where its function is 296 

important for maintenance of EC cilia. This is supported by several lines of evidence including 297 

the discovery of a novel nonsense-mutation of KIF6 in a child with neuro-cranial defects and 298 

intellectual disability and underscored by functional analysis in both mouse and zebrafish Kif6 299 

mutant models (Table 2).  300 

Table 2. KIF6 mutations discussed in this paper. 301 

ID/Allele Species 
Nucleotide 
change Amino acid change Phenotype reported Reference 

Patient Human c.1193delT p.L398QfsX399 

Delayed neurodevelopment and 
central hypotonia, neuro-cranial 
defects, and intellectual 
disability. this work 

Kif6p.G555fs/p.G555fs  Mouse c.1665ins p.G555+6fs 

Severe progressive 
hydrocephalus, loss of 
ependymal cell cilia this work 

 Mouse deletion of exon 4 p.E83+39fs 

Severe progressive 
hydrocephalus, loss of 
ependymal cell cilia this work 

Kif6D3/ D3 Mouse c.177-251_del 
p.Lys59Asn, 
Phe60_Ser84_del None reported [28] 

kif6sko/sko Zebrafish c.205C>A p.Tyr53X 

Larval onset scoliosis, 
hydrocephalus, loss of 
ependymal cilia 

[19], this 
work 

  302 

 We identified a homozygous KIF6 c.1193delT mutation in a child with macrocephaly 303 

and cognitive impairment that segregated with this phenotype in his family, and leads to a loss of 304 

the C-terminal second and third coiled-coil regions which are important for dimerization and 305 

cargo selectivity of kinesin motors [13]. We engineered an analogous, C-terminal truncating 306 

mutation of KIF6 in mouse, which displays severe hydrocephalus and defects of EC cilia 307 
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providing strong evidence for pathogenicity of the mutation in the child. Other than the case 308 

described here, no prior mutation directly attributed to human disease has been described for 309 

KIF6. Taken together, the clinical data reported here suggest that biallelic mutations in KIF6 310 

may underlie some unexplained intellectual disability and neuro-cranial developmental defects. 311 

Future analyses of KIF6 mutations in these patient groups are warranted. 312 

 Further, our analysis of several independent loss-of-function Kif6 mutant animal models 313 

found no evidence of obvious heart abnormalities to explain the prior association of the common 314 

variant KIF6 p.W719R in some[17], but not all [18], studies of coronary heart disease in humans.  315 

Because expressed sequence tag clones of KIF6 have not been reported from cDNAs libraries 316 

derived from human heart or vascular tissues (UniGene 1956991 - Hs.588202), any possible 317 

functional effects of KIF6 on heart function remains unexplained. However, detailed analysis of 318 

coronary function was not explored in our models, therefore it is possible that subtle defects may 319 

be present. 320 

 An ENU-derived Kif6 splice acceptor site mutant mouse strain, predicted to delete the 3rd 321 

exon of KIF6 (Kif6D3/D3), also did not show cardiac or lipid abnormalities [28]. Of note this 322 

mutant mouse was also not reported to have hydrocephalus. Our analysis shows that the loss of 323 

exon 3 in Kif6D3/D3 mutant mouse generates an inframe deletion of only 25 amino acids in the N-324 

terminal motor domain of the KIF6 protein, otherwise generating a mostly full-length KIF6 325 

protein (Table 2). In contrast, here we report two novel Kif6 mutant mice: (i) a C-terminal 326 

Kif6p.G555fs/p.G555fs deletion mutant, predicted to truncate 248 amino acids of the C-terminal 327 

domain, which are important for cargo binding in Kinesin motor proteins [13]; and (ii) a 328 

conditional CMV-Cre;Kif6tm1c/tm1c mutant which recombines exon 4 leading to an early frame 329 

shift mutation predicted to generate a N-terminal truncated 122 amino acid KIF6 protein (Table 330 
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2), both of which display indistinguishable progressive, hydrocephalus. The most parsimonious 331 

explanation for the difference in phenotypes in these mutant mice is that the Kif6D3 allele encodes 332 

a functional KIF6 protein. Analysis of these mutations in trans or quantitative analysis of these 333 

kinesin motor proteins in vitro is warranted to more fully address these conflicting observations. 334 

 There are marked differences in the phenotypes among the human, mouse, and zebrafish 335 

associated with mutations in KIF6.  For example, kif6 mutant zebrafish display post-natal onset 336 

scoliosis, mirroring adolescent idiopathic scoliosis (IS) in humans [29]. The formation of IS-like 337 

defects in zebrafish has been shown to be the result of a loss of CSF flow, associated with a loss 338 

of EC cilia and ventricular dilation during a defined window of larval zebrafish development 339 

[24]. Interestingly, we did not observe scoliosis in the Kif6 mutant mice (S7 Fig), despite being 340 

of an appropriate age when IS-like scoliosis can manifest in mouse [30]. Moreover, we do not 341 

observe scoliosis in the patient at the age of 10 years, though it is possible that he may yet 342 

develop scoliosis during adolescence. The mechanism behind these differences may reflect 343 

distinctions in the functional input of the ventricular system for spine stability amongst teleosts 344 

and amniotes.   345 

 Furthermore, while we observe a clear role for KIF6 in maintaining the ventricular 346 

system in mouse and zebrafish, the patient does not have obvious hydrocephalus. However, his 347 

relative macrocephaly and slightly enlarged ventricles by MRI (Fig 1B-D) may suggest an 348 

element of what is commonly referred to as arrested hydrocephalus [31].  The contribution of EC 349 

cilia beating to bulk CSF flow might be species dependent. For instance, the majority of CSF 350 

flow in humans is thought to occur via the generation of a source-sink gradients; partly from the 351 

secretion of the choroid plexus and exchanges of the interstitial fluids, coupled with absorption at 352 

the arachnoid villi and lymphatics [32]. In contrast, localized or near-wall CSF flow [4], 353 
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generated by polarized beating of EC cilia, are clearly important for the formation of 354 

hydrocephalus in rodents [8]; however, there have been limited examples EC cilia defects 355 

causing hydrocephalus in humans. Regardless there is growing evidence suggesting that EC cilia 356 

dependent CSF flow is crucial for the regulation of brain function and neurogenesis [4],  and for 357 

adult neural stem cell proliferation [9]. It is possible that a specific loss of EC cilia in humans 358 

may only have minor effects on CSF bulk flow and ventricular homeostasis, while causing 359 

severe defects of neurogenesis leading to intellectual disability and other neurological disease. It 360 

will be important to determine if the loss of KIF6 function in adulthood will contribute to 361 

changes in neurodevelopment and behavior, cognitive decline, and ventricular homeostasis.   362 

Finally, KIF6 now joins five other kinesin genes, KIF1C, KIF2A, KIF4A, KIF5C and 363 

KIF7 that were previously reported to be associated with neurological abnormalities in humans 364 

[33-36]. Here we suggest that KIF6 has a uniquely specific function in the EC cilia in 365 

vertebrates, resulting in both cognitive impairment and macrocephaly in a child with a 366 

homozygous one-base pair deletion. Using a cell biological approach, we identified specific loss 367 

of EC cilia in Kif6 mutant models in both mouse and zebrafish, suggesting a strong conservation 368 

of KIF6 function in ventricular system in vertebrates. 369 

 370 

  371 
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Material and Methods  372 

Identification of Mutation in Patient 1  373 

Whole Exome Sequencing (WES) 374 

The patient’s genomic DNA of patient was extracted from peripheral blood leukocyte using 375 

AchivePure DNA Blood Kit (5 Prime Inc., Gaithersburg, MD). The sample was sent to Macrogen, 376 

Inc. (Seoul, Korea) for whole exome sequencing. The 4 ug of DNA sample was enriched by TruSeq 377 

Exome Enrichment Kit and was sequenced onto Hiseq 2000. The raw data per exome was mapped 378 

to the human reference genome hg19 using CASAVA v1.7. Variants calling were detected with 379 

SAMtools.  380 

 381 

Homozygosity mapping 382 

The sample was sent to Macrogen, Inc. (Seoul, Korea) for genotyping. The DNA sample was 383 

genotyped by HumanOmni 2.5-4v1 DNA BeadChip (Illumina) which contain 2,443,177 SNPs. 384 

The experiment was performed by the array protocol. PLINK was used to analyze for the 385 

homozygous regions. 386 

 387 

Mutation analysis 388 

We performed resequencing of KIF6 pathogenic region in patient and patient’s family. 389 

Primers for the amplification of the candidate variant were designed using Primer 3 software 390 

(version 0.4.0). Primers KIF6-1193delT-F 5’-CAGCTTGAACATGGCTGAAA-3’ and KIF6-391 

1193delT-R 5’-TTCTGTAAAGAGGTGGGAACAA-3’were used to amplify. The 20 ul of PCR 392 

reaction contained 50-100 ng of genomic DNA, 200 uM of each dNTP, 150 nM of each primer, 393 

1.5 mM MgCl2 and 0.5 unit of Taq DNA polymerase (Fermentas Inc., Glen Burnie, MD). The 394 
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PCR condition was started with 95 oC for 5 min for pre-denaturation following with the 35 cycles 395 

of 94 oC for 30 sec, 55 oC for 30 sec and 72 oC for 30 sec. The product size of these primers is 276 396 

bp. For sequencing, PCR products were treated with ExoSAP-IT (USP Corporation, Cleveland, 397 

OH), and sent for direct sequencing at Macrogen Inc. (Seoul, Korea). Bi-directional sequencing 398 

was done by using KIF6-1193delT F and R primers. Analyses were performed by Sequencher 4.2 399 

(Gene Codes Corporation, Ann Arbor, MI). 400 

 401 

PCR-RFLP 402 

One hundred chromosomes and patient’s trio were genotyped by PCR-RFLP. Primer KIF6 403 

MfeI F 5’-TGGCTTCACTATAAATTTCACTTTGTCAATG-3’ and mutagenic primer KIF6 404 

mutagenic MfeI R 5’-TCCTGGTCTTCCAAAAAGGATGCAAT-3’were used to amplify KIF6 405 

T-deletion. The 20 ul of PCR reaction contained 50-100 ng of genomic DNA, 200 uM of each 406 

dNTP, 150 nM of each primer, 1.5 mM MgCl2 and 0.5 unit of Taq DNA polymerase (Fermentas 407 

Inc., Glen Burnie, MD). The PCR condition was started with 95 C for 5 min for pre-denaturation 408 

following with the 35 cycles of 94 C for 30 sec, 60 C for 30 sec and 72 C for 30 sec. The product 409 

size of these primers is around 223 bp. The PCR product was incubated with 10U of Mfe-HF (New 410 

England Biolabs, Ipswich, MA) at 37 C overnight. Three percent of agarose gel electrophoresis 411 

was used to detect the different cut sizes of PCR product. A 196 bp and 26 bp bands were present 412 

in one base deletion sample. 413 

 414 

Mice  415 

All mouse studies and procedures were approved by the Animal Studies Committee at the 416 

University of Texas at Austin (AUP-2015-00185). The Kif6p.G555fs mutant mouse were developed 417 
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using CRISPR-Cas9-mediated genome editing. Using the CHOP-CHOP online tool [37], we 418 

identified a suitable 20-nucleotide site (GGAGATGTCACTGGGACGCC) targeting exon 14 of 419 

mouse Kif6 (ENSMUST00000162854.1) in order to generate a C-terminal truncation allele. The 420 

gene specific and universal tracrRNA oligonucleotides (S3 Table) were annealed, filled in with 421 

CloneAmp HiFi PCR premix, column purified, and directly used for in vitro transcription of 422 

single-guide RNAs (sgRNAs) with a T7 Polymerase mix (M0255A NEB). All sgRNA reactions 423 

were treated with RNAse free-DNAse. We utilized a ssDNA oligo (S3 Table) to insert a 424 

frameshift mutation in all three reading frames, along with 8-cutter restriction sites for 425 

genotyping (3-stop donor) [38] (Fig S2). The Kif6 ex14 3-stop donor and mKif6-R2-ex14-T7 426 

sgRNA were submitted for pronuclear injection at the University of Texas at Austin Mouse 427 

Genetic Engineering Facility (UT-MGEF) using standard protocols 428 

(https://www.biomedsupport.utexas.edu/transgenics). We confirmed segregation of the 429 

Kif6p.G555fs allele using several methods including increased mobility on a high percentage 430 

electrophoresis gel, donor-specific primer PCR, or PmeI (NEB) digestion of the Kif6 exon14 431 

amplicon (S2 Fig and S3 Table). PCR products in isolated alleles were cloned to pCRII TOPO 432 

(ThermoFisher) to identify scarless integration of the 3-stop donor at the Kif6 locus using gene 433 

specific flanking primers (S3 Table).  434 

 Kif6-LacZtm1b mice were generated by injection of embryonic stem cell clones obtained 435 

from the Knockout Mouse Project (KOMP) Repository. Three Kif6tm1a(KOMP)Mbp embryonic stem 436 

(ES) cell clones (KOMP: EPD0736_3_G01; EPD0736_3_H02; and EPD0736_3_A03) all 437 

targeting exon 4 of the Kif6 gene with a promoter-driven targeting cassette for the generation of a 438 

'Knockout-first allele' [39]. Pronuclear injections of all clones were done using standard 439 

procedures established by the UT MGEF. After screening for germline transmission, we isolated 440 
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and confirmed a single heterozygous founder male (Kif6tm1a(KOMP)Mbp) carrier derived from the 441 

G01 clone. We confirmed the locus by long-range PCR, several confirmation PCR strategies 442 

targeting specific transgene sequences, and Sanger sequencing of the predicted breakpoints (S3 443 

Table). After several backcrosses to the WT C57BL/6J substrain (JAX), we crossed a 444 

hemizygous Kif6tm1a/+ mutant male to a homozyogus CMV-Cre female (B6.C-Tg(CMV-445 

cre)1Cgn/J) (JAX, 006054) to convert the Kif6tm1a allele to a stable LacZ expressing Kif6tm1b 446 

allele (Kif6-LacZtm1b). Mutant F1 offspring from this cross were backcrossed to WT C57BL6/J 447 

mice and the F2 progeny were genotyped to confirm the Kif6-LacZtm1b allele and the 448 

presence/absence of the CMV-Cre transgene. A single founder Kif6-LacZtm1b with the desired 449 

genotype (Kif6-LacZtm1b hemizygous, Cre transgene absent) was used to expand a colony for 450 

spatial expression analysis. 451 

 Kif6tm1c conditional ready mice were generated by outcross of the Kif6tm1a(KOMP)Mbp allele 452 

described above to a ubiquitously expressed Flippase strain (129S4/SvJaeSor-453 

Gt(ROSA)26Sortm1(FLP1)Dym/J) (JAX, 003946). F1 offspring were genotyped and sequenced at 454 

several breakpoints to ensure proper flip recombination and a single F1 founder was used to 455 

backcross to C57B6/J for propagation of the Kif6tm1c strain. Analysis of recombination of the 456 

floxed Kif6tm1c was performed by crossing homozygous Kif6tm1c/tm1c to a compound heterozygous 457 

CMV-Cre; Kif6tm1c/+ mouse. Recombination of the exon 4 of Kif6 was confirmed by PCR-gel 458 

electrophoresis analysis (S3 Table). 459 

LacZ Staining Protocol 460 

Mice were perfused with LacZ fixative and post fixed for 2 hours at RT. Whole brains were then 461 

stained in X-gal solution overnight at 37°C followed by post-fixation in 4% PFA overnight at 462 
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4°C. The samples were then prepped for cryosectioning in 30% sucrose/OCT and sectioned. 463 

Sections were counter stained in Nuclear Fast Red stain (Sigma).  464 

 465 

 X-ray Analyses of Mice 466 

Radiographs of the mouse skeleton were generated using a Kubtec DIGIMUS X-ray system 467 

(Kubtec, T0081B) with auto exposure under 25 kV. 468 

 469 

Zebrafish Manipulations and Transgenesis 470 

All zebrafish studies and procedures were approved by the Animal Studies Committee at the 471 

University of Texas at Austin (AUP-2015-00187). Adult zebrafish of the AB were maintained 472 

and bred as previously described [40]. Individual fish were used for analysis and compared to 473 

siblings and experimental control fish of similar size and age. Independent experiments were 474 

repeated using separate clutches of animals. Strains generated for this study: Tg(Foxj1a:GFP)dp1. 475 

Previously published strains: kif6sko [19]. Transgenic lines were generated using the Tol2-system 476 

as described before [41]. 477 

 478 

Mouse and Zebrafish Perfusions and Embedding of Brain Tissues 479 

Mice were humanely euthanized by extended CO2 exposure and transferred to chemical hood 480 

where the mouse was perfused with buffered saline followed by 4% PFA. Whole brains were 481 

placed in 4% PFA 4 hours at RT, then at 4º C overnight.  Zebrafish were euthanized by exposure 482 

to lethal, extended dose of Tricane (8%) followed by decapitation. Zebrafish brains were 483 

extracted and fixed in 4% PFA at 4º C overnight. For paraffin embedding, the fixed brains were 484 
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embedded and cut using standard paraffin embedding and sectioning protocols. Paraffin sections 485 

were stained with standard hematoxylin-eosin solution.  486 

 For frozen sections both mouse or zebrafish brains were fixed as above and then 487 

equilibrated to 30% or 35% sucrose, respectively at 4º C overnight. Whole brains were then 488 

placed in O.C.T. Compound (Tissue-Tek) and flash in cold ethanol bath. All blocks were stored 489 

at -80º Celsius until sectioning on a cryostat (Leica). All sections were dried at RT for ~2hrs. and 490 

stored at -80ºC until use. 491 

 492 

Immunofluorescence Protocol for Frozen Brain Sections 493 

Sectioned tissues were warmed at room temperature for ~1 hour, then washed thrice in 1xPBS + 494 

0.1% Tween (PBST). Antigen retrieval was hot citrate buffer (pH6.8). Blocking was done in 495 

10% Normal goat serum (Sigma) in 1xPBST. Primary antibodies (S100B at 1:1,000, ab52642, 496 

Abcam; CD133(Prominin-1), 134A, 1/500; Gamma Tubulin, sc-17787, Santa Cruz (C-11), 497 

1/500; Anti-GFP, SC9996, Santa Cruz, 1:1,000) were diluted in 10% NGSS, 1xPBST and 498 

allowed to bind overnight at 4°C in a humidified chamber. Secondary fluorophores (Alexa Fluor 499 

488(A-11034); 568(A10042); and 647(A32728), 1:1,000, ThermoFisher) were diluted in 10% 500 

NGS; 1xPBST were allowed to bind at RT for ~1hr. We used Prolong gold with DAPI (Cell 501 

Signaling Technologies, 8961) to seal coverslips prior to imaging.  502 

 503 

Iodine-contrast µCT 504 

Zebrafish specimens were fixed overnight in 10% buffered formalin, washed thrice in diH2O and 505 

stained ~48 hours in 25% Lugol’s solution/75% distilled water. Specimens were scanned by the 506 

High-resoultion X-ray CT Facility (http://www.ctlab.geo.utexas.edu/) on an Xradia at 100kV, 507 
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10W, 3.5s acquisition time, detector 11.5 mm, source -37 mm, XYZ [816, 10425, -841], camera 508 

bin 2, angles ±180, 1261 views, no filter, dithering, no sample drift correction. Reconstructed 509 

with center shift 5.5, beam hardening 0.15, theta -7, byte scaling [-150, 2200], binning 1, recon 510 

filter smooth (kernel size = 0.5). 511 

 512 

Statistical Analysis and image measures 513 

GraphPad Prism version 7.0c for Mac (GraphPad Software) was used to analyze and plot data. 514 

Images for measurement were opened in FIJI (Image J) [42], and measures were taken using the 515 

freehand tool to draw outlines on ventricular area or whole brain area. Statistically significant 516 

differences between any two groups were examined using a two-tailed Student’s t-test, given 517 

equal variance. P values were considered significant at or below 0.05. 518 

  519 
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Figure Legends 531 

Fig 1. KIF6 mutation in a child with intellectual disability. (A) A low-set prominent anti-532 

helical left pinna. (B) MRI of the brain at 7 months old shows dolichocephaly with a normal 533 

brain structure. (C) and (D) CT of the brain at 8 years old, sagittal and axial views, respectively 534 

show dolichocephalic shape of the cranium (cephalic index = 75) without demonstrable 535 

intracranial abnormality. (E) X-ray of the spine shows no scoliosis (F) Electropherograms of the 536 

patient, a control, and the patient’s father in the upper, middle and lower panels, respectively. 537 

The patient is homozygous while his father is heterozygous for the c.1193delT. (G) Pedigree and 538 

RFLP, using MfeI restriction enzyme: Lane M = 100 bp marker. The arrow head indicates the 539 

500 bp band. Lanes 1-5 are controls. Lanes 6 and 7 are the proband’s father and mother, 540 

respectively, showing that they are heterozygous. Lane 8 is the proband showing that he is 541 

homozygous for the c.1193delT. (H) Representative KIF6 structure. The arrow shows the 542 

position of the c.1193delT mutation. 543 

 544 

Fig 2. Kif6 p.G555fs mutant mice display progressive hydrocephaly. (A) Schematic of the non-545 

sense mutation in the patient (KIF6p.L398fsX2) and the mouse mutation (Kif6p.G555fs), both predicted 546 

to truncate the C-terminal domain of KIF6 protein. (B) Fold change qRT-PCR of Kif6 expression 547 

using cDNA libraries derived from lateral ventricles from WT (black bars) and Kif6p.G555fs/p.G555fs 548 

(gray bars)  mutant mice. (C) Lateral X-rays of mouse cranium at P14 and P28 showing the 549 

progressive cranial expansion in Kif6p.G55/ p.G555fs homozygous mutant mice. (D) Ventral view of 550 

whole mouse P28 brain to highlight hemorrhaging and slight enlargement of total brain size in 551 

Kif6p.G55/ p.G555fs homozygous mutant mice. (E, F) H&E stained coronal sections of the mouse 552 

brain (P14), showing dilation of the lateral (LV) and third (3V) ventricles in Kif6p.G55/ p.G555fs 553 
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homozygous mutant mice (F). (G) Quantitation of ventricular area over total brain area in 554 

Kif6p.G55/ p.G555fs homozygous mutant mice and heterozygous littermate controls (n=7 mice per 555 

genotype; two-tailed t-test; p=0.0173). Scale bars: 1cm in (C); 5mm in (D); and 300 µM in (F, 556 

F). 557 

 558 

Fig 3. Kif6-LacZ expression is specific to the ependymal cells. (A-C') Representative LacZ 559 

staining in a variety of multiciliated tissues from P10 Kif6-LacZtm1b/+ transgenic mice. (A, A') 560 

Coronal section at the 4th ventricle showing specific LacZ expression in the ependymal cell (EC) 561 

layer and stark lack of expression in the choroid plexus (CP) or surrounding neuronal tissues. (B, 562 

B') Sectioned oviduct tissue shows no LacZ expression. (C, C') Sectioned trachea tissue shows 563 

no LacZ expression. Scale bars: 300µM in (A-C); and 20µM in (A'-C').  564 

 565 

Fig 4. Kif6 mutant mice have a reduction in ependymal cell cilia. (A-B') SEM of the lateral 566 

ventricular wall (en face view) in Kif6p.G55/ p.G555fs homozygous mutant mice and heterozygous 567 

littermate controls at P21, showing a reduction in the number and density of EC cilia tufts. (C-568 

D''') Immunofluorescence of the wild-type (WT) and Kif6p.G55/ p.G555fs homozygous mutant mice 569 

at P21. (C-D) Three color merge of (C', D') aS100B (ependymal cells; magenta) channel; (C'', 570 

D'') a-g-tubulin (basal bodies; cyan) channel; and (C''', D''') aCD133 (prominin-1; green). (C', 571 

D') aS100B staining showing no changes in ependymal cell specification between Kif6p.G55/ 572 

p.G555fs homozygous mutant and WT mice. (C'', D'') a-g-tubulin staining showing typical basal 573 

body positioning at the apical surface of ECs in both Kif6p.G55/ p.G555fs homozygous mutant and 574 

WT mice. (C''', D''') aCD133 staining reveals a marked of EC cilia projecting into the ventricular 575 

lumen in Kif6p.G55/ p.G555fs homozygous mutant mice compared to WT mice. (E) Quantitation of 576 
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fluorescent intensity of the CD133 channel (ciliary axonemes) as the average line scan value 577 

along the lumal surface of mouse ventricles. Scale bars: 20µM in (A, B); 2 µM in (A', B'); and 578 

20 µM in (C-D'''). 579 

 580 

Fig 5. kif6 mutant zebrafish display dilation of the ventricular system and loss of 581 

ependymal cell cilia. (A) Schematic of adult zebrafish brain highlighting the relative sectioning 582 

of the zebrafish brain. (B-G) Coronally aligned, optical sectioning of Iodine-contrasted µCT 583 

imaging datasets of WT (B, D, F) and kif6sko/sko homozygous mutant (C, E, G) zebrafish brain at 584 

90dpf. (B-C) The medial region of the TeO showing the TecV which is dilated in kif6sko/sko 585 

mutant fish (C) compared to age-matched WT (B). (D-E) Sectioning at the region of the medulla 586 

oblongata posterior to the lobus facialis showing dysmorphogenesis and deepening of the RV in 587 

kif6sko/sko mutants (E) compared with WT (D) zebrafish. (F-G) Spinal cord sectioning showing 588 

dilation of the Cc in kif6sko/sko mutant (G) compared to WT (F) zebrafish. Scale Bars: 1mm in (B-589 

G); and 20 µM in (I, J). (H) Quantitation of the area of the TecV and the RV posterior to the 590 

lobus facialis (pos. RV) in WT and kif6sko/sko mutant zebrafish, highlighting the consistent 591 

dilation in kif6sko/sko mutants (n=11 sections/genotype; two-tailed t-test; ****, p<0.0001). (I-J) 592 

Immunofluorescence of Tg[foxj1a::GFP] in both heterozygous and homozyogus kif6sko/sko 593 

mutant zebrafish stained with aGFP (green) and DAPI (blue) showing GFP positive ECs in both 594 

genotypes. However, kif6sko/+ heterozygous zebrafish display numerous apical tufts of cilia (red 595 

arrows) projecting into the ventricle lumen, which are markedly reduced in kif6sko/sko mutant 596 

zebrafish. Scale Bars: 1mm in (B-G); and 20 µM in (I, J). TecV-tectal ventricle TeO-tectum 597 

opticum; CCe-corpus cerebelli; RV- rhombencephalic ventricle ventricle; and Cc-central canal. 598 

 599 
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 600 

Supporting Information 601 

S1 Fig Clustal Alignment of CPE (p.V79M) variant. Hs, Homo sapiens; Pt, Pan troglodytes; 602 

Mc, Macaca mulatta; Mu, Mus musculus; Rn, Rattus norvegicus; Bt, Bos Taurus; Cl, Canis lupus 603 

familiaris; Oc, Oryctolagus cuniculus; Gg, Gallus gallus; Dr, Danio rerio; Tn, Tetraodon 604 

nigroviridis; Xt, Xenopus (Silurana) tropicalis; Tc, Tribolium castaneum; Ce, Caenorhabditis 605 

elegans; Sk, Saccoglossus kowalevskii. 606 

 607 

S2 Fig Kif6p.G555fs generation and genotyping. (A) Schematic of target cut site and insertion 608 

cassette into exon 14 of Kif6 locus. Insertion cassette contains three stop codons, one in each 609 

reading frame, and two 8 basepair restriction enzyme cut sites for easy genotyping. (B-C) 610 

Agarose gels of PCR products confirming germline transmission of donor cassette in F1 611 

generation from CRISPR injected chimeras. (B) RE digest of PCR product from exon 14 612 

flanking target site, shows cutting (asterisks) in heterozygous F1 mice. Wildtype band (arrow) 613 

appears in lane one and all the subsequent lanes. (C) PCR product from donor specific primer 614 

and Kif6 exon 14 reverse primer confirming donor insertion and germline transmission. (D) 615 

Table describing CRISPR injected mice, number with detectable indels, total with integration of 616 

donor oligo, and total displaying hydrocephaly of chimeric injected CRISPR mice. (E) Germline 617 

transmission of donor cassette from chimeric CRISPR F0 mice to F1 generation.  618 

 619 

S3 Fig LacZ expression in different ages of Kif6-LacZtm1b transgenic mouse brain. (A-A’’) 620 

Coronal sections of P21 mouse brains showing LacZ staining restricted to the EP cell layer in the 621 

4th ventricle. Zoom in shows LacZ positive cells have cilia projecting into the lumen (arrows). 622 
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(B-B’) Coronal sections of P21 mouse brains showing LacZ staining of ventral portion of 3rd 623 

ventricle. (B’) Some sporadic staining appearing in the nuclei of the hypothalamus (arrows). (C-624 

C’) LacZ staining in the fourth ventricle at P10 showing staining specific to ependymal cell 625 

layer.  626 

 627 

S4 Fig SEM of lateral ventricle in Kif6p.G555fs/p.G555fs mutant and control at P28. SEM of Kif6 628 

wildtype vs. Kif6p.G555fs/p.G555fs mutants shows Kif6 mutants show a complete loss of ependymal 629 

cell cilia on the lateral wall by P28. Scale bar 10µM.  630 

 631 

S5 Fig SEM of ventricle in kif6sko/sko mutant zebrafish display dilation of the ventricular 632 

system and loss of ependymal cell cilia. SEM of zebrafish brain shows dilation of brain 633 

ventricles indicative of hydrocephaly. Higher magnification images reveal loss of ependymal cell 634 

cilia tufts in kif6 zebrafish mutants when compared with heterozygous counterparts. Scale bars 635 

20µM and 200µM.  636 

 637 

S6 Fig Immunofluoresence (IF) of Kif6 mutant multiciliated tissues in mouse and zebrafish. 638 

(A-B) Representative IF of trachea sections in Kif6p.G555fs/+ and Kif6p.G555fs/p.G555fs mice showing 639 

no cilia defects present in trachea of Kif6 mutant mice. Acetylated tubulin (green) marking cilia, 640 

DAPI-stained nuclei (magenta) (C-D) Representative IF of zebrafish nasal pit cilia shows typical 641 

cilia in kif6 mutant zebrafish to wildtype counterparts. Acetylated tubulin (magenta) marking 642 

cilia, gamma-tubulin marking basal bodies (green). Scale bars are 20µM.  643 

 644 
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S7 Fig X-rays of Kif6p.G555fs/p.G555fs mutant mice. Representative X-rays of wildtype and 645 

Kif6p.G555fs/p.G555fs mutant mice shows no scoliosis at P28. Kif6p.G555fs/p.G555fs mice do however 646 

display skull expansion caused by progressive hydrocephalus (Animal #1 and #2).  647 

 648 

Table SI - Eighty-three homozygous variants from WES 649 

 650 

Table SII - Sixty-three homozygous regions from homozygosity mapping 651 

 652 

Table SIII - Mouse specific oligos and primers 653 

 654 

Movie 1- Representative WT_Danio_Iodine-contrasted microCT transverse 655 
 656 
Movie 2- Representative kif6sko/sko_Danio_Iodine-contrasted microCT 657 
transverse   658 
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Supplementary Table SI. Eighty three homozygous variants from WES 

Chromosome Position_start Position_end Gene Change 

1 26608891 26608896 UBXN11 nonframeshift_deletion 

1 54605319 54605319 CDCP2 frameshift_insertion 

1 152681694 152681694 LCE4A nonframeshift_insertion 

1 156565050 156565050 GPATCH4 frameshift_insertion 

1 160650923 160650923 CD48 frameshift_deletion 

2 96148317 96148317 TRIM43B nonsynonymous_SNV 

2 130902532 130902532 CCDC74B nonsynonymous_SNV 

2 240981597 240981597 PRR21 nonsynonymous_SNV 

2 240981627 240981627 PRR21 nonsynonymous_SNV 

2 240981655 240981655 PRR21 nonsynonymous_SNV 

2 241621800 241621800 AQP12B frameshift_deletion 

3 40503552 40503552 RPL14 nonframeshift_insertion 

3 53324829 53324834 DCP1A nonframeshift_deletion 

3 56650056 56650056 CCDC66 nonframeshift_insertion 

3 75786586 75786586 ZNF717 nonsynonymous_SNV 

3 75786662 75786662 ZNF717 nonsynonymous_SNV 

3 75786672 75786672 ZNF717 nonsynonymous_SNV 

3 75786684 75786684 ZNF717 nonsynonymous_SNV 

3 75786764 75786764 ZNF717 frameshift_deletion 

3 75790810 75790810 ZNF717 frameshift_insertion 
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3 195505930 195505930 MUC4 nonsynonymous_SNV 

3 195506099 195506099 MUC4 nonsynonymous_SNV 

3 195506147 195506147 MUC4 nonsynonymous_SNV 

3 195506156 195506156 MUC4 nonsynonymous_SNV 

3 195506267 195506267 MUC4 nonsynonymous_SNV 

3 195506507 195506507 MUC4 nonsynonymous_SNV 

3 195506530 195506530 MUC4 nonsynonymous_SNV 

3 195506704 195506704 MUC4 nonsynonymous_SNV 

3 195507226 195507226 MUC4 nonsynonymous_SNV 

3 195510310 195510310 MUC4 nonsynonymous_SNV 

3 195510613 195510613 MUC4 nonsynonymous_SNV 

3 195512042 195512042 MUC4 nonsynonymous_SNV 

3 195514558 195514558 MUC4 nonsynonymous_SNV 

3 195514733 195514733 MUC4 nonsynonymous_SNV 

3 195514768 195514768 MUC4 nonsynonymous_SNV 

4 166300608 166300608 CPE nonsynonymous_SNV 

5 139931628 139931628 SRA1 frameshift_insertion 

5 140307142 140307142 PCDHAC1 nonsynonymous_SNV 

5 140725635 140725635 PCDHGA3 nonsynonymous_SNV 

5 149512332 149512332 PDGFRB nonsynonymous_SNV 

6 16327953 16327955 ATXN1 nonframeshift_deletion 

6 39513453 39513453 KIF6 frameshift_deletion 

6 41895234 41895234 BYSL nonsynonymous_SNV 
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6 43970526 43970531 C6orf223 nonframeshift_deletion 

7 1586661 1586661 TMEM184A nonframeshift_insertion 

7 15725824 15725826 MEOX2 nonframeshift_deletion 

7 44040763 44040763 SPDYE1 nonsynonymous_SNV 

7 44120345 44120345 POLM nonsynonymous_SNV 

7 64167644 64167644 ZNF107 nonsynonymous_SNV 

7 64169019 64169019 ZNF107 frameshift_insertion 

7 100639147 100639147 MUC12 nonsynonymous_SNV 

7 100639153 100639153 MUC12 nonsynonymous_SNV 

7 100646440 100646440 MUC12 nonsynonymous_SNV 

7 100647338 100647338 MUC12 nonsynonymous_SNV 

7 100647339 100647339 MUC12 nonsynonymous_SNV 

7 100647376 100647376 MUC12 nonsynonymous_SNV 

7 143270465 143270465 CTAGE15P nonsynonymous_SNV 

8 7629232 7629232 FAM90A10 nonsynonymous_SNV 

8 144511981 144511983 MAFA nonframeshift_deletion 

9 79318378 79318392 PRUNE2 nonframeshift_deletion 

9 90534190 90534202 FAM75C1 frameshift_substitution 

9 90746922 90746922 FAM75C2 nonsynonymous_SNV 

9 97080947 97080949 FAM22F nonframeshift_deletion 

9 107367666 107367667 OR13C2 frameshift_deletion 

10 27342292 27342294 ANKRD26 nonframeshift_deletion 

10 50535007 50535007 C10orf71 frameshift_insertion 
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10 119302954 119302956 EMX2 nonframeshift_deletion 

10 135438687 135438687 FRG2B nonsynonymous_SNV 

10 135438929 135438929 FRG2B nonsynonymous_SNV 

10 135438943 135438943 FRG2B nonsynonymous_SNV 

10 135438961 135438961 FRG2B nonsynonymous_SNV 

11 65636053 65636053 EFEMP2 nonsynonymous_SNV 

13 72440664 72440664 DACH1 nonsynonymous_SNV 

15 34825154 34825154 GOLGA8B nonsynonymous_SNV 

15 82637448 82637448 GOLGA6L10 nonsynonymous_SNV 

19 1556482 1556482 MEX3D nonsynonymous_SNV 

19 13318707 13318712 CACNA1A nonframeshift_deletion 

19 20807178 20807178 ZNF626 frameshift_insertion 

19 22156850 22156850 ZNF208 nonsynonymous_SNV 

19 46627337 46627337 IGFL3 nonsynonymous_SNV 

20 126314 126315 DEFB126 frameshift_deletion 

20 238439 238444 DEFB132 nonframeshift_deletion 

20 32664865 32664865 RALY nonframeshift_insertion 
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Supplementary Table SII. Sixty three homozygous regions from homozygosity mapping 

Chromosome SNP1 SNP2 Position 1 Position 2 Size (Kb) 

1 kgp9226796 kgp15281431 42,272,542 43,304,041 1031.499 

1 rs12043872 kgp2176506 50,644,891 52,222,874 1577.983 

1 kgp22807508 kgp15446070 175,901,363 177,085,495 1184.132 

2 rs13383059 kgp1338077 60,542,657 61,840,186 1297.529 

2 kgp22835335 rs1345516 63,283,437 64,703,286 1419.849 

2 kgp10464820 kgp11645441 72,356,303 73,389,904 1033.601 

2 kgp22748117 rs11683207 95,350,864 98,333,290 2982.426 

2 kgp11241972 kgp14721953 110,452,502 111,457,965 1005.463 

2 kgp14255701 kgp4421106 155,497,134 156,765,691 1268.557 

3 rs2242150 kgp920744 48,505,964 50,176,739 1670.775 

3 rs1528197 kgp5972268 62,404,892 63,669,341 1264.449 

3 kgp7194326 rs17024881 84,835,064 86,118,949 1283.885 

3 rs6804377 kgp10736192 89,271,087 90,501,225 1230.138 

3 kgp17732198 kgp3463695 186,780,268 195,465,310 8685.042 

3 rs3747673 kgp22812098 195,611,844 197,891,568 2279.724 
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4 rs922333 kgp20990514 64,121,298 65,135,489 1014.191 

4 kgp12219459 kgp21246176 155,003,651 182,666,898 27663.247 

5 rs11948368 kgp6573465 4,225,004 10,668,729 6443.725 

5 kgp3769852 rs13184580 42,912,540 43,918,326 1005.786 

5 kgp3714973 kgp12345716 132,628,429 141,015,519 8387.09 

5 rs41098 kgp22527688 141,020,100 149,585,074 8564.974 

5 kgp22340708 kgp10344299 149,587,580 172,127,143 22539.563 

5 kgp22126080 kgp3444559 172,127,834 173,730,182 1602.348 

6 rs12663002 rs3094575 28,441,634 29,515,802 1074.168 

6 kgp9471913 kgp17000708 34,187,366 43,010,582 8823.216 

6 rs9342711 kgp8490913 69,197,250 70,393,636 1196.386 

6 rs6926330 kgp17199538 91,038,726 108,320,258 17281.532 

6 kgp6823635 kgp10978549 126,186,643 127,216,752 1030.109 

7 rs17714729 kgp13497896 40,925,373 44,100,951 3175.578 

7 kgp13393169 kgp1758811 44,282,204 58,042,660 13760.456 

7 kgp13613108 kgp7238344 61,055,273 63,041,496 1986.223 

7 kgp22797960 kgp1628657 63,234,502 64,474,466 1239.964 
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7 kgp8836768 kgp6578278 64,476,704 66,158,076 1681.372 

7 kgp11959682 kgp731589 66,835,845 73,110,455 6274.61 

7 kgp13574770 kgp13241424 73,254,871 75,614,264 2359.393 

7 rs782487 rs41542 76,161,400 93,722,036 17560.636 

8 rs35292150 rs10097659 7,154,036 8,241,316 1087.28 

8 kgp20383958 kgp20415047 47,840,086 50,247,347 2407.261 

8 kgp4568187 kgp4989542 50,287,180 51,332,763 1045.583 

8 kgp11163141 kgp8120576 83,652,903 84,739,570 1086.667 

8 kgp1752758 rs6468704 99,405,919 100,994,389 1588.47 

8 rs1318739 kgp3429874 104,122,872 105,175,235 1052.363 

8 kgp20054401 kgp10669054 114,857,226 115,996,248 1139.022 

9 kgp3876298 kgp18506353 66,771,643 71,032,042 4260.399 

10 kgp22751182 kgp22827934 73,974,125 75,401,246 1427.121 

10 kgp28675 kgp1752039 128,613,842 133,791,976 5178.134 

11 rs7129994 kgp12754305 84,380,034 85,620,335 1240.301 

12 kgp1178574 rs7311759 111,816,925 113,261,665 1444.74 

13 kgp7808335 rs8002509 36,452,369 47,822,976 11370.607 
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13 rs9568798 kgp16817285 53,614,554 54,687,807 1073.253 

13 kgp9865216 kgp16686988 61,860,814 62,932,723 1071.909 

13 kgp7743232 rs9523513 65,234,035 92,781,385 27547.35 

13 kgp1128060 rs16953570 96,133,164 97,438,801 1305.637 

15 rs4508402 rs4779824 30,361,587 31,404,294 1042.707 

15 kgp19953534 kgp19917981 64,125,067 65,168,281 1043.214 

16 kgp6578578 kgp22822345 31,888,867 33,579,417 1690.55 

16 kgp10923077 kgp16403964 46,920,923 48,045,778 1124.855 

17 kgp22779423 kgp14115230 57,513,947 59,233,842 1719.895 

18 kgp9512908 kgp6363611 51,184,594 52,469,636 1285.042 

19 rs1144539 kgp7929656 37,331,614 38,475,123 1143.509 

20 kgp19251773 rs6061136 29,423,716 30,644,465 1220.749 

20 kgp19300395 rs2425193 32,830,486 34,848,116 2017.63 

21 kgp6761551 kgp7702343 41,544,215 44,477,135 2932.92 
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Kif6tm1a(KOMP)Wtsi 

Cassette primers 
 

CSD-lacF GCTACCATTACCAGTTGGTCTGGTGTC 
CSD-neoF GGGATCTCATGCTGGAGTTCTTCG 
CSD-loxF GAGATGGCGCAACGCAATTAATG 
Kif6 tm1a(KOMP)Wtsi 

Gene Specific 
Primers 

 

CSD-Kif6-R GGTTAGGAGGAAGAGAAGGGCATCC 
CSD-Kif6-ttR ACAGATGCTGGAGATCACACTCTCG 
CSD-Kif6-F ACTCTCTTCAAAGCCCACATCATGC 
Mouse CRISPR 
oligos/genotyping 
primers 

 

mKif6-R2-ex14-T7 
 

TAATACGACTCACTATAGGAGATGTCACTGGGACGCCGTTTTAGAGCTAGAAATAGC 
 

Universal T7 tracer AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGC
TATTTCTAGCTCTAAAAC 
 

Ms_Kif6crispr_r2_do
nor oligo 
 

GAGAGGAGATGTCACTGGGAGTCATGGCGTTTAAACCTTAATTAAGCTGTTGTAGCGCCAG
GAGGCTTTTGAGAT 
 

Mus_Kif6_ex14F TCCCAAAATGATGTGACTGAAG 

Mus_Kif6_ex14R AGTCTCTGGACTGGCTTACCTG 

Kif6p.G555fs 
3stopDonor_FWD 

CATGGCGTTTAAACCTTAATTAAGCTG 
 

Kif6p.G555fs 
3stopDonor_REV 

CAGCTTAATTAAGGTTTAAACGCCATG 
 

Mouse Kif6 qPCR 
primer sets 

 

Ms_Kif6qPCR_exon8_
FWD1 
 

TCGGAAAAACACCGTACACA 
 

Ms_Kif6qPCR_exon10
_REV1 

 

CTTTTGCAAGCGAACAATCA 
 

Ms_Kif6qPCR_exon7_
FWD2 
 

TTCAACCCGGTCACACTGTA 
 

Ms_Kif6qPCR_exon8_
REV2 
 

TACGGTGTTTTTCCGAAAGG 
 

Ms_Kif6qPCR_exon6_
FWD3 
 

TGGAGGACCCTGATCAGAAC 
 

Ms_Kif6qPCR_exon7_
REV3 
 

TACAGTGTGACCGGGTTGAA 
 

 
 
Konjikusic et al., 2018 
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