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Chapter 1  

ϭϬ

CHAPTER 1: GENERAL INTRODUCTION OUTLINE

ϭ͘ dhe primary cilium and ďrain development

ϭ͘ϭ dhe cilium͗ structure and function

&igure ϭ͗ dhe cilium

ϭ͘Ϯ͘ ,edgehog signaling and neural speciĮcation

ϭ͘ϯ͘ Eeurulation

&igure Ϯ͗ ,edgehog Signaling

&igure ϯ͗ Eeural tuďe development

ϭ͘ϰ͘ Eeurogenesis

&igure ϰ͗ �rain development

ϭ͘ϱ͘ Eeuronal migration

ϭ͘ϲ͘ �ǆonal tract formation and connectivity

ϭ͘ϳ͘ Cereďellar development

Ϯ͘ �evelopmental aďnormalities of the CES as a core feature of ciliopathies

ϯ͘ �ims and outline of this thesis

ϰ͘ Zeferences

ϱ͘ daďle ϭ͗ Eeuronal ciliopathies

ϲ͘ daďle Ϯ͗ Douse models of ďrain development and stage speciĮc necessities for speciĮc 

ciliopathy genes
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11. THE PRIMARY CILIUM AND BRAIN DEVELOPMENT
�rain development is a compleǆ and dynamic process that reƋuires Įne-tuned regulation 

of neural progenitor speciĮcation͕ neurogenesis͕ neuronal migration͕ and neuronal ǁiring 

to form compleǆ neural netǁorŬs and higher-order cognition͘ �t a volumetric siǌe of aďout 

ϭϯϱϬ cuďic centimeters͕ the human ďrain contains approǆimately ϭϬϬ ďillion neurons͕ ϮϬй of 

ǁhich lie ǁithin the cereďral corteǆ͘ �ach of these cortical neurons forms an average of ϳϬϬϬ 

synaptic connections to other neurons͕ resulting in roughly ϭϱϬ trillion synapses and more 

than ϭϱϬ͕ϬϬϬ Ŭm of myelinated nerve Įďer ϭ͘ �uring the process of corticogenesis͕ an eīective 

intracellular response to eǆtracellular cues is essential for the proper coordination of temporal 

and spatial events that underlie the formation of the cereďral corteǆ͘ 

Eamed for its eyelash-liŬe appearance͕ the cilium͕ or plural cilia͕ is a microtuďule ďased͕ 

mother centriole derived͕ antenna-liŬe structure that protrudes from the surface of most 

verteďrate cell types Ϯ͘ Primary cilia are cellular signaling huďs͕ highly enriched ǁith receptors͕ 

ion channels͕ and eīector proteins͘ dhey eīectively decode a variety of eǆtracellular cues 

including sensory stimuli such as light͕ sound͕ odor͕  chemical and signaling ligands ϯʹϲ ;&igure ϭͿ 

to facilitate appropriate cellular responses͘ dhe primary cilium is essential for integration and 

transmission of signal transduction and due to the compleǆities in their architecture͕ multiple 

independent regulatory mechanisms and signaling cascades are aďle to eīectively coincide͘ 

,edgehog ϳ͕ tnt ϴ͕ Eotch 9͕ mdKZ ϭϬ͕ϭϭ͕ and d'&β ϭϮ signaling have all ďeen associated ǁith the 

primary cilium͘ 

�ue to their function as a signaling huď͕ primary cilia play a uniƋue and essential role in 

central nervous system paƩerning via progenitor cell speciĮcation ϭϯ͕ϭϰ͕ neuronal migration ϭϱ͕ 

and neuronal circuitry formation ϭϲ͘ Eeurons͕ in addition to their compleǆ ǁeď of aǆons and 

dendrites͕ rely on primary cilia to sense and respond to their environment ϭϳ͘ dhe importance 

of primary cilia in ďrain development and neuronal netǁorŬ formation is highlighted ďy 

the vast array of neurodevelopmental disorders͕ including neural tuďe defects͕ cortical and 

cereďellar malformation͕ and intellectual disaďilities͕ that result from genetic disruption of 

ciliary architecture andͬor function ϭϴʹϮϭ͘ 'enetic disorders that result from dysfunction of the 

cilium are Ŭnoǁn as ciliopathies͘ � large suďset of ciliopathy-associated genes are linŬed to 

neurological defects ϮϮ indicating that impaired ciliary function impacts ďrain development͘

1.1. The cilium: structure and function
dhere are tǁo types of cilia͗ motile and immotile ;primaryͿ cilia͕ also Ŭnoǁn as sensory cilia 

;&igure ϭͿ͘ dhe microtuďules of the euŬaryotic primary ciliary aǆoneme are typically structured 
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in a 9нϬ fashion ;revieǁed in ϮϯͿ ;&igure ϭͿ and motile cilia have a core of 9 н Ϯ microtuďule 

douďlet structure ǁith nine radially arranged microtuďule douďlets centering around a pair of 

singlets ;&igure ϭͿ Ŭnoǁn as the central pair͘  Dotile cilia propel Ňuid͕ thereďy controlling Ňuid 

and particle Ňoǁ over epithelium as seen in airǁays Ϯϰ͕ fallopian tuďes Ϯϱ͕ and ďrain ventricles 
Ϯϲ͘ dhe ependymal cilia that line the ventricles of the ďrain possess mechanoreceptive and 

chemoreceptive properties and are essential for directional cereďrospinal Ňuid Ňoǁ ;CS&Ϳ and 

proper ventricular development Ϯϳ͘ Primary cilia eǆist in solitude and ǁere long ďelieved to 

ďe vestigial remnants of their motile counterpart͘ ,oǁever͕  research over the past several 

decades has demonstrated that this highly structured͕ polariǌed cellular organelle plays 

a critical part in neuronal development Ϯϴ͕ tumorigenesis Ϯ9 and cellular homeostasis ϯϬ͕ as 

mutations in genes encoding ciliary proteins cause defects in these processes͘

dhe cilium is composed of several suďdomains that function together to regulate proper 

signal integration and transduction from the eǆtracellular to intracellular space͘ Ciliogenesis 

is cell cycle dependent and reƋuires cellular Ƌuiescence͘ dhe centrosome͕ made up of the 

mother and daughter ďarrel shaped centrioles and surrounded ďy pericentriolar material 

;PCDͿ͕ acts as the main microtuďule organiǌer of the cell͘ �s the centrosome does not have 

a Ŭnoǁn function during interphase͕ it can repurpose its microtuďule organiǌing potential 

at the cell surface to generate a cilium͘ dhe cilium is nucleated ďy microtuďules eǆtending 

from the ďasal ďody͕  a modiĮed mother centriole ;&igure ϭͿ͘ dhe ciliary aǆoneme is made 

up of αβ tuďulin heterodimers that are post-translationally modiĮed for mechanical staďility 
ϯϭʹϯϯ ;&igure ϭͿ͘ dhe mother centriole docŬs at the plasma memďrane via Įďrous distal and 

suďdistal appendages and matures into the ďasal ďody ϯϰ͘ dhe ďasal ďody is a g-tuďulin ďased͕ 

cartǁheel-liŬe structure formed from a core of nine triplets of �-͕ �-͕ and C-tuďules͘ �t the 

distal end of the ďasal ďody͕  the region ǁhere the centriolar microtuďule triplets change to the 

microtuďule douďlets of the ciliary aǆoneme is called the transition ǌone ;d�Ϳ͘ dhe transition 

Įďers ;d&sͿ͕ also called distal appendages͕ ǁhich serve to mount the ďasal ďody to the plasma 

memďrane͕ are a vesicle docŬing site ǁhere 'olgi derived vesicles containing memďrane 

lipids and transmemďrane proteins are processed for ciliary entry ϯϱ ;&igure ϭͿ͘ Collectively 

the d&s and the d� form the ciliary gate͕ a specialiǌed permeaďility ďarrier ďetǁeen the ciliary 

compartment and the cytosol ϯϲ ;&igure ϭͿ͘ 

dhe cilium relies on intraŇagellar transport ;/&dͿ for formation͕ maintenance and function 
ϯϳʹϯ9͘ /&d particles � and � are ďiochemically distinct compleǆes that participate in retrograde 

and anterograde transport respectively ϰϬ͕ϰϭ ;&igure ϭͿ͘ /&d-� and the molecular motor protein 

Ŭinesin-// are reƋuired for transport from the ciliary ďase to the tip͕ mutations in /&d-� compleǆ 

memďers͕ such as /&dϴϴ͕ or Ŭinesin-// components͕ such as </&ϯ�͕ result in aďsent or acutely 

stunted cilia and severely aƩenuated intracellular signaling ϰϮ͘ /&d-� and the cytoplasmic motor 
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1protein dynein mediate transport from the ciliary tip to the cell͘ /n the aďsence of proper /&d 

function͕ signal transduction pathǁays essential for tissue development and homeostasis are 

disrupted ϰϮ͘ Dutations in components of /&d-� or dynein result in aďnormal ciliary morphology 

due to the accumulation of proteins ǁithin the tip of the cilium ϰϯ͕ϰϰ͘ dhis accumulation can 

result in a ďlocŬade of signal transduction or cause ectopic activation of signaling pathǁays͘

1.2. Hedgehog signaling and neural specification
�uring mammalian development cell paƩerning and neuronal diversity in the ventral neural 

tuďe is coordinated in a temporal spatial fashion ďy ciliary speciĮc signal transduction ϭ9͕ϰϯ͕ϰϱ͕ϰϲ͘ 

Kne of the principal ǁays in ǁhich the cilium shapes emďryonic development is via its role in 

organiǌing hedgehog signaling͘ ,edgehog ;,hͿ signaling regulates a diverse array of cellular 

processes from tissue paƩerning during emďryogenesis to adult tissue homeostasis and repair 
ϰϳ͘ �rroneous activity associated ǁith aďerrant activation or inhiďition of ,h signaling results 

in a variety of congenital malformations ϰϴ͕ defects in neuronal paƩerning ϰ9͕ϱϬ͕ as ǁell as 

tumorigenesis ϱϭ͘ SpeciĮcally͕  ,h signaling is essential for proper dorsoventral paƩerning of the 

central nervous system ϱϮ͕ϱϯ͘ ,h signaling propagates via the cilium͕ and all core components 

of the transduction pathǁay localiǌe dynamically to the cilium upon pathǁay activation 

;&igure ϮͿ͘ /n the aďsence of ligand͕ the memďrane associated Patched ;PdC,ϭͿ receptor acts 

as a repressor of Smoothened ;SDKͿ ďy inhiďiting its localiǌation to the cilium͘ Upon ligand 

ďinding͕ the receptor ligand-compleǆ is removed from the cilium and the co-receptor SDK 

moves into the cilium͕ alloǁing for doǁnstream transcription of 'L/ dependent target genes 

via a compleǆ interplay of post-translational modiĮcations and protein translocations ϰϳ͘ 

dhere are three mammalian ,h proteins that act as ligands to PdC,ϭ͗ Sonic ,edgehog 

;S,,Ϳ͕ /ndian ,edgehog ;/,,Ϳ͕ and �esert ,edgehog ;�,,Ϳ͘ S,, and /,, have several͕ 

sometimes overlapping͕ functions in multiple tissues͘ S,, is essential in nervous system 

development and speciĮcation ϱ9͘ /,, plays an important role in endochondral ossiĮcation and 

other aspects of sŬeletal development͕ and �,, is restricted to the granulose cells of ovaries 

and Sertoli cells of testis ϲϬ͘

dhe primary function of PdC,ϭ is to inhiďit the activity of SDK and maintain pathǁay 

inactivation͘ tithout SDK activation͕ the 'L/ transcriptional regulators are proteolytically 

cleaved into their repressive forms preventing transcription of ,h target genes͘ Proteolytic 

processing of 'L/Ϯ and 'L/ϯ is contingent upon c�DP-dependent P<� activation͕ ǁhich is 

controlled ďy the ,h negative regulating 'PCZ͕ 'PZϭϲϭ͘ �dditionally͕  in the aďsence of ligand͕ 

'L/Ϯ and 'L/ϯ are seƋuestered ďy the Suppressor of &used ;SU&UͿ ǁithin the cilium and in the 

cytosol͘ 
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dhe formati on of ďoth acti vated and repressive forms of the 'L/ transcripti on factors 

reƋuires traĸ  cŬing into and out of the cilium͘ Upon inducti on͕ </&ϳ ďlocŬs SU&U resulti ng in 

the dissociati on of the SU&Uͬ'L/ compleǆ and alloǁing for the inducti on of 'L/Ϯ acti vati on ϲϭ͘ 

sia acti vati on͕ the ,h pathǁay potenti ates transcripti on of negati ve regulators such as PdC,ϭ 

to maintain acti vati on ǁithin an opti mal range ϰϳ͘ 

Localiǌed at the ciliary ti p͕ the Ŭinesin ϰ family motor protein </&ϳ acts as ďoth a negati ve 

and positi ve regulator of ,h signaling ;&igure ϮͿ͘ </&ϳ limits Dd groǁth͕ increases the freƋuency 

of Dd catastrophe͕ and controls ciliary architecture to create a single cilium ti p compartment 
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1◀Figure 1: The cilium. dhe cilium is a microtuďule ;DdͿ ďased structure that eǆtends from the ďasal 
ďody͕  ǁhich is docŬed at the plasma memďrane via transition Įďers ;d&sͿ Ϯϯ͘ dhe transition ǌone ;d�Ϳ is 
the intervening compartment ďetǁeen the ďasal ďody and the cilium proper͘  /t is characteriǌed ďy z-linŬs 
ǁhich anchor the Dd to the ciliary memďrane͘ dhe d� acts to regulate the ingress and egress of proteins to 
the cilium͘ dhe ciliary pocŬet is an endocytic vesicle traĸcŬing memďrane domain contiguous ǁith the cell 
memďrane and found at the ďase of the cilium ϱϰ͘ dhe ciliary memďrane is enriched ǁith ion channels and 
receptors concordant ǁith the role of cilia in transducing signaling cascades͘ Dotile and primary cilia diīer 
in their core distriďution of aǆonemal microtuďules͘ dhe microtuďules of the primary ciliary aǆoneme are 
typically structured in a 9нϬ fashion and motile cilia have a core of 9 н Ϯ microtuďule douďlet structure 
ǁith nine radially arranged microtuďule douďlets centering around a pair of singlets Ŭnoǁn as the central 
pair͘  Dotile cilia utiliǌe �dPase dependent dynein motors to generate sliding motions ďetǁeen the Dd in 
order to ďeat͘ Dd are tuďular͕  cytosŬeletal components consisting of αͬɴ tuďulin heterodimers organiǌed 
in a plus to minus end fashion to form protoĮlaments͘ dhese protoĮlaments associate laterally to form 
a holloǁ tuďular structure ǁhich have the capacity for dynamic changes in length and architecture͘ dhe 
radial douďlets are formed from a complete � tuďule͕ made up of ϭϯ protoĮlaments͕ and an incomplete 
� tuďule͕ made up of ϭϬ protoĮlaments͘ dhe ďasal ďody and ciliary microtuďules undergo a variety of 
highly conserved post-translational modiĮcations͕ including acetylation and glutamylation͕ that function 
in a variety of processes including signal transduction ϱϱ͕ϱϲ͕ ciliary staďility ϯϮ and length regulation ϱϳ

/ntraŇagellar transport ;/&dͿ involves the ďidirectional movement of various proteins along microtuďules 
via protein compleǆes termed /&d particles or trains͘ /&d-� mediates retrograde transport via dynein 
motors and /&d-� mediates anterograde transport via Ŭinesin motor proteins͘ /&d functions in organiǌing 
eīector proteins for signal transduction͕ ciliary assemďle͕ disassemďly and maintenance͘ /n instances 
ǁhere activated '-protein coupled receptor ;'PCZͿ cannot eǆit the cilium via /&d͕  ectocytosis at the ciliary 
tip aƩenuates signaling via the release of activated 'CPZ in eǆtracellular vesicles called ectosomes ϱϴ͘ 

for proper SU&U-'L/ regulation ϲϮ͘ Dutations in </&ϳ disrupt ,h signaling via the impaired 'L/ϯ 

processing and suďseƋuent dysregulation of 'L/ target genes ϲϯ͕ resulting in fetal hydrolethalus 

and acrocallosal syndromes in humans ϮϬ͕ and agenesis of the corpus callosum in mice ϰϲ͕ 

suggesting an important role in neuronal tract formation͘

�ǆtensive research over the past decades has shoǁn that ,h signaling is essential for 

regulating the development͕ paƩerning͕ and positioning of neural cell types in the central 

nervous system ;CESͿ during ďoth early and late stages of emďryogenesis ϱϮ͕ϱ9͕ϲϰ͕ϲϱ͘

1.3. Neurulation
�uring emďryogenesis͕ folloǁing speciĮcation of the germ layers͕ neural fate is induced in 

the ectoderm ďy the underlying notochord͕ giving rise to the neural plate͕ a uniform sheet 

of neuroepithelium ϰϱ͘ Eeurulation͕ the Įrst step in human ďrain development͕ suďseƋuently 

folloǁs and results in the folding of the neural plate into the neural tuďe ;EdͿ͘ dhe verteďrate 

neural tuďe is formed via the progressive adhesion and tissue fusion of opposing neural folds 

along the rostral caudal edge of the ďody aǆis͘ dhe opposing neural folds are comprised of 

neuroepithelium ďeneath non-neural͕ surface ectoderm͘ �oth the neuroepithelium and 

surface ectoderm play an essential role in Ed closure ϰϱ͕ϲϲ͘ dhe surface ectoderm͕ made up of 

a single cell layer is the source of several signaling molecules such as ďone morphogenic 

proteins ;�DPsͿ ϲϲ that regulate ďending of the Ed in the loǁer spinal region and mediate 
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'eneral introduction

ϭϳ   

1contact ďetǁeen the neural folds at the mid-hindďrain and spinal region ϲϳ͘ dhe neural tuďe 

is a holloǁ structure that gives rise to the entirety of the central nervous system͕ the anterior 

portion of ǁhich eǆpands and gives rise to the telencephalon ϲϴ͘ 

Ed paƩerning and speciĮcation occurs via progressive suďdivisions along the 

dorsoventral and rostro caudal aǆes governed ďy multiple signaling cascades associated 

ǁith the primary cilium ϭ9͘ dhe apically located͕ primary cilia of the neuroepithelium eǆtend 

into the luminal space of the Ed and coordinates responses to paƩerning factors associated 

ǁith various signaling pathǁays including ,edgehog ;,hͿ͕ tingless-related integration site 

;tntͿ͕ and mechanistic target of rapamycin ;mdKZͿ͘ dhe notochord induces the formation of 

the Ňoor plate and speciĮes neural suďpopulations via secretion of ,h ligand͘ SpeciĮcation 

depends on ligand concentration and the duration of eǆposure time͘ �ue to their proǆimity 

to the notochord͕ the ventral cells at the midline are eǆposed to the highest concentration of 

,h and speciĮed as the Ňoor plate and pϯ domain͕ ǁhich gives rise to sϯ interneurons͘ dhe 

Ňoor plate is a Ŭey organiǌing center in the morphogenesis of the neural tuďe as it provides 

positional cues that instruct neural fate͕ aǆonal guidance and connectivity͘ �dũacent to the 

Ňoor plate and pϯ domain͕ the formation of the pDE͕ pϮ͕ pϭ͕ and pϬ domains ǁhich give 

rise to motor neurons and dorsal sϮ͕ sϭ͕ and sϬ interneurons respectively͕  are speciĮed 

ďy intermediate and loǁer levels of ,h ;&igure ϯͿ͘ ,h also serves to inhiďit dorsal cell type 

speciĮcation and identity ϭ9͘ dhe ,h gradient serves to ďoth activate and repress 'L/ family 

transcription͘ /n the neural tuďe͕ 'L/Ϯ acts as the primary activator and 'L/ϯ as the maũor 

repressor of transcriptional activity͘ dhe ciliary compartment is essential for the formation 

of the 'L/ activator and repressor forms and thereďy acts to maintain the ďalance ďetǁeen 

these tǁo opposing paƩerning factors͘ 'enetic studies in mice have demonstrated that the 

ŬnocŬout of ciliary /Ōϴϴ and <ifϯa͕ ǁhich results in the aďsence of cilia͕ gives rise to paƩerning 

defects due to altered 'liϯ processing ϰϮ͕ϰϯ͕ϳϭ͘ 

dhe Ed is made up of pseudostratiĮed neuroepithelial cells ;E�CsͿ͘ E�Cs display 

apicoďasal polarity and eǆtend ďipolar processes to span the epithelium͕ their apical and ďasal 

endfeet aƩaching to the ventricular surface and pial laminin respectively ϳϮʹϳϰ͘ E�Cs proliferate 

at the luminal surface of the neural tuďe͘ E�Cs divide symmetrically͕  ǁith their cleavage plane 

perpendicular to the ventricular surface͕ to form the cortical progenitor pool that gives rise 

to all suďseƋuent neurons and later glial cells ϳϱ͘ �uring proliferation͕ E�Cs retract their ďasal 

processes and ďoth daughter cells regroǁ a neǁ process folloǁing cytoŬinesis ϳϲ͘ dhe proper 

estaďlishment of this initial apicoďasal polarity in E�Cs is essential for the development of 

distinctive stratiĮcation and proper organiǌation of the cereďral corteǆ͘ Stage speciĮc 

disruption of �rlϭϯď͕ encoding a memďrane associated ciliary speciĮc 'dPase͕ in the early 
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neuroepithelium of the developing mouse emďryo results in aďnormal paƩerning of the 

telencephalon due to the inversion of apicoďasal polarity of radial progenitors ϳϳ͘ 

1.4. Neurogenesis
�t the onset of neurogenesis͕ E�Cs give rise to radial glial cells ;Z'CsͿ͘ Polariǌed Z'Cs have 

a pear-shaped soma that localiǌes ǁithin the ventricular ǌone͕ ǁhere they are anchored ďy a 

short apical process to the ventricular surface and a long ďasal process that eǆtends to the pial 

surface transversing the cereďral ǁall͘ tith the appearance of apical radial glial cells ;aZ'CsͿ͕ 

also called ventricular Z'Cs ;vZ'CsͿ͕ the neural progenitor pool sǁitches from symmetrical 

autoreplicative division to asymmetrical neurogenic cell division ;&igure ϰͿ ϳϱ͘ Z'Cs are capaďle 

of self-reneǁal via symmetrical division hoǁever they primarily undergo neurogenic cell 

division giving rise to a neuron ;direct neurogenesisͿ or an intermediate progenitors ;/PCsͿ 

;indirect neurogenesisͿ and a Z'C to sustain the progenitor pool ϳϱ͕ϳϴ͕ϳ9͘

�uring this time the primary cilium functions to regulate the proliferation and 

diīerentiation of Z's ϴϬ͘ demporal regulation of symmetrical to asymmetrical cell division is 

essential for ďalancing neuron production ǁith progenitor maintenance͘ dhe orientation of 

the mitotic spindle is predictive of ǁhether a cell division ǁill ďe symmetrical or asymmetrical 

;revieǁed in ϴϭͿ͕ this diīerence as a function of orientation is hypothesiǌed to result from 

diīerences in the distriďution of cell fate determinants to the resulting daughter cells during 

cell division͘ <nocŬdoǁn of �uďrϭ͕ /ŌϴϬ͕ <ifϳ͕ and dmemϮϭϲ in emďryonic mice ǁas shoǁn 

to result in decreased aZ'Cs and ďasal /PCs proliferation suggesting that these ciliopathy-

associated genes contriďute to the modulation of progenitor cell proliferation and thereďy 

aīect cortical formation ϴϮ͘ aZ'Cs undergo an overall increase in cell cycle length͕ due to an 

eǆtended 'ϭ phase͕ ũust prior to neuronal diīerentiation͘ dhe length of the 'ϭ phase is a 

determining factor in proliferative division versus neurogenic diīerentiation and manipulation 

of nearly all 'ϭ regulators have ďeen shoǁn to aīect neurogenesis in some ǁay ϴϯ͘ �uring 

early corticogenesis a shortened 'ϭ phase results in an increase in autoreplicative self-reneǁal 

leading to an eǆpansion of the progenitor population at the eǆpense of diīerentiation͘ Ciliary 

instaďility or factors that favor ciliary reaďsorption can result in a shortened 'ϭ phases͘ 

�ďlation of ciliary structure via the disruption of /&dϴϴ in neural progenitors͕ results in 

the eǆpansion of progenitor cells and a decrease in neuron production ϴϰ͘ /n <ifϯa murine 

mutants͕ the increased proliferation oďserved in the Z'C population results from defects in 

'L/ϯ processing͘ �s an intact cilium is reƋuired for the conversion of full length 'L/ϯ into its 

repressor form͕ therefore in the aďsence of the ciliary compartment there is an eǆpansion of 

neural progenitor cells͘ Zeciprocally͕  an arrest in 'ϭ induces cell cycle eǆit and diīerentiation͘ 
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1�elayed ciliary disassemďly results in a stall in the 'ϭ to S phase transition causing premature 

diīerentiation of neural progenitor cells and microcephaly͘ 

Figure 3: Cilia orchestrate neural tube development. Primary cilia are located at the apical side of the 
neuroepithelial layer lining the neural tuďe͘ dhey proũect into the luminal space and coordinates responses 
to paƩerning factors such as hedgehog͕ tnt͕ and �DP signaling molecules͘ dhe notochord ;EͿ induces the 
formation of the Ňoor plate ;&PͿ and speciĮes neural suďpopulations via a of ,h gradient͘ dhe ectoderm 
and neural tuďe roof plate ;ZPͿ secrete �DP and tnt ligands͕ ǁhich directly oppose the ventrally secreted 
Shh from the notochord and Ňoor plate ;&PͿ͘ dhe opposing gradient of �DP and Shh estaďlishes the 
dorsalʹventral aǆis and speciĮes neuron populations along the aǆis of the neural tuďe͘
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Centrosomal proteins are essential regulators of ciliary length and resorption͘ �isruption 

of centrosomal-Pϰ͘ϭ-associated protein ;CP�PͿ͕ a negative regulator of ciliary length͕ leads 

to delayed cell cycle re-entry and premature diīerentiation of human iPSC derived EPCs ϴϱ͘ 

Z'C speciĮc deletion of Cenpũ͕ encoding another centrosomal protein involved in centriolar 

ďiogenesis and ciliary disassemďly͕  results in incomplete cell division͕ aƩenuated proliferation͕ 

apoptosis͕ and microcephaly ϴϲ͘ 

dhe ďrain forms around the cereďral spinal Ňuid Įlled ventricular cavity͘  sentricular 

morphogenesis is governed in part ďy mdKZ signaling via the cilium͘ dhe cilium determines 

the siǌe of the apical domain of neuroprogenitor cells via mdKZCϭ signaling͘ /n Z'C mutations 

ǁithout a cilium due to conditional aďlation of /Ōϴϴ or <ifϯa in proliferating radial glial cells͕ the 

orientation of the mitotic spindle is disrupted and results in an increase in ďasal progenitor cells͕ 

an enlarged apical endfeet of Z'Cs͕ and enlarged ventricles ;ventriculomegalyͿ ϴϳ͘ ,ypermorphic 

somatic mutations in DdKZ gene result in focal malformations due to autophagy dysregulation 

in ciliogenesis and tnt signaling resulting in migration and cortical lamination defects ϭϬ͕ϴϴ͘

�n analysis of cilia positioning in the emďryonic mouse ďrain illustrated the presence 

of a ďasolateral cilium on ďasal progenitor cells in the telencephalon upon apical detachment 

and diīerentiating cells in the hindďrain ϴ9͘ �uring asymmetrical cell division in the ventricular 

ǌone͕ the cilium is not completely disassemďled and the cilium remnant is inherited ďy the 

neural progenitor cell 9Ϭ͕ the diīerentiating cell retracts its apical process anchoring it to the 

neuroepithelium and reestaďlishes a cilium on their ďasolateral memďrane͘ dhis relocaliǌation 

of the cilium liŬely results in coordinated eǆposure to diīering eǆtrinsic environmental cues 

then their more primitive sister cell ϴ9͘ dhis change results in cell fate and delamination͘ 

�lternatively͕  delamination can occur via aďscission of the apical endfoot͘ Prior to aďscission 

the centrosome dissociated from the apical primary cilium resulting in the retention of the 

centrosome and the shedding of the apical ͬ ciliary memďrane 9ϭ͘ dhis results in the loss of 

apical polarity͕  cell cycle eǆit͕ and diīerentiation 9ϭ͘

�elamination of neural progenitor cells from the apical adherens ũunction ďelt of the 

neuroepithelium is a hallmarŬ of cortical development and is essential for proper tissue 

architecture͘ Eeuronal delamination is the process ďy ǁhich neǁ ďorn neurons detached 

from the neuroepithelium and migrate out of the proliferative ǌone͕ along the Z' scaīold 

and diīerentiate͘ �elamination reƋuires the disassemďly of adheren ũunctions͕ acto-myosin 

mediated aďscission͕ and intact centrosomal architecture 9Ϯ͘ dhe seƋuential generation of 

discrete neuronal suďtypes and directed migration to speciĮc cortical laminae functions in the 

assemďly of the neocorteǆ͘ �Ōer the formation of the preplate͕ the cortical plate is formed 

in a temporal inside out fashion͘ Eeǁ ďorn neurons utiliǌe the processes from aZ' cells as 

scaīolding for radial migration and proper neuronal placements ǁithin the developing corteǆ͘
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11.5. Neuronal migration
Cilia play an indispensaďle role in neuronal diīerentiation and migration and thereďy guide 

cortical formation and function͘ Proper neuronal migration and localiǌation organiǌes the siǆ 

layered corteǆ to ensure the emergence of discrete cellular identities and functional neuronal 

connectivity 9ϯ͘ dhere are tǁo maũor types of cortical neurons͗ glutamatergic eǆcitatory 

proũection ;pyramidalͿ neurons and '���ergic inhiďitory interneurons͕ and these arise from 

distinctive progenitor populations ǁithin the telencephalon ǁhich migrate to their respective 

destinations ǁithin the developing neocorteǆ 9ϯ͘ Zadial migration is the process ďy ǁhich 

neǁly ďorn proũection neurons migrate via their apicoďasal processes to their target locations͘ 

taves of migrating neurons ďuild up the corteǆ in an inside out fashion͕ ǁith the neurons that 

are generated Įrst forming the deepest cortical layers folloǁed ďy later ďorn neurons forming 

the more superĮcial layers͘ dhe earliest arriving neurons generate the transient preplate ;PPͿ͕ 

folloǁed ďy emerging neurons that form the cortical plate ;CPͿ͘ dhe CP divides the PP into 

the layer ϭ marginal ǌone ;D�Ϳ and the suďplate ;SPͿ͕ ǁhich is located directly ďeloǁ layer ϲ 

;&igure ϰͿ͘

/nhiďitory neurons arise from the medial and caudal ganglionic eminences and the 

preoptic area ǁithin the ventral telencephalon and move in an orthogonal fashion relative to 

the radial glial scaīold through the corteǆ ϭϱ͕9ϰ͕9ϱ͘ Cilia play an indispensaďle role in the migration 

and localiǌation of post-mitotic interneurons ϭϱ͘ Similar to proũection neurons͕ interneurons 

paƩern in an inside-out fashion͘ dhe origin of interneurons is predictive of their destination͕ as 

interneurons are a heterogenous group of cells ǁith diīering molecular identities͘ dhe guidance 

cues that dictate interneuronal migration reƋuire an intact cilium ϭϱ͘ Conditional aďlation of 

�rlϭϯď from post-mitotic proũection neurons and interneurons during cortical development 

resulted in the aďrogation of interneuron migration͕ ǁhereas radially migration neurons 

ǁere unaīected in their terminal localiǌation ϭϱ͘ �rlϭϯď mutant interneurons are unaďle to 

respond appropriately to guidance cues from the dorsal corteǆ͕ ďecause in the aďsence of 

�ZLϭϯ�͕ the localiǌation and enrichment of ciliary signaling receptors is aƩenuated͕ resulting 

in an increased c�DP and �rŬ signaling ϭϱ͘ Post-mitotic stage speciĮc �rlϭϯď disruption did 

not aīect post-migratory diīerentiation in interneurons͕ hoǁever conditional disruption of 

�rlϭϯď in medial ganglionic eminence ;D'�Ϳ Parvalďumin and somatostatin positive striatal 

interneurons resulted in perturďed interneuronal circuit development͕ altered interneuronal 

morphology͕  reduced aǆonal length͕ aǆonal ďranching͕ and dendritic compleǆity as ǁell as a 

disďalance in inhiďitory ͬ eǆcitatory connectivity 9ϰ ;daďle ϮͿ͘ 
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1.6. Axonal tract formation and connectivity
�evelopmental defects associated ǁith aǆonal tract formation͕ such as agenesis of the corpus 

callosum and disrupted decussation of the superior cereďellar peduncle and pyramidal tract͕ 

are oŌen associated ǁith ciliopathies͘ Eeuronal architecture is shaped and functionally 

supported ďy a highly organiǌed microtuďule cytosŬeleton that forms the aǆon and dendrites͘ 

�uring aǆonogenesis͕ developing aǆons navigate guidance cues presented via specialiǌed 

populations of cells that partition the distance transversed ďy the groǁing aǆon͘ dhese 

intermediate targets coordinate the movement of aǆons ďy providing aƩractive and repulsive 

guidance molecules͘ dhe Ňoor plate of the neural tuďe is a critical intermediate during 

development and essential for the eǆtension of the commissural aǆon across the ventral 

midline͘ �ppropriate aǆon groǁth relies on the aǆonal groǁth cone͕ located at the tip of the 

aǆon͕ ǁhich is enriched ǁith signaling receptors͕ ensuring the developing aǆon innervates its 

intended target location͘ �ǆonal arďoriǌation and presynaptic diīerentiation occurs once the 

aǆon has reached its intended location͘

Primary cilia and groǁth cones are environmental sensing organelles enriched in 

similar signaling receptors͕ alloǁing them to curate responses to eǆtrinsic cues that result 

in cytosŬeletal rearrangement and orientation͘ Dature CES neurons have a cilium on their 

periŬaryal surface that are enriched in signal transduction machinery͕  such as neurotransmiƩer 

receptors͕ that act to modulate neurons non-synaptically ϭϳ͘ Cilia have ďeen shoǁ to regulate 

the location and length of the aǆonal initial segment ;�/SͿ 9ϲ͘ Changes in ciliary morphology 

result in aďerrant localiǌation of anŬyrin' and Eavϭ͘Ϯ͕ and suďseƋuently lead to changes in 

action potential dynamics and spiŬe Įring͕ suggesting that cilia inŇuence neuronal eǆcitaďility 
9ϲ͘ Cilia regulate aǆonal tract formation͕ groǁth͕ and connectivity of glutamatergic pyramidal 

neurons͘ Conditional disruption of the :�Sd-associated genes /nppϱe and �rlϭϯď in post-

mitotic pyramidal cells and deep cereďellar nuclei ǁithin the developing mouse emďryo͕ 

result in misorientation and defasciculation of aǆonal tracts due to hyperactivated P/ϯ<ͬ�<d 

signaling ϭϲ͘ Similar to the congenital ďrain malformations oďserved in :d�S͕ the cereďrospinal 

tract ǁas deformed and shoǁed disrupted decussation in ďoth �rlϭϯď and /nppϱe deĮcient 

neurons͘ Corpus callosum defects ǁere apparent including disorganiǌed͕ less dense͕ and 

poorly fasciculated callosal aǆons ǁhich resulted in a ǁider CC tract due to a doǁnregulation 

of the adhesion protein PC�ϭϳ͘ �ecussation defects ǁere also present in the pontine nuclei͕ 

transverse pontine tegmental aǆons ǁere additionally misoriented͘ �rlϭϯď and /nppϱe 

deĮcient deep cereďellar nuclei neurons displayed less aǆonal ďranching and reduced dendrite 

outgroǁth͘ /nterestingly recent ǁorŬ has demonstrated that �ZLϭϯ� function in ,edgehog-

mediated aǆonal guidance is independent of it its ciliary localiǌation͘ SpeciĮcally ciliary-



'eneral introduction

Ϯϱ   

1localiǌation-deĮcient �ZLϭϯ�͕ ǁith a non-:�dS associated point mutation ;sϯϱϴ�Ϳ that disrupt 

the ciliary targeting seƋuence resulting in cytosolic seƋuestration͕ is suĸcient to rescue ,h 

signaling defects associated ǁith �ZLϭϯ� disruptions such as aǆonal guidance issues 9ϳ and 

aďnormal neural paƩerning 9ϴ͘ 

/n the adult hippocampus͕ hippocampal EPCs give rise to dentate granule cells ;�'CsͿ 

throughout life͘ dhis process is thought to ďe essential for learning and memory ;revieǁed 

in 99Ϳ͘ Eeǁďorn �'Cs migrate to their Įnal destination and integrate into eǆisting neural 

circuitry ǁithin the ǁithin the granule cell layer͘  Primary cilia are essential in orchestrating the 

morphological and physiological maturation of �'Cs in the dentate gyrus͕ and are reƋuired for 

proper synaptogenesis͘ Cilia are aďsent during initial stages of �'Cs migration to the granule 

cell layer͕  hoǁever upon reaching their destination͕ synaptic formation and integration co-

occurs ǁith ciliary assemďly in �'Cs͘ <umamoto et al͘ ϭϬϬ found that eǆpression of a dominant 

negative form of <ifϯa in these cells aďolished cilia͕ resulting in ďlunted dendritic arďoriǌation 

and drastically aƩenuated glutamatergic innervation from the entorhinal proũections͘ dhese 

results ǁere concordant ǁith shZE�-mediated ŬnocŬdoǁn of /Ōϴϴ ϭϬϬ͘ 

1.7. The cerebellum
Primary cilia are essential for progenitor cell proliferation during cereďellar development ϭϲ͕ϭϬϭ͕ϭϬϮ

and PurŬinũe cell ;PCͿ maintenance throughout adulthood ϭϬϯ͕ϭϬϰ͘ Locomotor specialiǌation and 

sensorimotor control are regulated ďy the cereďellum͕ and research over the last decade has 

also implicated that it plays a role in cognition͕ emotion͕ and autonomic function ;revieǁed 

in ϭϬϱͿ͘ 

�uring human cereďellar neurogenesis͕ PCs are ďorn around the ϳth gestation ǁeeŬ 

and the cereďellum continues to form until postnatal month ϭϭ͘ dhis protracted period of 

development results in an increased vulneraďility to cereďellar dysfunction during critical 

periods of development and circuitry formation͘ do date͕ Įve neuronal suďtypes have ďeen 

descriďed to inhaďit the cereďellar corteǆ͕ the most aďundant among them ďeing granule 

cell ;'CsͿ͘ /n contrast to most other neuronal suďtypes that originate along the ventricular 

surface͕ 'Cs are formed in the eǆternal germinal layer ;�'LͿ͕ located along the dorsal surface 

of the corteǆ during cereďellar formation ϭϬϲ͘ 'C precursors undergo eǆtensive proliferation 

in the �'L during the Įrst Ϯ to ϯ ǁeeŬs aŌer ďirth͘ Upon cell cycle eǆit͕ they eǆtend aǆons 

to the molecular layer ǁhere they eventually synapse on the dendrites of PCs͕ and migrate 

through the PC layer to the internal granule layer͘  dhe mature cereďellar corteǆ is made up of 

ϯ layers͗ a ganglion or PC layer ;made up of PC ďodiesͿ sandǁiched ďetǁeen the molecular 

layer ;consisting of inhiďitory interneurons including stellate and ďasŬet cellsͿ and the internal 

granular layer ;populated ďy 'olgi cells and 'CsͿ ϭϬϳ͘
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/nterestingly͕  the primary cilium has ďeen shoǁn to play an essential role in 

medulloďlastoma ;D�Ϳ propagation͕ a severe pediatric ďrain tumor characteriǌed ďy 

overactivation of the ,h signaling pathǁay that originates in 'C progenitor cells during 

their proliferative period in the �'L͘ Previous ǁorŬ suggests that the role of the cilium in 

tumorigenesis is cell conteǆt-speciĮc and depends heavily on the driving transformational 

event as it pertains to S,, activation ϭϬϴ͘ &or eǆample͕ constitutively active SDK ;SDKDϮͿ͕ 

ďut not constitutively active 'L/Ϯ͕ culminates in D�͘ D� formation reƋuires an intact cilium 

in this conteǆt as genetic aďlation of essential ciliary genes in SDKDϮ mouse models of D� 

suppress tumor formation ϭϬ9͘ �ďlation of �rlϭϯď leads to decreased levels of the active form 

of 'L/ϭ͕ ǁithout compromising the doǁnstream repressive form͕ 'L/ϯ͕ resulting in D� tumor 

suppression ϭϬ9͘ 

PCs͕ 'C͕ molecular layer interneurons and �ergmann glia ;�'Ϳ are ciliated in the 

developing and mature cereďellum͕ hoǁever the role of cilia in adult cereďellar homeostasis 

is ũust ďeginning to ďe deĮned ϭϭϬ͘ /n the earliest postnatal stages of development͕ PCs secrete 

S,, ǁhich is essential for 'C progenitor pool proliferation ϭϬϭ and maturation of �ergmann glia 
ϭϭϭ͘ 'enetic aďlation of the ,h signaling results in decreased 'C progenitor proliferation and 

premature diīerentiation of �ergmann glia and PCs ϭϭϮ͘ 'C proliferation is mediated ďy cilium-

transduced S,, signaling͕ as loss of /Ōϴϴ or <ifϯa results in cereďellar hypoplasia due to a lacŬ 

of 'C eǆpansion ϭϬϮ͘ 'C are glutamatergic cells that function to regulate the cereďellar output 

ďy controlling the activity of the inhiďitory PCs͘ 

dau duďulin <inase Ϯ ;dd�<ϮͿ is an essential regulator of ciliogenesis via its role in 

mediating the removal of CPϭϭϬ from the mother centriole͕ thereďy alloǁing aǆonemal 

eǆtension and ciliary formation ϭϬϰ͘ Dutations in dd�<Ϯare causative of spinocereďellar ataǆia 

ϭϭ ;SC�ϭϭͿ͕ a hereditary form of cereďellar ataǆia ϭϭϯ that results from progressive loss of 

PCs͘ dtďŬϮ null mutations lead to aƩenuated S,, signaling and a loss of cilia͘ dtďŬϮ-ͬ- mouse 

emďryos display holoprosencephaly due to a lacŬ of S,, associated paƩerning in the neural 

tuďe͘ Zescue eǆperiments in the dtďŬϮ null mice performed ǁith SC�ϭϭ associated truncating 

mutants of dd�<Ϯ demonstrate that the mutated protein localiǌes to the ďasal ďody ďut fails 

to alloǁ for the initiation of ciliogenesis ϭϬϰ͘ �dult-speciĮc dtďŬϮ ŬnocŬ out leads degenerative 

cereďellar phenotypes via the loss of input to PC from climďing Įďers and parallel Įďers and 

eventually loss of PC͘ SpeciĮcally͕  loss of dtďŬϮ leads to ďoth an aďsence of cilia and altered 

intracellular CaϮн levels in PCs͕ as ǁell as loss of s'LUdϮн synapses on PC dendrites͘ dhe central 

role of the cilium ǁas further validated as /Ōϴϴ ŬnocŬ out mice displayed an almost identical 

phenotype to the one oďserved ǁith dtďŬϮ ŬnocŬout in terms of their cereďellar phenotype ϭϬϯ͘ 

dhese data suggest that ďoth dd�<Ϯ and cilia are essential for PC maintenance and function͕ 

and provide a novel ciliary linŬ to neurodegeneration͘
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12. DEVELOPMENTAL ABNORMALITIES OF THE CENTRAL 
NERVOUS SYSTEM AS A CORE FEATURE OF CILIOPATHIES
Ciliopathies are a genetically heterogeneous group of disorders that manifest in phenotypically 

similar diseases͘ �s cilia are found in a ǁide variety of cell types͕ ciliopathies aīect a variety of 

tissues and organ systems ǁhere ciliary function is critical͘ dheir overlapping set of symptoms 

include ;ďut is not restricted toͿ cognitive impairment͕ renal disease͕ ďlindness͕ deafness͕ 

oďesity͕  polydactyly͕  sŬeletal aďnormalities͕ �andy talŬer malformation͕ and hepatic disease 
ϭϭϰ͘ � large suďset of ciliopathy-associated genes have ďeen linŬed to neurological defects 

such as intellectual disaďility and anatomical aďnormalities ϮϮ suggesting that impaired ciliary 

function hinders ďrain development and function͘ Pathological manifestation of ciliopathies 

can ďe aƩriďuted to ďoth structural and functional defects in cilia and their associated ďasal 

ďody͘ Ciliopathies provide an invaluaďle model to dissect intrinsic mechanisms of ciliary 

ďiology͘ �ǆamination of these mostly monogenic conditions has led to the identiĮcation of 

many of the associated genes͕ and has produced a ǁealth of information aďout the functional 

role of cilia in neural development͘ 

thile CES associated phenotypes are oďserved in more than ϱϬй of ciliopathies 
Ϯϭ͕ consideraďle variation of symptomatic manifestation and severity eǆists ǁithin and 

among syndromes͘ dhe core features associated ǁith neuronal ciliopathies are structural 

ďrain aďnormalities including cereďellar vermis hypoplasia͕ �andy-talŬer malformation͕ 

hydrocephalus͕ hypoplasia͕ and agenesis of the corpus callosum͕ and posterior encephalocoele 

formation ϭϭϱ͘ �dditional CES functional phenotypes ǁithout a clear structural correlation also 

eǆist including intellectual disaďility and ďehavioral phenotypes for many ciliopathies͘

thy speciĮc neurological aďnormalities such as agenesis of the corpus callosum or 

hydrocephalus are associated ǁith some ciliopathies and not others remains to ďe elucidated͘ 

SpeciĮcally͕  ǁhy the freƋuency and severity of these CES symptoms diīers ďetǁeen individuals 

given the same diagnosis is a Ƌuestion of great interest that can liŬely ďe ansǁered ǁith further 

evaluation͘ 

3. AIM AND OUTLINE OF THIS THESIS
dhe aim of this thesis ǁas to investigate ciliopathies that arise due to disruptions in ciliary genes 

andͬor their temporal-spatial protein netǁorŬs ǁith a speciĮc focus on neurodevelopmental 

aďnormalities͘ /n Chapter ϭ͕ / provide a general introduction on the role of cilia and ciliary 

signal transduction during neuro- and cortico- genesis͕ folloǁed ďy a ďrief discourse on 

neuronal aďnormalities and associated mechanisms of disease oďserved in these so termed 

͚neuronal ciliopathies͛͘  
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dhe Įrst part of this thesis descriďes the use of functional studies to identify disease 

associated genes͘ /n Chapter Ϯ͕ variants in armadillo repeat containing 9 ;�ZDC9Ϳ ǁere 

characteriǌed and found to ďe causative of :�dS͘ �eďraĮsh studies in genetically-edited armc9 

mutant ǌeďraĮsh demonstrated ciliopathy phenotypes including curved ďody shape͕ retinal 

dystrophy͕  coloďoma͕ and a decrease in ciliary numďer͘  Kn the ďasis of suďcellular localiǌation 

and interactome studies͕ many ciliopathy genes can ďe classiĮed into functional netǁorŬs͘ 

/n turn͕ many disease-causing genes demonstrate genetic andͬor direct interactions͕ 

suggesting resulting defects arise due to disruptions in a shared cellular mechanism͘ /n 

Chapter ϯ͕ �ZDC9 ǁas further characteriǌe in a :�dS associated functional module that ǁas 

found to include C�PϭϬϰ͕ CC�Cϲϲ͕ CSPPϭ͕ and the tuďulin ďinding protein dK'�Z�Dϭ͘ �s a 

result of this interactome analysis͕ variants in dK'�Z�Dϭ ǁere identiĮed in patients ǁith 

:�dS͘ �dditionally͕  this study demonstrates that ďoth aďerrant hedgehog signaling and post-

translational modiĮcations of microtuďules contriďute to the underlying pathology of :�dS͘

dhe second part of this thesis addresses the assessment of a previously undeĮned 

ciliopathy-liŬe syndrome presenting ǁith severe neuroanatomical defects and intellectual 

disaďility resulting from loss-of-function mutations in USP9X in Chapter ϰ and a method to 

model and functionally assess neuronal aďnormalities oďserved in LK& USP9X iPSC derived 

neuroepithelium in Chapter ϱ͘ /n this study͕  ϯ� modeling of suďcellular structures including 

mitochondria in Ditochondrial �ncephalopathy͕  Lactic acidosis͕ and StroŬe-liŬe episodes 

;D�L�SͿ and cilia in USP9X-aīected individuals are evaluated in neurons utiliǌing high 

resolution microscopy and suďseƋuent segmentation and volumetric reconstruction analysis͘ 

/ include a general discussion of disease modeling and the research studies performed in this 

thesis in Chapter ϲ͘
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ϰϬ

Table 2: Mouse models of brain development and stage specific necessities for specific ciliopathy genes

Driver Gene 
disrupted

Stage of 
ablation

Cell type Cilia Effect

Foxg1 Cre Arl13b �9 Eeuroepithelium intact͕ impaired 
signaling

inversion of 
apicoďasal polarity ϳ9

Nestin Cre Arl13b �ϭϬ͘ϱ radial glia 
;eǆpansion phaseͿ

intact͕ impaired 
signaling

no inversion of 
apicoďasal polarity ϳ9

hGFAP Cre Arl13b �ϭϯ͘ϱ radial glia 
;diīerentiation 
phaseͿ

intact͕ impaired 
signaling

no inversion of 
apicoďasal polarity ϳ9

Nex Cre Arl13b �ϭϯ͘ϱ Post mitotic 
pyramidal neurons

intact͕ impaired 
signaling

no migration defect ϳ9

Dlx5/6 Cre Arl13b �ϭϮ͘ϱ Post mitotic 
interneurons 

intact͕ impaired 
signaling

migration defect͕ 
no morphological ͬ 
diīerentiation defect 
ϭϳ

Nkx2.1 Cre Arl13b �ϭϬ͘ϱ D'�͕ PK� 
;interneuronsͿ

intact͕ impaired 
signaling

morphological 
aďnormalities͕ 
disrupted 
connectivity͕  
disďalance in /ͬ� 
network 9ϲ

Nex Cre Arl13b �ϭϯ͘ϱ Post mitotic 
pyramidal neurons

intact͕ impaired 
signaling

aǆonal tract defects ϭϴ

Nex Cre Inpp5e �ϭϯ͘ϱ Post mitotic 
pyramidal neurons

intact͕ impaired 
signaling

aǆonal tract defects ϭϴ

Foxg1 Cre Ift88 �9 Eeuroepithelium aďlated paƩerning defects͕ 
altered 'liϯ 
processing ϴ9

Foxg1 Cre Kif3a �9 Eeuroepithelium aďlated paƩerning defects͕ 
altered 'liϯ 
processing ϴ9

Nestin Cre Ift88 �ϭϬ͘ϱ radial glia 
;eǆpansion phaseͿ

aďlated increase in 
mdKZCϭ signaling͕ 
misorientation of 
the mitotic spindle͕ 
increased �P 
proliferation͕ enlarged 
apical endfeet of Z'͕ 
enlarged ventricles ϴ9

Nestin Cre Kif3a �ϭϬ͘ϱ radial glia 
;eǆpansion phaseͿ

aďlated increase in 
mdKZCϭ signaling͕ 
misorientation of 
the mitotic spindle͕ 
increased �P 
proliferation͕ enlarged 
apical endfeet of Z'͕ 
enlarged ventricles ϴ9
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ABSTRACT
:ouďert syndrome ;:SͿ is a recessive͕ neurodevelopmental disorder characteriǌed ďy 

hypotonia͕ ataǆia͕ aďnormal eye movements and variaďle cognitive impairment͘ /t is deĮned 

ďy a distinctive ďrain malformation recogniǌed as the ͞molar tooth sign͟ on aǆial DZ/͘ 

Suďsets of aīected individuals have malformations such as coloďoma͕ polydactyly͕  and 

encephalocele͕ as ǁell as progressive retinal dystrophy͕  Įďrocystic Ŭidney disease and liver 

Įďrosis͘ Dore than ϯϱ genes have ďeen associated ǁith :S͕ ďut the genetic cause remains 

unŬnoǁn in a suďset of families͘ �ll of the gene products localiǌe in and around the primary 

cilium͕ maŬing :S a canonical ciliopathy͘ Ciliopathies are uniĮed ďy their overlapping clinical 

features and underlying mechanisms involving ciliary dysfunction͘ /n this ǁorŬ͕ ǁe identify 

ďiallelic rare͕ predicted-deleterious �ZDC9 variants ;stop-gain͕ missense͕ splice-site͕ and 

single eǆon deletionͿ in ϭϭ individuals ǁith :S from ϴ families͕ accounting for approǆimately 

ϭй of the disorder͘  dhe associated phenotypes range from isolated neurological involvement͕ 

to :S ǁith retinal dystrophy͕  additional ďrain aďnormalities ;e͘g͘ heterotopia͕ �andy-talŬer 

malformationͿ͕ pituitary insuĸciency͕  andͬor synpolydactyly͘ te shoǁ that �ZDC9 localiǌes 

to the ďasal ďody of the cilium and is upregulated during ciliogenesis͘ dypical ciliopathy 

phenotypes ;curved ďody shape͕ retinal dystrophy͕  coloďoma͕ and decreased ciliaͿ in a 

CZ/SPZͬCas9-engineered ǌeďraĮsh mutant model provide additional support for �ZDC9 as 

a ciliopathy associated gene͘ /dentifying �ZDC9 mutations as a cause of :S taŬes us one step 

closer to a full genetic understanding of this important disorder and enaďles future functional 

ǁorŬ to deĮne the central ďiological mechanisms underlying :S and other ciliopathies͘
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INTRODUCTION
:ouďert syndrome ;:S KD/D͗ PϮϭϯϯϯϬͿ is a recessive neurodevelopmental disorder 

characteriǌed ďy motor and cognitive impairments and a distinctive hindďrain malformation 

giving the appearance of the ͞molar tooth sign͟ ;DdSͿ on aǆial DZ/͘ /n addition to the oďligate 

neurological features͕ suďsets of individuals ǁith :S have progressive retinal dystrophy͕  

Įďrocystic Ŭidney disease and liver Įďrosis͕ as ǁell as malformations such as chorioretinal 

coloďoma and polydactyly͘ �espite this distinctive clinical presentation͕ mutations in more 

than ϯϱ genes cause :S͕ highlighting its marŬed genetic heterogeneity͘ϭ-Ϯϰ �ll of the genes to 

date encode proteins that function in or around the primary cilium͕ rendering :S a canonical 

ciliopathy͖ ciliopathies are disorders grouped ďy their overlapping clinical features and 

molecular disease mechanisms involving cilium dysfunction͘Ϯϰ-Ϯϳ dhe primary cilium is a nearly 

uďiƋuitous microtuďule-ďased organelle sheathed in a specialiǌed memďrane that proũects 

from the cellular surface and functions liŬe an antenna͕ detecting light͕ mechanical͕ and 

chemical cues͕ as ǁell as regulating Ŭey signaling pathǁays such as ,edgehog Ϯϴ-ϯϰ and P�'&͘  ϯϱ͖ 

ϯϲ SigniĮcant advances have ďeen made in recent years on the compleǆ genetics underlying :S͕ 

and multiple cellular and developmental defects have ďeen associated ǁith loss of function for 

:S-associated genes in model systems͘ϭϭ͖ ϮϮ͖ ϯϭ͖ ϯϳ-ϰϱ �espite this remarŬaďle progress identifying 

candidate mechanisms͕ the common cellular dysfunction across genetic causes of :S is elusive͘ 

dherefore it is essential to identify the complete set of genetic defects that underlie :S to 

pinpoint the unifying molecular mechanism͘ /n this ǁorŬ͕ ǁe present evidence for mutations 

in armadillo repeat containing 9 ;�ZDC9Ϳ as a cause of :S͕ ďased on human genetic͕ protein 

localiǌation͕ and ǌeďraĮsh model data͘

RESULTS
Exome sequencing reveals ARMC9 mutations as a cause for JS
do identify novel genetic causes of :S͕ ǁe performed ǁhole eǆome seƋuencing on a cohort of ϱϯ 

individuals ;ϱϭ familiesͿ ǁith a clinical diagnosis of :S enrolled in the University of tashington 

;UtͿ :ouďert Syndrome Zesearch Program͘ /nclusion criteria comprised the presence of 

clinical Įndings of :S ;developmental delays͕ hypotonia͕ ataǆia͕ andͬor oculomotor apraǆiaͿ͕ 

diagnostic ďrain imaging Įndings͕ and lacŬ of mutations in Ϯϴ :S-associated genes ;EP,Pϭ͕ 

�,/ϭ͕ C�PϮ9Ϭ͕ ZP'Z/PϭL͕ dD�Dϲϳ͕ CCϮ�Ϯ�͕ �ZLϭϯ�͕ /EPPϱ�͕ K&�ϭ͕ dD�DϮϭϲ͕ C�Pϰϭ͕ 

dD�DϮϯϳ͕ dCdEϮ͕ </&ϳ͕ dCdEϭ͕ dD�Dϭϯϴ͕ D<Sϭ͕ CϱKZ&ϰϮ͕ dD�DϮϯϭ͕ dCdEϯ͕ CSPPϭ͕ 

P��ϲ�͕ /&dϭϳϮ͕ �E&ϰϮϯ͕ ddCϮϭ�͕ �9�ϭ͕ �9�Ϯ͕ and CϮC�ϯͿ ďased on targeted seƋuencing͘ϰϲ͖ 

ϰϳ sariants from the eǆome seƋuencing data that ǁere rare ;minor allele freƋuency <ϭй in the
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Figure 1. ARMC9 mutations cause JS: ;�Ϳ dhe �ZDC9 gene encodes a protein ǁith an E-terminal Lis, 
domain ;green sƋuareͿ͕ a coiled coil domain ;yelloǁ polygonͿ͕ and a series of armadillo repeats ;ďlue ovalͿ͘ 
Patient mutations are indicated ďy red arroǁs͘ ;�-�Ϳ ConĮrmation of �ZDC9 eǆon ϭϰ deletion in Utϭϭϲ-
ϯ͘ Eo diīerence in the siǌe or numďer of PCZ products is oďserved ďetǁeen c�E� isolated from Utϭϭϲ-ϯ 
and tǁo unaīected control cell lines using primers in eǆons 9 and ϭϰ ;C-�Ϳ͘ Primers in eǆons ϭϯ and ϭϳ 
amplify a full-length product and a shorter product ;ďracŬetͿ in Utϭϭϲ-ϯ͕ ďut only the full-length product 
in the tǁo control lines͘ SeƋuencing genomic �E� ampliĮed ďy primers ŇanŬing eǆon ϭϰ reveals a Ϯϱϭϲďp 
deletion ǁith a ϮϮďp insertion ;�Ϳ͘
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eǆome variant server ΀�sS΁ dataďaseͿ and predicted to ďe deleterious ;stop-gain͕ frameshiŌ͕ 

canonical splice variants and variants ǁith C��� score >ϭϱͿ ǁere retained for further analysis͘

te identiĮed pairs of siďlings in tǁo families that shared tǁo rare͕ predicted-deleterious 

variants ;Z�ssͿ in �ZDC9 ;EDͺϬϮϱϭϯ9͘ϰͿ͗ UtϭϯϮ-ϯ and -ϰ carry c͘ϮϬϱ'>�͕ p͘'lyϲ9�rg and 

c͘ϭϯϯϲC>d͕  �rgϰϰϲCys͕ ǁhile Utϯϯϱ-ϯ and -ϰ carry c͘Ϯϱ9C>d͕  p͘�rgϴϳΎ and c͘ϭϬϮϳC>�͕ 

p͘�rgϯϰϯSer ;daďle ϭ and &igure ϭͿ͘

te then performed targeted seƋuencing of �ZDC9 using the Dolecular /nversion 

Proďe ;D/PsͿ capture method folloǁed ďy neǆt generation seƋuencing on samples from ϱϯϰ 

individuals in ϰϱϲ families ǁith and ǁithout Ŭnoǁn causes͘ dhree additional individuals in 

three families have �ZDC9 Z�ss͗ Utϯϰϴ-ϯ has a homoǌygous c͘ϱϭнϱ'>d͕  predicted splice 

variant͕ Utϯϰ9-ϯ has tǁo Z�ss ;predicted splice c͘ϭϰϳϰнϭ'>C and missense c͘ϭϬϮϳC>d͕  

p͘�rgϯϰϯCysͿ͕ ǁhile Utϭϭϲ-ϯ has a single heteroǌygous c͘ϭϬϮϳC>d͕  p͘�rgϯϰϯCys͘ �ased on 

decreased seƋuence coverage for tǁo consecutive D/Ps covering eǆon ϭϰ in Utϭϭϲ-ϯ͕ ǁe 

suspected a deletion in Utϭϭϲ-ϯ͘ te performed comparative genomic hyďridiǌation using a 

custom array targeting the :S genes͕ϱϴ͖ ϲϰ͖ ϲϱ and identiĮed a Ϯ͘ϱŬď deletion encompassing eǆon 

ϭϰ in Utϭϭϲ-ϯ ;&igure ϭ�-�Ϳ͘ �ǆon ϭϰ is ϭϮϰ ďasepairs long͕ so its loss is predicted to result 

in a frameshiŌ and truncation of the protein͕ or nonsense mediated decay of the transcript͘

/n parallel͕ eǆome seƋuencing in tǁo other cohorts identiĮed ďiallelic Z�ss in �ZDC9͗ 

three individuals ;S�ϭ-ϯ͕ S�Ϯ-ϯ and -ϰͿ from tǁo families in a cohort of ϰϳ Saudi �raďian 

familiesϲϲ aīected ďy :S had homoǌygous �ZDC9 missense Z�ss ;c͘ϭϬϮϳC>d͕  p͘�rgϯϰϯCys and 

c͘ϭϱϱ9C>d͕  p͘ProϱϮϬLeuͿ͕ and a single individual ǁith :S ;LZϬ9-ϬϮϯͿ from a miǆed cohort of 

ϭϬϬ individuals ǁith �andy-talŬer malformation and cereďellar hypoplasia had compound 

heteroǌygous �ZDC9 Z�ss ;c͘ϭϰϳϰ'>�͕ p͘'lyϰ9Ϯ�rg and c͘ϭϬϮϳC>d͕  p͘�rgϯϰϯCysͿ͘ /n total͕ 

ǁe identiĮed ϭϬ diīerent �ZDC9 Z�ss ;ϭ stop-gain͕ Ϯ splice͕ ϲ missense͕ and ϭ single eǆon 

deletionͿ in ϭϭ individuals from ϴ families͘ �ll variants ǁere validated ďy Sanger seƋuencing͕ 

and for seven individuals from Įve families their segregation ǁith the disease ǁas conĮrmed 

in parents and siďlings͖ segregation ǁas not performed in the remaining four families 

ďecause �E� ǁas not availaďle from parents ;daďle ϭͿ͘ c͘ϭϬϮϳC>d͕  p͘�rgϯϰϯCys appears to 

ďe a recurrent mutation rather than a founder variant͕ since it is present in families of diverse 

ethnicities͕ and a second variant ;c͘ϭϬϮϳC>�͕ p͘�rgϯϰϯSerͿ aīects the same position͘ �ZDC9 

is predicted to have a Lissencephaly type-ϭ-liŬe homology ;Lis,Ϳ motif͕  a coiled-coil domain͕ 

and armadillo repeats ;&igure ϭ�Ϳ͘ dǁo of the missense Z�ss are in the armadillo repeats͕ 

ǁhile the other four missense Z�ss are not located in Ŭnoǁn domains͘
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ARMC9-related JS is indistinguishable from JS due to other genetic 
causes
�ll of the aīected individuals have typical features of :S including hypotonia and developmental 

disaďility͕  most severely aīecting motor and speech function ;daďle ϭͿ͘ �ges range from Ϯ 

to ϯϯ years͘ Dost of the individuals have isolated neurodevelopmental issues͕ including tǁo 

ǁith seiǌures ;UtϭϯϮ-ϯ and Utϭϭϲ-ϯͿ͘ dǁo individuals ;UtϭϯϮ-ϰ and S�Ϯ-ϯͿ have postaǆial 

polydactyly͕  ǁhile S�Ϯ-ϯ also has syndactyly͘ dǁo individuals ;Utϯϰϴ-ϯ and S�Ϯ-ϯͿ also have 

retinal dystrophy͕  ďut none have Ŭidney or liver involvement͘ Utϯϰ9-ϯ has a more compleǆ 

presentation ǁith hypopituitarism͕ ďilateral optic nerve hypoplasia͕ ďiĮd uvula͕ and an 

aďnormal ďrainstem ;see ďeloǁͿ͘

Figure 2. Brain imaging findings in individuals with ARMC9-related Joubert syndrome. ;�-CͿ DdS ;�Ϳ͕ 
inferior cereďellar dysplasia ;ǁhite arroǁs in �Ϳ͕ and superior cereďellar dysplasia ;ǁhite arroǁ in CͿ in 
S�Ϯ-ϯ͘ ;�-�Ϳ DdS ;�Ϳ͕ posterior fossa cyst ;asterisŬs in �-�Ϳ͕ and ventriculomegaly ;plus signs in �Ϳ in LZϬ9-
ϬϮϯ͘ Eote the single periventricular nodular heterotopia ;ďlacŬ arroǁhead in �Ϳ͘ ;&Ϳ sermis hypoplasia 
and elevated roof of the ϰth ventricle in S�Ϯ-ϯ ;ǁhite arroǁͿ͘ ;'Ϳ Cereďellar vermis hypoplasia and 
atrophy in UtϭϯϮ-ϯ ;ǁhite arroǁͿ͘ ;,Ϳ <inŬed ďrainstem and cervicomedullary heterotopia in Utϯϰ9-ϯ 
;ǁhite arroǁheadͿ͘ ;/Ϳ �nlarged posterior fossa Ňuid collection ;ǁhite asterisŬͿ and rotated vermis ;ǁhite 
arroǁheadͿ in LZϬ9-ϬϯϮ͘ ;�-�Ϳ are aǆial dϮ-ǁeighted images͖ ;&-/Ϳ are sagiƩal dϭ-ǁeighted images͘

�ased on direct revieǁ of the ďrain DZ/s͕ all of the aīected individuals have the ͞molar 

tooth sign͕͟  as ǁell as dysplasia of the superior cereďellar folia ;&igure Ϯ�-�͕ & and daďle SϮͿ͘ 

dhree individuals ;Utϯϯϱ-ϰ͕ LZϬ9-ϬϮϯ͕ and S�Ϯ-ϯͿ have cereďellar hemisphere dysplasia͕ seen 

in up to ϭͬϯ of individuals ǁith :S ;&igure ϮCͿ͘ϲϳ /n addition to the DdS͕ LZϬ9-ϬϮϯ has a large 

posterior fossa ǁith a rotated cereďellar vermis consistent ǁith �andy-talŬer malformation͕ 

;&igure Ϯ�-�͕ /Ϳ͘ LZϬ9-ϬϮϯ also has a single periventricular heterotopia ;&igure Ϯ�Ϳ͕ as do 
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Utϭϭϲ-ϯ and Utϯϯϱ-ϰ͘ dhe tǁo oldest individuals ;UtϭϯϮ-ϯ and -ϰͿ have an atrophic 

appearance to their cereďellum͕ more severely aīecting the vermis than the hemispheres 

;&igure Ϯ'Ϳ͘ Utϯϰ9-ϯ has a ŬinŬed ďrainstem and cervicomedullary ũunction heterotopia 

;&igure Ϯ,Ϳ seen in a small suďset of individuals ǁith :S͕ϲϳ-ϳϭ and Utϯϰ9-ϯ and S�Ϯ-ϯ have an 

aďsent posterior pituitary ďright spot͕ ďut only Utϯϰ9-ϯ has Ŭnoǁn pituitary insuĸciency͘

ARMC9 localizes to the basal bodies of primary cilia
:S-associated proteins have ďeen shoǁn to localiǌe in and around primary cilia͖ϰϬ͖ ϰϱ͖ ϳϮ-ϳϰ

therefore͕ ǁe used a commercially availaďle �ZDC9 antiďody to evaluate endogenous �ZDC9 

localiǌation in ciliated hd�Zd-ZP�ϭ cells͘ �ZDC9 localiǌed to the ciliary ďasal ďody ;&igure ϯ�͕ 

ǁhite arroǁheadͿ͕ ďasal to ďut not overlapping ǁith the transition ǌone marŬer ZP'Z/PϭL͕ 

as ǁell as to the daughter centriole ;&igure ϯ�͕ ǁhite arroǁͿ marŬed ďy acetylated α-tuďulin 

antiďody ;&igure ϯ�Ϳ͘ �ZDC9 co-localiǌes ǁith �-tuďulin at the ďasal ďody ;&igure ϯ�͕ ǁhite 

arroǁͿ͕ as marŬed ďy ZP'Z/PϭL͕ and at the daughter centriole ;&igure ϯ�͕ ǁhite arroǁheadͿ͘ 

ARMC9 expression is upregulated in ciliated cells
�ased on data from model systems and humans͕ many genes involved in cilium function 

are upregulated in ciliated cells͘ϳϱ-ϳ9 te evaluated �ZDC9 eǆpression ďy Ƌuantitative PCZ in 

control human Įďroďlasts ǁith and ǁithout serum in the medium͘ /n the presence of serum͕ 

Įďroďlasts actively divide and feǁ have cilia͕ ďut in response to serum starvation͕ ϴϬ-9Ϭй drop 

out of the cell cycle and maŬe cilia͕ similar to other puďlished results͘ϴϬ �ZDC9 eǆpression 

ǁas Ϯ͘Ϭ- to Ϯ͘ϳ-fold higher in serum-starved cells than cells groǁn ǁith serum ;&igure ϯCͿ͘ &or 

comparison͕ eǆpression of another :S-associated gene͕ �ZLϭϯ�͕ ǁas Ϯ͘ϰ-fold higher in serum-

starved cells͘
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Figure 3. ARMC9 localization and ARMC9 expression in ciliated and proliferating cells ;�Ϳ �ZDC9 
;greenͿ localiǌes at the ďasal ďody ;ǁhite arroǁͿ and at the daughter centriole ;ǁhite arroǁheadͿ of the 
primary cilium in serum-starved hd�Zd ZP�ϭ cells͘ dhe ciliary marŬer anti-ZP'Z/PϭL ;ǁhiteͿ͕ marŬs the 
ciliary transition ǌone and anti-acetylated �-tuďulin ;redͿ marŬs the ciliary aǆoneme͘ ;�Ϳ �ZDC9 ;greenͿ 
co-localiǌes ǁith ǁith �-tuďulin ;redͿ at the ciliary ďasal ďody in serum-starved hd�Zd ZP�ϭ cells͘ �nti-
ZP'Z/PϭL marŬs distal to the ďasal ďody ;ǁhiteͿ and ��P/ ;ďlueͿ stains the nuclei͘ ;CͿ �ZDC9 eǆpression 
in control human Įďroďlasts groǁn ǁith serum ;proliferating cellsͿ and ǁithout serum ;ciliated cellsͿ͕ 
assessed using ƋPCZ ǁith '�P�, as a reference gene͘ �ZLϭϯ� is used a positive control for a gene 
upregulated in ciliated cells͘
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Zebrafish armc9 mutants display typical ciliopathy phenotypes
do investigate the function of �ZDC9 in vivo͕ ǁe turned to the ǌeďraĮsh model͘ �eďraĮsh 

have a single �ZDC9 orthologue that has ϱϴй identity and ϳϮй similarity ǁith the human 

protein͘ �ased on dataďase predictions and manual curation͕ ďoth the Lis, domain and the 

armadillo-fold domain are conserved in ǌeďraĮsh at similar positions to the human protein 

;amino acids ϳ-ϯ9 and ϯϳϱ-ϲϬϬ respectivelyͿ ;&igure SϭͿ͘ /n adult ǌeďraĮsh͕ armc9 is eǆpressed 

in multiple CES regions ďased on in situ hyďridiǌation͕ including the cereďellum ;&igure SϭͿ͕ all 

periventricular regions ;&igure ϰ�Ϳ and all layers of the retina ;&igure ϰ�Ϳ͘ do eǆplore ǁhether 

loss of armc9 function results in ciliopathy phenotypes͕ ǁe engineered frameshiŌ mutations in 

ǌeďraĮsh using CZ/SPZͬCas9 ;&igure SϮͿ͘ Co-inũecting pairs of small guide ZE�s targeting either 

eǆon ϰ or eǆons ϭϰ-ϭϱ ;the laƩer corresponding to the middle of the armadillo-fold domainͿ͕ 

ǁe generated mutations ǁith very high eĸciency ;9ϭй of seƋuenced clones from individual 

&Ϭ larvae carried indels͕ the maũority of ǁhich ǁere out-of-frame͖ &igure SϮͿ͘ Kf approǆimately 

ϭϰϬ surviving &Ϭ Įsh raised͕ ϭϬ developed a curved ďody aǆis around siǆ ǁeeŬs of age ;&igure 

ϰC-�Ϳ͕ including ďoth eǆon ϰ and eǆon ϭϰ-ϭϱ targeted animals͘ dhe ďody curvature phenotype 

correlated ǁell ǁith the presence of indels aīecting the targeted eǆons͖ genotyping of ϰ9 &Ϭ 

Įsh ďy gel electrophoresis demonstrated various armc9 indels in ϭϭ Įsh͕ only one of ǁhich did 

not have a curved ďody shape͘ Doreover͕  such ďody curvature ǁas never oďserved in hundreds 

of raised &Ϭ Įsh inũected ǁith sgZE� targeting non-ciliary genes ;ϮϬ diīerent sgZE�sͿ͘ � recent 

study suggested ďody curvature in ǌeďraĮsh caused ďy deĮcient ependymal cilia-generated 

cereďrospinal Ňuid ;CS&Ϳ Ňoǁ͘ϴϭ /ndeed͕ using S�D ǁe oďserved a suďstantial reduction of 

cilia numďers on the ventricular surface of adult ǌeďraĮsh harďoring armc9 mutations ;&igure 

ϰ�-&Ϳ͘ /n addition͕ a suďset of &Ϭ Įsh ǁith ďody curvature also displayed a retinal coloďoma 

and had shortened photoreceptor outer segments͕ typical phenotypes oďserved ǁith ciliary 

dysfunction ;&igure ϰ'-: and &igure SϮͿ͘ϯϴ daŬen together͕  these results conĮrm that armc9 

loss-of-function in ǌeďraĮsh causes typical ciliopathy phenotypes and strongly support a role 

for armc9 in ciliary function͘
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◀Figure 4: armc9 loss-of-function in zebrafish leads to typical ciliopathy phenotypes ;�-�Ϳ �ǆpression 
of armc9 in ǌeďraĮsh adult ďrain ;�Ϳ and retina ;�Ϳ ďy in situ hyďridiǌation͘ Eote the eǆpression along 
ventricular surfaces in ;�Ϳ and in all retinal layers͕ including the photoreceptor ;PZͿ and the inner nuclear 
layer ;/ELͿ in ;�-�͛Ϳ͘ ;C-�Ϳ �dult ǌeďraĮsh harďoring armc9 mutations display a curved ďody shape ;�Ϳ 
compared to ǁild-type controls ;CͿ͘ ;�-&Ϳ Scanning electron microscopy image of the ventricular surface 
demonstrates ďundles of cilia in ǁild-type ;�Ϳ ďut suďstantial reduction of cilia numďers in &Ϭ armc9 
Įsh ;&Ϳ͘ ;'-,Ϳ ,istological sections through adult ǌeďraĮsh eyes of ǁild-type ;'Ϳ and &Ϭ armc9 mutants 
;,Ϳ shoǁing a coloďoma ;arroǁͿ͘ ;/-:Ϳ ,igher magniĮcation images shoǁ the diīerent retinal layers in 
ǁild-type Įsh ;/Ϳ including the PZs and their long outer segments ;KS͕ ďracŬetͿ ǁhich represent highly 
specialiǌed ciliary compartments͘ ;:Ϳ Eote the shortened KS in &Ϭ armc9 mutants ;ďracŬetͿ͘ Scale ďars 
are ϮϬϬ ђm in ;�-�Ϳ͕ ϱϬ ђm in ;�͛Ϳ͕ ϱ mm in ;C-�Ϳ͕ ϯ ђm in ;�-&Ϳ͕ ϮϱϬ ђm in ;'-,Ϳ and ϱϬ ђm in ;/-:Ϳ͘ v 
ventricle͕ P'� periventricular grey ǌone of optic tectum͕ ,v ventral ǌone of periventricular hypothalamus͕ 
PZ photoreceptors͕ /EL inner nuclear layer͘

DISCUSSION
Dutations in more than ϯϱ genes have ďeen identiĮed in individuals ǁith :S͕ eǆplaining the 

genetic cause in ϲϮй to 9ϳй of cases͕ depending on the study͘ϰϳ͖ ϲϲ͖ ϴϮ /n addition to these 

Ŭnoǁn causes͕ ǁe noǁ identify �ZDC9 mutations as an additional cause of :S accounting for 

almost ϭй of families in our cohort of >ϱϬϬ͘ Suďstantial functional evidence supports �ZDC9

as a ciliopathy-associated gene͘

ARMC9 localizes to the basal body
te provide evidence that �ZDC9 localiǌes to the ciliary ďasal ďody͕  similar to other :S-

associated proteins ;&igure ϯ�-�Ϳ͘ dhe ďasal ďody originates from the mother centriole 

that docŬs at the cell memďrane during interphase to nucleate the ciliary aǆoneme͘ dhe 

daughter centriole remains tethered to the ďasal ďody ďy an interconnecting Įďer͕  and ďoth 

structures oŌen appear as ũuǆtaposed puncta on immunoŇuorescence images͘ �asal ďodies 

are composed of nine short triplet microtuďules arranged in a circle͕ and tǁo of the three 

microtuďules in each ďasal ďody triplet eǆtend as aǆonemal microtuďules͘ Several other :S-

associated proteins͕ K&�ϭ͕ </��Ϭϱϴϲ͕ and CϮC�ϯ͕ also localiǌe to the ďasal ďody͘ϰϬ͖ ϰϱ͖ ϳϮ-ϳϰ͖ 

ϴϯ StriŬingly͕  �ZDC9 and K&�ϭ ďoth have an E-terminal Lis, motif that is Ŭnoǁn to ďind to 

microtuďules ;&igure ϭ�Ϳ͘ϳϮ͖ ϴϰ͖ ϴϱ dǁo puďlished proteomic studies in murine inner medullary 

collecting duct ;/DC�ϯͿ cells also provide support for �ZDC9 as a cilium-associated protein͗ 

ϭͿ �ZDC9 ǁas detected a total of ϯϭ times across ciliary fractions via DudP/d mass spectrometry of 

isolated cilia͖ϴϲ ϮͿ Proǆimity laďeling using a promiscuous ďiotinylating enǌyme conũugated to 

the transition ǌone protein EP,Pϯ detected �ZDC9-speciĮc peptides ;ϲ spectral countsͿ͕ thus 

providing direct evidence for their adũacency͘ϴϳ
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ARMC9 is present in ciliated organisms and upregulated in ciliated cells
dhe use of comparative genomics to compile genes eǆclusively present in ciliated organisms 

versus non-ciliated organisms is a common techniƋue in identifying ciliary genes͘ϴϴ͖ ϴ9 �ZDC9 

homologs are present in ciliated euŬaryotes from humans to unicellular Ňagellates such as

drochaic trifallaǆ͕ ďut aďsent in plants͕ fungi͕ ďacteria͕ viruses͕ and �rchaea͘9Ϭ �ǆpression of the

�ZDC9 C͘ elegans homolog͕ &ϱ9'ϭ͘ϰ͕ is restricted to sensory neurons͕ the only ciliated cells in 

this organism͘9ϭ-9ϯ Ciliary gene induction ǁas Įrst linŬed to ciliogenesis in classical eǆperiments 

in unicellular Ňagellates͕ notaďly Chlamydomonas͕ a model system particularly ǁell-suited to 

study ciliary ďiology͘ dhese eǆperiments demonstrated that neǁ protein synthesis ǁas reƋuired 

for full cilia regeneration via use of protein synthesis inhiďitors or enucleating cells͘ϳϱ͖ ϳϲ Later 

eǆperiments shoǁ that ciliary genes are ǁidely induced during ciliogenesis and maintained at 

high levels in ciliated cells͘ϳϳ-ϳ9 Ciliary genes are similarly upregulated in higher organisms͘ϯϲ͖ 

9ϰ͖ 9ϱ Similar to other ciliary genes͕ ǁe demonstrate that �ZDC9 eǆpression is upregulated in 

human ciliated Įďroďlasts͕ as compared to cycling cells ;&igure ϯCͿ͘

Zebrafish harboring armc9 mutations display typical ciliopathy 
phenotypes
/n a verteďrate model͕ ǌeďraĮsh harďoring CZ/SPZ-engineeredarmc9 mutations display phenotypes 

similar to those seen ǁith loss-of-function for ǌeďraĮsh orthologs of other ciliopathy-

associated genes ;&igure ϰͿ͘ϯϴ͖ 9ϲ͖ 9ϳ dhe retinal dystrophy andͬor curved ďody aǆis are also seen 

in loss-of-function models for the ccϮdϮa͕ ahiϭ͕ and iŌ genes͘ϯϴ͖ 9ϳ-ϭϬϬ &urthermore͕ ǁe shoǁ 

a strong reduction of cilia in the ďrain ventricles of ǌeďraĮsh harďoring armc9 mutations͕ 

suggesting the gene product may participate in early stages of ciliogenesis or ďe reƋuired for 

ciliary maintenance͘ dhe mosaic state of the animals analyǌed in this ǁorŬ does not alloǁ for 

discrimination ďetǁeen these tǁo possiďilities͘ /ndeed͕ the presence of residual cilia on some 

ventricular cells may ďe eǆplained ďy lacŬ of armc9 mutations in those cells͕ or incomplete 

penetrance of the phenotype͘ &uture analysis of staďle lines ǁill help address these 

possiďilities͘ dhe identical phenotypes oďserved in multiple animals generated using guides 

targeting diīerent armc9 regions͕ comďined ǁith the lacŬ of these phenotypes ǁith CZ/SPZͬ

Cas9-generated deletions in ϮϬ diīerent non-ciliary genes͕ strongly supports the speciĮcity of 

the oďserved phenotypes and argues against non-speciĮc or oī-target eīects of CZ/SPZͬCas9͘ 

/n conclusion͕ ǁe demonstrate that mutations in �ZDC9 cause :S and shoǁ that �ZDC9 

localiǌes to the ďasal ďody͘ 'iven the Lis, domain͕ �ZDC9 liŬely ďinds microtuďules there͕ ďut 

the details of its function remain to ďe elucidated͘ �elineating all of the genes involved in :S 
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ǁill enaďle future ǁorŬ to determine hoǁ proteins that localiǌe to the ďasal ďody͕  transition 

ǌone͕ cilium proper͕  and cilium tip all contriďute to the molecular mechanism;sͿ underlying :S͘ 

Understanding the molecular mechanisms of :S ǁill lead to more speciĮc treatments in the 

future and further our understanding of ďasic ciliary ďiology in health and disease͘
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MATERIALS AND METHODS
Subject ascertainment and phenotypic data
/nformed consent ǁas oďtained for all participants ǁere enrolled under approved human 

suďũects research protocols at the University of tashington ;UtͿ͕ SeaƩle Children s͛ ,ospital͕ 

or <ing &aisal Specialist ,ospital and Zesearch Centre ;<&S,ZCͿ͘ �ll participants have clinical 

Įndings of :S ;intellectual impairment͕ hypotonia͕ ataǆia andͬor oculomotor apraǆiaͿ and 

diagnostic or supportive ďrain imaging Įndings ;DdS or cereďellar vermis hypoplasiaͿ͘ Clinical 

data ǁere oďtained ďy direct eǆamination of participants͕ revieǁ of medical records and 

structured Ƌuestionnaires͘

Variant identification
Samples from individuals aīected ďy :S ǁere previously screened using a Dolecular /nversion 

Proďes ;D/PsͿ targeted captureϰϲ for �,/ϭ ΀KD/D͗ ϲϬϴϴ9ϰ΁͕ �ZLϭϯ� ΀KD/D͗ ϲϬϴ9ϮϮ΁͕ �9�ϭ 

΀KD/D͗ ϲϭϰϭϰϰ΁͕ �9�Ϯ ΀KD/D͗ ϲϭϭ9ϱϭ΁͕ CϮC�ϯ ΀KD/D͗ ϲϭϱ9ϰϰ΁͕ CϱKZ&ϰϮ ΀KD/D͗ ϲϭϰϱϳϭ΁͕ 

CCϮ�Ϯ� ΀KD/D͗ ϲϭϮϬϭϯ΁͕ C�PϮ9Ϭ ΀KD/D͗ ϲϭϬϰϮ΁͕ C�Pϰϭ ΀KD/D͗ ϲϭϬϱϮϯ΁͕ CSPPϭ ΀KD/D͗ 

ϲϭϭϲϱϰ΁͕ /&dϭϳϮ ΀KD/D͗ ϲϬϳϯϴϲ΁͕ /EPPϱ� ΀KD/D͗ ϲϭϯϬϯϳ΁͕ </&ϳ ΀KD/D͗ ϲϭϭϮϱϰ΁͕ D<Sϭ 

΀KD/D͗ ϲϬ9ϴϴϯ΁͕ EP,Pϭ ΀KD/D͗ ϲϬϳϭϬϬ΁͕ K&�ϭ ΀KD/D͗ ϯϬϬϭϳϬ΁͕ ZP'Z/PϭL ΀KD/D͗ ϲϭϬ9ϯϳ΁͕ 

dCdEϭ ΀KD/D͗ ϲϬ9ϴϲϯ΁͕ dCdEϮ ΀KD/D͗ ϲϭϯϴϰϲ΁͕ dCdEϯ ΀KD/D͗ ϲϭϯϴϰϳ΁͕ dD�Dϭϯϴ ΀KD/D͗ 

ϲϭϰϰϱ9΁͕ dD�DϮϭϲ ΀KD/D͗ ϲϭϯϮϳϳ΁͕ dD�DϮϯϭ ΀KD/D͗ ϲϭϰ9ϰ9΁͕ dD�DϮϯϳ ΀KD/D͗ 

ϲϭϰϰϮϯ΁͕ dD�Dϲϳ ΀KD/D͗ ϲϬ9ϴϴϰ΁͕ ddCϮϭ� ΀KD/D͗ ϲϭϮϬϭϰ΁ and �E&ϰϮϯ ΀KD/D͗ ϲϬϰϱϱϳ΁͘ϭ-

Ϯϰ͖ ϰϳ /n samples ǁithout causal variants͕ eǆome seƋuencing ǁas performed as previously 

described ϰϴ using Zoche Eimďlegen SeƋCap �� ,uman �ǆome Liďrary vϮ͘Ϭ capture proďes 

;ϯϲ͘ϱ Dď of coding eǆonsͿ and paired-end ϱϬ ďase pair reads on an /llumina ,iSeƋ seƋuencer͘  

/n accordance ǁith the 'enome �nalysis dool<it s͛ ;'�d<Ϳ ďest practices͕ ǁe mapped seƋuence 

reads to the human reference genome ;hgϭ9Ϳ using the �urroǁs-theeler �ligner ;v͘ Ϭ͘ϲ͘ϮͿ͕ 

removed duplicate reads ;PicardDarŬ�uplicates vϭ͘ϳϬͿ͕ and performed indel realignment 

;'�d< /ndelZealigner v͘ ϭ͘ϲͿ and ďase-Ƌuality recaliďration ;'�d< daďleZecaliďration vϭ͘ϲͿ͘ te 

called variants using the '�d< UniĮed'enotyper and Ňagged ǁith sariant&iltration to marŬ 

potential false positives that did not pass the folloǁing Įlters͗ ,eteroǌygous �llele �alance 

;��,etͿ > Ϭ͘ϳϱ͕ Yuality ďy �epth > ϱ͘Ϭ͕ Yuality ;YU�LͿ ͅ  ϱϬ͘Ϭ͕ ,omopolymer Zun ;,runͿ < ϰ͘Ϭ͕ 

and loǁ depth ;<ϲǆͿ͘ te used SeaƩleSeƋ for variant annotation and the Comďined �nnotation 

�ependent �epletion ;C���Ϳ score to determine deleteriousness of identiĮed missense 

variants͘ϰ9 �ased on C��� score data for causal variants in other :S-associated genes͕ ǁe used 

a C��� score cutoī of ϭϱ to deĮne deleterious variants͘ϰϳ
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LZϬ9-ϬϮϯ ǁas ascertained as part of a larger study of genetic causes for �andy-talŬer 

malformation ;�tDͿ͘ �ǆome seƋuencing of this individual and his parents ǁas performed 

ďy �ecŬman Coulter genomics as folloǁs͗ genomic �E� isolated from peripheral ďlood ǁas 

captured using the �gilent SureSelect sϱ enrichment Ŭit and seƋuenced on an /llumina ,iSeƋ 

ϮϬϬϬ as ϭϱϬ-ďp paired-end runs͘ Zeads ǁere aligned ǁith �t�͖ variants ǁere called ǁith '�d< 

and freeďayes͘ sariants called ďy ďoth '�d< and freeďayes ǁere annotated using 'emini͕ϱϬ

including data sets from the �ǆ�c �ǆome͕ϱϭ E,L�/ ϲϱϬϬ �ǆome͕ϱϮ and ϭϬϬϬ 'enomes proũects 

for variant freƋuencies͕ and amino-acid-change functional predictions from C��� scores͘ϰ9

sariants ǁere Įltered for de novo͕ recessive ;compound heteroǌygous or homoǌygousͿ͕ or 

X-linŬed inheritance͕ <Ϭ͘ϬϬϭ freƋuency in puďlic dataďases͕ predicted to ďe deleterious ďy 

C��� >ϭϬ͕ and eǆpressed in human fetal ;�rainSpanϱϯͿ or adult ;'deǆϱϰͿ cereďellum͘

&or the tǁo families in the Saudi �raďian cohort͕ �E� from the aīected individuals͕ 

as ǁell as their unaīected siďlings and parents͕ ǁere genotyped using the �ǆiom SEP Chip 

plaƞorm to determine the candidate autoǌygome͘ϱϱ͖ ϱϲ dhe previously descriďed ͞ Dendeliome͟ 

targeted seƋuencing assay ǁas then performed on �E� from aīected memďers to search for 

liŬely causal variants in the Ŭnoǁn :S genes folloǁed ďy ǁhole eǆome seƋuencing in samples 

ǁithout causal variants͘ϱϳ t�S ǁas performed using druSeƋ �ǆome �nrichment Ŭit ;/lluminaͿ 

folloǁing the manufacturer s͛ protocol͘ Samples ǁere prepared as an /llumina seƋuencing 

liďrary͕  and in the second step͕ the seƋuencing liďraries ǁere enriched for the desired target 

using the /llumina �ǆome �nrichment protocol͘ dhe captured liďraries ǁere seƋuenced using 

an /llumina ,iSeƋ ϮϬϬϬ SeƋuencer͘  dhe reads ǁere mapped against UCSC hgϭ9 ďy �t�͘ SEPs 

and /ndels ǁere detected ďy S�DdKKLS͘ ,omoǌygous rare͕ predicted-deleterious͕ codingͬ

splicing variants ǁithin the autoǌygome of the aīected individual ǁere considered as liŬely 

causal͘ te deĮned rare variants as those ǁith freƋuency of <Ϭ͘ϭй in puďlicly availaďle variant 

dataďases ;ϭϬϬϬ 'enomes͕ �ǆome sariant Server and gnom��Ϳ͕ as ǁell as a dataďase of 

Ϯ͕ϯϳ9 in-house ethnically-matched eǆomes͕ and deleterious if predicted to ďe pathogenic ďy 

PolyPhen͕ S/&d and C��� ;score >ϭϱͿ͘

Array CGH
do assess copy numďer variation͕ ǁe performed array comparative genomic hyďridiǌation using 

a custom ϴǆϲϬ< oligonucleotide array ;�gilent dechnologies͕ Santa Clara͕ C�Ϳϱϴ targeting �,/ϭ͕ 

�ZLϭϯ�͕ �ZDC9͕ �9�ϭ͕ �9�Ϯ͕ CϮC�ϯ͕ CϱorfϰϮ͕ C�zϭ ΀KD/D͗ ϲϬϳϳϱϳ΁͕ CCϮ�Ϯ�͕ C�PϭϬϰ ΀KD/D͗ 

ϲϭϲϲ9Ϭ΁͕ C�PϭϮϬ ΀KD/D͗ ϲϭϯϰϰϲ΁͕ C�PϮ9Ϭ͕ C�Pϰϭ ΀KD/D͗ ϲϭϬϱϮϯ΁͕ C�Pϴϯ ΀KD/D͗ϲϭϱϴϰϳ΁͕ 

CSPPϭ͕ ��Xϱ9 ΀KD/D͗ ϲϭϱϰϲϰ΁͕ �XKCϴ ΀KD/D͗ ϲϭϱϮϴϯ΁͕ ,zLSϭ ΀KD/D͗ϲϭϬϲ9ϯ΁͕ /&dϭϳϮ͕ 
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/EPPϱ�͕ <Cd�ϭϬ ΀KD/D͗ ϲϭϯϰϮϭ΁͕ </��Ϭϱϱϲ ΀KD/D͗ ϲϭϲϲϱϬ΁͕ </��Ϭϱϴϲ ΀KD/D͗ ϲϭϬϭϳϴ΁͕ 

</��Ϭϳϱϯ ΀KD/D͗ ϲϭϳϭϭϮ΁͕ </&ϳ͕ D<Sϭ͕ EP,Pϭ͕ EP,Pϯ ΀KD/D͗ ϲϬϴϬϬϮ΁͕ EP,Pϰ ΀KD/D͗ 

ϲϬϳϮϭϱ΁͕ K&�ϭ͕ P��ϲ�͕ P/�&ϭ ΀KD/D͗ ϲϬϳϱϯϮ΁͕ PKCϭ� ΀KD/D͗ ϲϭϰϳϴϰ΁͕ ZP'Z/PϭL͕ d�Cϭ�ϯϮ 

΀KD/D͗ ϲϭϱϴϲϳ΁͕ dCdEϭ͕ dCdEϮ͕ dCdEϯ͕ dD�DϭϬϳ ΀KD/D͗ϲϭϲϭϴϯ΁͕ dD�Dϭϯϴ͕ dD�Dϭϳ 

΀KD/D͗ ϲϭϰ9ϱϬ΁͕ dD�DϮϭϲ͕ dD�DϮϭϴ͕ dD�DϮϯϭ͕ dD�DϮϯϳ͕ dD�Dϲϳ͕ ddCϮϭ�͕ �E&ϰϮϯ͘ 

Proďe spacing ǁas a median of ϭϭďp in the eǆons͕ and a median of ϯϭϱďp throughout the 

intronic regions and ϭϬϬŬď on either side of each gene͗ �ata ǁere generated on an �gilent 

dechnologies �E� Dicroarray Scanner ǁith Surescan ,igh-Zesolution dechnology using �gilent 

Scan Control soŌǁare͕ and ǁere processed and analyǌed using �gilent &eature �ǆtraction and 

�gilent Cytogenomics soŌǁare͘

RNA isolation and quantitative PCR 
te cultured human Įďroďlasts from healthy controls in �D�D н ϭϬ й fetal ďovine serum 

;&�SͿ and ϭй penicillinͬstreptomycin under standard conditions͘ϱ9-ϲϭ do induce ciliogenesis͕ 

ǁe cultured in �D�D ǁithout &�S once the cells reached ΕϳϬй conŇuency͘ �Ōer treatment 

ǁith Ϭ͘Ϭϱй trypsin͕ cycling cells and serum-starved cells ǁere harvested and ZE� eǆtracted 

using the �urum dotal ZE� Dini <it ;�io-rad͕ ,ercules͕ C�Ϳ͘ te generated c�E� from Ϯ�g 

of total ZE� using the iScript Zeverse dranscription Supermiǆ for Zd-ƋPCZ ;�iorad͕ ,ercules͕ 

C�Ϳ͘ dhe eǆpression of �ZLϭϯ� and �ZDC9 mZE�s ǁas determined using ƋPCZ͘ �ach c�E� 

sample ǁas ampliĮed using Poǁer Sz�Z 'reen PCZ Daster Diǆ ;�pplied �iosystems͕ dhermo 

&isher ScientiĮcͿ on the CϭϬϬϬ dhermal Cycler C&X ;�io-rad͕ ,ercules͕ C�Ϳ͘ �Ōer an initial 

denaturation of ϭϬ minutes at 9ϱ϶C͕ each cycle ;ǆϯ9Ϳ consisted of denaturation at 9ϱ϶C for ϭϱ 

seconds and annealͬeǆtend at ϲϬ϶C for one minute ǁith a plate read͘ dhe primers for �ZLϭϯ� 

and �ZDC9 are listed in daďle Sϭ͘ '�P�, ǁas used as an endogenous control to normaliǌe 

each sample͘ dhe eǆperiment ǁas performed in triplicate͘ 

Cell lines, antibodies and microscopy
,uman telomerase-immortaliǌed retinal pigment epithelium ;hd�Zd-ZP�ϭͿ cells ǁere groǁn 

in �D�D ;P��Ϳ supplemented ǁith &ϭϮ in a ϭ͗ϭ ratio ǁith ϭϬй fetal ďovine serum and ϭй 

penicillinͬstreptomycin͘ Cells ǁere plated on glass cover slips for immunoŇuorescence 

imaging͘ dǁenty-four hours aŌer plating͕ cells ǁere serum starved for ϰϴരh in Ϭ͘Ϯй &�S 

medium to induce cell cycle arrest and ciliogenesis͘ Cells ǁere rinsed once ǁith ϭ ǆ P�S at 

room temperature and then Įǆed in Ϯй paraformaldehyde for ϮϬരmin and permeaďiliǌed ǁith 

ϭй driton-X for ϱരmin͘ Cells ǁere ďlocŬed in freshly prepared Ϯй ďovine serum alďumin for ϰϱ 
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minutes and then incuďated ǁith the folloǁing antiďodies for ϭരhour͗ raďďit anti-�ZDC9 ;�tlas 

�ntiďodies͕ ,P�Ϭϭ9Ϭϰϭ͖ ϭ͗ϮϬϬͿ͕ guinea pig anti-ZP'Z/PϭL ;SECϬϰϬ͕ ϭ͗ϯϬϬͿ͕ a monoclonal anti-

acetylated tuďulin ;clone ϲ-ϭϭ-�ϭ͕ Sigma-�ldrich͕ dϲϳ9ϯ͖ ϭ͗ϭϬϬϬͿ͕ and a mouse monoclonal 

anti-�-tuďulin ;Sigma dϱϯϮϲ͕ ϭ͗ϱϬϬͿ͘ �nti-�ZDC9 recogniǌes an epitope at the E-terminal 

portion of the protein͘ Cells ǁere stained ǁith secondary antiďodies for ϰϱരmin͘ dhe folloǁing 

secondary antiďodies ǁere used ;all from Life dechnologiesͬdhermo &isher ScientiĮc͕ �leisǁiũŬ͕ 

dhe Eetherlands͖ all diluted ϭ͗ϱϬϬ in Ϯй �S�Ϳ͗ anti-guinea pig /g' �leǆa &luor ϲϰϳ͕ anti-raďďit 

/g' �leǆa &luor ϰϴϴ͕ and anti-mouse /g' �leǆa &luor ϱϲϴ͘ ��P/ ;ϰ͕͛ ϲ-diamidino-Ϯ-phenylindoleͿ 

stained the nucleus͘ Confocal imaging ǁas done ǁith the �eiss LSD ϴϴϬ Laser scanning 

microscope eƋuipped ǁith �iryscan technology͘

Antibody validation with siRNA knock down
Zeverse transfections on hd�Zd-ZP�ϭ cells ǁere performed ǁith pre-designed Silencer Select 

siZE� to �ZDC9 ;�mďion from Life dechnologiesͿ͕ as ǁell as a positive control to ŬnocŬ doǁn 

'�P�, ;�mďion from Life dechnologiesͿ and a scramďled non-targeting negative control 

;�mďion from Life dechnologiesͿ͘ Lyophilised siZE�s ǁere re-constituted ǁith ZEase-free 

ǁater ;dhermo ScientiĮcͿ to a Įnal ǁorŬing concentration of ϱϬ nD͘ Lipofectamine ZE�iDaǆ 

;LifedechnologiesͿ and Kpti-D�D ;LifedechnologiesͿ ǁere used for siZE� transfection and 

done in accordance ǁith the manufacturer s͛ protocol͘ Cells ǁere harvested and lysed ǁith 

Z/P� lysis ďuīer supplemented ǁith Complete Protease /nhiďitor CocŬtail daďlets ;ZocheͿ 

ϳϮ hours post transfection and ǁestern ďloƫng ǁas performed͘ Primary antiďodies mouse 

monoclonal '�P�, ;dhermo ScientiĮcͿ and raďďit polyclonal �ZDC9 ;,uman Protein �tlas 

Sigma �ldrichͿ ǁere used at ϭ͗ϭϬϬϬ and ϭ͗ϱϬϬ dilutions respectively and incuďated overnight 

at ϰ degrees͘ Secondary antiďodies goat anti-raďďit /Z�yeϴϬϬ ;L/-CKZ �iosciencesͿ and goat 

anti-mouse /Z�yeϲϴϬ ;L/-CKZ �iosciencesͿ ǁere used at a dilution of ϭ͗ϭϬ͕ϬϬϬ and incuďated 

ǁith ďlots for ϭ hour at room temperature͘ /maging ǁas done ǁith the Kdyssey CLǆ imaging 

system ;L/-CKZ �iosciencesͿ͘ Protein ƋuantiĮcation ǁas performed using /mage Studio Lite 

soŌǁare ;L/-CKZ �iosciencesͿ͘

Zebrafish in situs, CRISPR, mutation assay, histology
�eďraĮsh ǁere maintained at ϮϴΣC ǁith a ϭϰ hͬϭϬ h lightͬdarŬ cycle as previously descriďed͘ϲϮ

�ll ǌeďraĮsh protocols ǁere in compliance ǁith internationally recogniǌed guidelines for 

the use of ǌeďraĮsh in ďiomedical research͕ and the eǆperiments ǁere approved ďy local 

authorities ;seterinćramt �ƺrich dsϰϮϬϲͿ͘ 
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/n situ hyďridiǌation ǁas performed folloǁing standard protocols ǁith a proďe spanning 

over ϴϬϬ ďp at the ϯ͛ end of armc9 generated using the primers ϱ͛-�'CdC��CdC�'C'�CC�dC-ϯ͛ 

and ϯ͛-d'Cd'dd�C�''��'Cd''�-ϱ͛͘  sgZE�s for CZ/SPZͬCas9 mutagenesis ǁere 

designed using the C,KPC,KP ǁeďsite͗ ϯ͛-'''�dd'''C�C���d''C�-ϱ͛ and 

ϯ͛-''��C�'CdCCd'���''�C-ϱ͛ for eǆon ϰ and ϱ͛-''dC���'�'Cd'��d'�Cd-ϯ͛ and 

ϯ͛-''�'CdCC'dC�''�CdddC-ϱ͛ for eǆon ϭϰͬϭϱ͘ Pairs of sgZE�s for each target site ǁere 

miǆed ǁith Cas9 protein ;giŌ from �arren 'ilmourͿ and inũected into ϭ-cell stage emďryos 

oďtained through natural matings͘ /ndividual larvae ǁere lysed for assessment of mutagenesis 

eĸciency͘ �mpliĮcation of the target regions for genotyping ǁas performed using primer 

pairs ϱ͚-C�'CC���CC�Cd'�'ddCC-ϯ͚ and ϯ͚-d'�CCCd'd�'d'd'd'C'd�-ϱ͚ for eǆon ϰ and 

ϱ͛-C�C'CCdd'C�CC�C�Cd-ϯ͛ and ϯ͚-C�CdCCCCd'ddd'�'C��d-ϱ͚ for eǆons ϭϰͬϭϱ͘ dhe PCZ 

products ǁere analyǌed on gel electrophoresis͕ ďands ǁere cut out and suďcloned ďefore 

seƋuencing͘ dhe remaining &Ϭ Įsh ǁere raised͘ �rains of four &Ϭ Įsh ǁith curved ďodies 

ǁere dissected out at Įve months of age͕ halved and Įǆed in Ϯ͘ϱй 'lutaraldehyde in Ϭ͘ϭD 

Cacodylate ďuīer and prepared for scanning electron microscopy ;S�DͿ folloǁing standard 

protocols͘ S�D ǁas performed on a ��/SS Supra sP ϱϬ microscope͘ Cryosections ǁere 

performed folloǁing standard protocols and /,C ǁas performed as previously descriďed͕ϯϳ͖ 

ϲϮ using the ǌprϭ antiďody͘ϲϯ syďrantΠ �iK ;dhermo&isherScientiĮcͿ and ��P/ ǁere used for 

counterstaining͘ /mages ǁere acƋuired on a Leica ,CS LS/ confocal microscope͘ ,istological 

sections using dechnovit ǁere performed as previously descriďed͘ϲϮ /mages ǁere acƋuired on 

an Klympus �Xϲϭ microscope͘ 
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SUPPLEMENTAL DATA

Figure S1: zebrafish armc9 gene structure and expression 
;�Ϳ Schematic representation of the ǌeďraĮsh armc9 gene ;ǁith eǆonicͬintronic structureͿ and protein 
ďeloǁ͕ shoǁing the predicted Lis, domain ;green͕ E-terminalͿ and the armadillo-type-fold ;�d&Ϳ domain 
;ďlueͿ͘ ;�-<Ϳ /n situ hyďridiǌation on ďrain cryosections from adult ǌeďraĮsh ;�-& transverse sections͕ '-< 
sagiƩal sectionsͿ͘ ;�Ϳ Eote staining along the ventricles marŬed ǁith the arroǁs͘ ;C-�Ϳ ,igher magniĮcation 
vieǁs of the ďoǆed areas in ;�Ϳ͘ ;CͿ sentral ǌone of periventricular hypothalamus ,v͕  ;�Ϳ periventricular 
grey ǌone of optic tectum P'�͕ ;�Ϳ lateral division of valvula cereďelli sal and torus longitudinalis dL͘ ;&Ϳ 
�ďsence of staining ǁith the control sense proďe͘ ;'Ϳ SagiƩal section through the ďrain and eye͕ shoǁing 
signal in the cereďellum ;ďoǆed area ,Ϳ͕ the hypothalamus ;ďoǆed area /Ϳ and the optic tectum ;ďoǆed area 
:Ϳ͘ CCe corpus cereďelli͕ LCa loďus caudalis cereďelli͕ , periventricular hypothalamus͕ P'� periventricular 
grey ǌone of optic tectum͕ dL torus longitudinalis͘ ;<Ϳ �ďsence of staining ǁith the control sense proďe͘ 
Scale ďars͗ ϮϬϬʅm ;�͕&͕ '͕<Ϳ͕ ϱϬʅm ;C-�Ϳ͕ ϭϬϬ ʅm ;,-:Ϳ͘ 
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◀Fig S2: CRISPR/Cas9 armc9 mutants
;�Ϳ Zepresentative gel shoǁing PCZ ampliĮcation around the CZ/SPZ target sites on Įnclips from adult 
&Ϭ animals ǁith ďody curvature͘ Eote the presence of ďands in addition to the td-siǌed ďand in the 
curved Įsh͘ dhe PCZ product from animal ηϮ ǁas cloned and seƋuenced͕ revealing that 9 of 9 selected 
clones had small out-of-frame indels͕ indicating that this animal had a very high rate of mutations in 
armc9 despite a ǁild-type-siǌed ďand on the gel͘ ;�-CͿ Scanning electron microscopy ;S�DͿ overvieǁ 
images of dissected and halved ďrains from &Ϭ armc9 animals ǁith ďody curvature͘ dhe arroǁ points to 
the ventricular surfaces shoǁn in ;�-�Ϳ͘ ;�-�Ϳ Close up S�D images of the ventricular surface shoǁing 
ďundles of cilia in ǁild-type animals ;�Ϳ͘ /n contrast͕ armc9 &Ϭ mutant animals display a paucity of cilia ;�Ϳ͘ 
;&-/͛Ϳ /mmunohistochemistry on cryosections through ǁhole eyes of ǁild-type ;&Ϳ and an &Ϭ armc9 mutant 
;'-/͛Ϳ stained ǁith the ǌprϭ antiďody marŬing red-green cone cell ďodies ;red in &-/Ϳ and �iK highlighting 
photoreceptor ;PZͿ outer segments ;KSͿ ;green in ,-/Ϳ͘ Eote the thinner retinal layers and the coloďoma 
;arroǁs in ' and ďoǆed area in ,Ϳ͘ ;/-/͛͛Ϳ represent the ďoǆed area in ;,Ϳ͘ Eote the discontinuity of the 
retinal layers and the presence of a second leaŇet of retina folding ďacŬ͕ ǁith presence of PZs and KSs in 
a mirror image on either side of this aďerrant second retinal layer ;arroǁsͿ͘ Scale ďars are ϭϬϬʅm in ;�-CͿ͕ 
ϯʅm in ;�-�Ϳ͕ ϭϬϬʅm in ;&-,Ϳ͕ ϱϬʅm in ;/͛-/͛͛Ϳ͘ 
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Fig S3: ARMC9 antibody validation
;�Ϳ testern ďlot analysis of hd�Zd-ZP� cells transfected ǁith non-targeting control siZE� and si�ZDC9͘ 
Cell lysates ǁere proďed ǁith antiďodies to �ZDC9 and '�P�, as loading control͘ ;�Ϳ YuantiĮcation of 
ǁestern ďlot signal in ;�Ϳ ƋuantiĮed via densitometry normaliǌed to '�P�,
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Table S1 .   Oligonucleotide primers for qP CR
Targ et Gene Pri mer ID S eq uence ( 5 ' -3' )
ARL13B E x ons 2 / 3 F orward:       A A TGCTGGTA A A A CCGCA A C

Reverse:        TTCCCCGA A TTCTTA TTCCA
ARMC9 E x ons 2 1 / 2 2 F orward:       GGA GTGA CCA CCA GGGA A TG 

Reverse:        GGCCA CA CGA A GA GA A CA GA
ARMC9 E x ons 3/ 4 F orward:       GA GA CCGGA CA A A GA GGA GC

Reverse:        CTCTGTGGTCTGGCTCA A GG
ARMC9 E x ons 2 / 3 F orward:       TTCCA TCCGA GA TGGGGA CT

Reverse:        GCTCCTCTTTGTCCGGTCTC
GAPDH E x ons 2 / 6 F orward:       A GGTGA A GGTCGGA GTCA A C

TTCA CA CCCA TGA CGA A CA T
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ABSTRACT 
:ouďert syndrome ;:�dSͿ is a recessive neurodevelopmental ciliopathy͕  characteriǌed ďy a 

pathognomonic hindďrain malformation͘ �ll Ŭnoǁn :�dS-genes encode proteins involved in 

the structure or function of primary cilia͕ uďiƋuitous antenna-liŬe organelles essential for 

cellular signal transduction͘ ,ere͕ ǁe used the recently identiĮed :�dS-associated protein 

�ZDC9 in tandem-aĸnity puriĮcation and yeast tǁo-hyďrid screens to identify a ciliary 

module ǁhose dysfunction underlies :�dS͘ /n addition to Ŭnoǁn :�dS-associated proteins 

C�PϭϬϰ and CSPPϭ͕ ǁe identiĮed CC�Cϲϲ and dK'�Z�Dϭ as �ZDC9 interaction partners͘ te 

found that TOGARAM1 variants cause :�dS and disrupt dK'�Z�Dϭ interaction ǁith �ZDC9͘ 

Using a comďination of protein interaction analyses and characteriǌation of patient-derived 

Įďroďlasts͕ CZ/SPZͬCas9-engineered ǌeďraĮsh and hd�Zd-ZP�ϭ cells͕ ǁe demonstrated that 

dysfunction of �ZDC9 or dK'�Z�Dϭ result in short cilia ǁith decreased aǆonemal acetylation 

and polyglutamylation͕ ďut relatively intact transition ǌone function͘ �ďerrant serum-induced 

ciliary resorption and cold-induced depolymeriǌation in �ZDC9 and dK'�Z�Dϭ patient cell 

lines suggest a role for this neǁ :�dS-associated protein module in ciliary staďility͘
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INTRODUCTION
Ciliopathies are a heterogeneous class of disorders that arise from defects in the structure or 

function of the primary cilium ;ϭ͕ ϮͿ͕ a highly specialiǌed microtuďule-ďased sensory organelle 

that protrudes from the surface of most euŬaryotic cell types ;ϯͿ͘ :ouďert syndrome ;:�dSͿ is a 

recessive͕ genetically heterogeneous͕ neurodevelopmental ciliopathy͕  deĮned ďy a distinctive 

ďrain malformation͕ recogniǌaďle as the ͞molar tooth sign͟ ;DdSͿ ;ϰͿ in aǆial magnetic 

resonance images through the midďrain-hindďrain ũunction͘ �īected individuals have 

hypotonia͕ ataǆia͕ aďnormal eye movements͕ and cognitive impairment͘ �dditional features 

can occur͕  including retinal dystrophy͕  Įďrocystic Ŭidney disease͕ liver Įďrosis͕ polydactyly͕  and 

coloďoma ;ϱͿ͘ do date͕ variants in more than ϯϱ genes have ďeen causally linŬed to :�dS͕ ďut 

the genetic diagnosis cannot ďe identiĮed in all patients͕ and the disease mechanisms remain 

unclear ;ϲʹϴͿ͘

�ll :�dS-associated proteins identiĮed thus far function in and around the primary cilium͕ 

ďut their dysfunction can aīect a ǁide variety of cellular processes͕ including cilium formation͕ 

resorption͕ tuďulin post-translational modiĮcations͕ memďrane phosphatidylinositol 

composition͕ ciliary signaling pathǁays͕ actin cytosŬeleton dynamics͕ and �E� damage 

response signaling ;9ʹϭϰͿ͘ Dany :�dS proteins act together in compleǆes that localiǌe to 

speciĮc suďdomains of the ciliary compartment͘ �isruption of the composition͕ architecture͕ 

or function of these ciliary suďdomains causes disease ;ϲͿ͘ 

dhe core of the cilium is composed of nine microtuďule douďlets forming the ciliary 

aǆoneme͕ ǁhich is anchored to the cell ďy the ďasal ďody͕  a modiĮed centriole͘ dhe aǆonemal 

microtuďules undergo a range of post-translational modiĮcations including polyglutamylation 

and acetylation ǁhich are important for the structure and function of the cilium ;ϭϱʹϭϳͿ͘ dhe 

ciliary memďrane has a distinct protein and lipid distriďution that diīers from the contiguous 

plasma memďrane͘ dhis uniƋue composition is achieved in part ďy the transition ǌone ;d�Ϳ that 

connects the aǆoneme to the memďrane and acts as a partition͘ �pproǆimately half of the 

Ŭnoǁn :�dS proteins͕ including ZP'Z/PϭL ;:�dSϳͿ ;ϭϴ͕ ϭ9Ϳ and CCϮ�Ϯ� ;:�dS9Ϳ ;ϮϬͿ͕ assemďle 

into multi-protein compleǆes at the ciliary d� ǁhere they organiǌe the molecular gate that 

regulates ciliary protein entry and eǆit ;ϮϭͿ͖ d� dysfunction is thought to play a Ŭey role in :�dS 

;ϮϮͿ͘ �nother suďset of :�dS-associated proteins͕ including �ZLϭϯ� ;:�dSϴͿ ;ϮϯͿ and /EPPϱ� 

;:�dSϭͿ ;ϭϬͿ͕ associate ǁith the ciliary memďrane distal to the d�͘ dhese proteins are thought 

to regulate signaling pathǁays such as ,edgehog ;,hͿ ďy modulating ciliary protein and lipid 

composition ;Ϯϰ͕ ϮϱͿ͘ �iīerent :�dS-associated proteins have ďeen found to function at the 

ďasal ďody or distal segmentͬtip ;ϲͿ͘ CSPPϭ ;:�dS ϮϭͿ ;Ϯϲ͕ ϮϳͿ and C�PϭϬϰ ;:�dSϮϱͿ ;ϮϴͿ are 

mainly detected at the centrosomes and ciliary ďasal ďodies͖ hoǁever͕  their eǆact molecular 
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function͕ and hoǁ defects in these proteins lead to :�dS͕ are less ǁell understood͘ C�PϭϬϰ 

localiǌes to the ciliary tip during ciliogenesis͕ ǁhere it is reƋuired for structural integrity in the 

motile cilia of Chlamydomonas and detrahymena ;Ϯ9͕ ϯϬͿ͘ Pathogenic variants in the gene 

encoding the ciliary tip Ŭinesin </&ϳ ;:�dSϭϮͿ also cause :�dS͕ and </&ϳ dysfunction has ďeen 

linŬed to defects in tuďulin acetylation and ,h signaling ;ϯϭͿ͘

Zecently͕  ǁe identiĮed ďiallelic pathogenic �ZDC9 ;armadillo repeat motif containing 9Ϳ 

variants in individuals ǁith :�dS ;:�dSϯϬͿ͘ �ZDC9 localiǌes to centrioles ;ϯϮͿ and the proǆimal 

portion of the cilium ;ϯϯͿ in mammalian cilia͘ �ZDC9 transcript levels are upregulated 

ǁith induction of ciliogenesis͕ and armc9 dysfunction in ǌeďraĮsh yields typical ciliopathy 

phenotypes ;ϯϮͿ͘ �ZDC9 has not ďeen identiĮed as a component of the ciliary :�dS-associated 

protein compleǆes mentioned aďove͕ so in this ǁorŬ͕ ǁe used �ZDC9 as ďait in protein 

interaction screens͘ dhese screens identiĮed a microtuďule-associated ciliary protein module 

containing multiple other :�dS-associated proteins ;C�PϭϬϰ͕ CSPPϭ͕ ZP'Z/PϭL͕ and C�PϮ9ϬͿ 

and tǁo other ciliary proteins ;dK'�Z�Dϭ and CC�CϲϲͿ not previously implicated in :�dS͘ 

StriŬingly͕  ǁe identiĮed ďiallelic pathogenic dK'�Z�Dϭ variants as the cause of :�dS in Įve 

families͘ do decipher the function of the �ZDC9-dK'�Z�Dϭ protein module and assess its role 

in the pathology of :�dS͕ ǁe mapped the interaction domains and evaluated cellular defects 

in cultured human cells and ǌeďraĮsh mutants͘ te Įnd that these proteins͕ previously shoǁn 

to associate ǁith microtuďules ;Ϯ9͕ ϯϰʹϯϲͿ͕ are reƋuired for appropriate post-translational 

modiĮcation of ciliary microtuďules and cilium staďility͘

RESULTS
Identification of a novel protein module implicated in JBTS
te performed protein interaction screens to deĮne the �ZDC9-associated interactome͘ 

do identify direct ďinding partners͕ ǁe employed full-length �ZDC9 and four fragments 

;&igure ϭ�Ϳ as ďait in a '�Lϰ-ďased yeast tǁo-hyďrid ;zϮ,Ϳ interaction trap screen of tǁo 

validated prey retinal c�E� liďraries that ǁere generated via random or oligo-dd primers 

;ϯϳͿ͘ Using full-length �ZDC9 as a ďait͕ ǁe identiĮed four proteins previously implicated 

in ciliary function as ďinary interactors͕ including �ZDC9 itself ;suggesting a propensity to 

multimeriǌeͿ͕ dK'�Z�Dϭ ;Ϯ9͕ ϯϰͿ͕ CC�Cϲϲ ;ϯϲ͕ ϯϴͿ͕ and the :�dS-associated protein CSPPϭ 

;ϯ9Ϳ͘ salidation of these interactions and evaluation of the interacting domains ǁas performed 

ďy zϮ, co-eǆpression͘ dhis assay indicated that the potential self-ďinding propensity of �ZDC9 

is mediated ďy fragment Ϯ containing the E-terminal ϯϱϬ amino acid stretch containing the 

lissencephaly type-ϭ-liŬe homology motif ;Lis,Ϳ and coiled-coil domains͕ ǁhile dK'�Z�Dϭ 

and CSPPϭ associated ǁith fragment ϰ ;ϭϱϬ-ϲϲϱ aaͿ containing the coiled-coil domain and the 
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Figure 1 ARMC9 associates with TOGARAM1 in a ciliary module. ;�Ϳ Schemati c of full-length �ZDC9 and 
fragments used as ďaits in zϮ, ďovine and human reti nal c�E� liďrary screens͘ �omains indicated are the 
predicted Lissencephaly type-ϭ-liŬe homology moti f ;Lis,͕ darŬ greenͿ͕ coiled-coil domain ;CC͕ light greenͿ 
and the armadillo repeats-containing domain ;armadillo͕ purpleͿ͘ ;�Ϳ �irect interacti on analysis grid using 
full length prey constructs͘ Selecti on of strains co-eǆpressing ďait and prey constructs ǁas performed 
on Ƌuadruple ŬnocŬout S� medium ;S�-Lt,�Ϳ͘ dhe top roǁ displays yeast colony groǁth ǁhen using 
fragment ϭ of dK'�Z�Dϭ as prey͘ ;CͿ ɴ-'alactosidase acti vity assay conĮ rming the interacti ons͘ ;�Ϳ 
Schemati c of full-length dK'�Z�Dϭ and fragments used in zϮ, ďovine and human reti nal c�E� screens͘ 
;�Ϳ dK'�Z�Dϭ screen results validated in a zϮ, directed interacti on analysis on triple ;S�-Lt,Ϳ and 
Ƌuadruple ;S�-Lt,�Ϳ ŬnocŬout media͘ ;&Ϳ &lag co-/P of ϯǆ&lag-�ZDC9͕ ϯǆ&lag-dK'�Z�Dϭ͕ ϯǆ&lag-
CC�Cϲϲ͕ ϯǆ&lag-CSPPϭ͕ and ϯǆ&lag-C�PϭϬϰ ǁith ϯǆ,�-�ZDC9͘ ϯǆ&lag-mZ&P served as a negati ve control͘ 
testern ďlot analysis post &lag-tag puriĮ cati on indicates the presence of ϯǆ,�-�ZDC9 conĮ rming the 
interacti ons͘ ϯǆ&lag-mZ&P shoǁs no interacti on ǁith ϯǆ,�-�ZDC9͘ ;'Ϳ �ZDC9 interacts ǁith dK'�Z�Dϭ 
as conĮ rmed ďy d�P͕  dashed lines͕ and zϮ, screens͕ solid lines͘ salidati on ǁas suďseƋuently performed 
using co-/P͕  doƩ ed lines͘ ;,Ϳ Silver stain gel of C-terminally and E-terminally S&-d�P tagged �ZDC9 ;leŌ ͕ 
large arroǁ͕ ϴϬ Ŭ�aͿ and E-terminally S&-d�P tagged dK'�Z�Dϭ ;right͕ large arroǁ͕ ϮϬϬ Ŭ�aͿ post protein 
puriĮ cati on͘ dhe small arroǁs indicate the eǆpected protein ďands of tǁo dK'�Z�Dϭ isoforms ;ϭ9ϱ͘ϲ Ŭ�a 
and ϭϴ9͘ϰ Ŭ�aͿ in the �ZDC9 d�P puriĮ cati on͕ and tǁo endogenous �ZDC9 isoforms ;9ϭ͘ϴ Ŭ�a and ϳϱ͘ϳ 
Ŭ�aͿ in the dK'�Z�Dϭ d�P puriĮ cati on͘ 
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armadillo repeats domain ;&igure ϭ�͕ CͿ͘ te also used full-length dK'�Z�Dϭ and three 

fragments ;&igure ϭ�Ϳ in parallel screens ǁhich conĮrmed the direct interaction ďetǁeen 

dK'�Z�Dϭ and �ZDC9 ;&igure ϭ�Ϳ͕ and yielded an additional candidate interactor͕  the :�dS-

associated transition ǌone protein ZP'Z/PϭL ;:�dSϳͿ ;&igure ϭ�Ϳ͘ dhe interaction ǁith �ZDC9 

ǁas mapped to the E-terminal portion of dK'�Z�Dϭ ;fragment ϭͿ containing the dK'ϭ and 

dK'Ϯ domains͕ ǁhile ZP'Z/PϭL ďound to the linŬer region ;fragment ϮͿ ďetǁeen the dK'Ϯ 

and dK'ϯ domain ;&igure ϭ�Ϳ͘ 

do identify �ZDC9-associated protein compleǆes͕ ǁe eǆpressed strep ʹ &L�' epitope-

tagged �ZDC9 in ,�<Ϯ9ϯd cells͕ folloǁed ďy tandem aĸnity puriĮcation ;d�PͿ and suďseƋuent 

mass spectrometry͘ dhis identiĮed ϭϬϲ candidate �ZDC9 interactors͕ including dK'�Z�Dϭ 

and the :�dS-associated protein C�PϮ9Ϭ ;&igure ϭ'͕ ,͖ Supplemental taďle ϭͿ͘ SuďseƋuent d�P 

eǆperiments using tagged dK'�Z�Dϭ͕ CC�Cϲϲ͕ and CSPPϭ conĮrmed the presence of �ZDC9 

in the dK'�Z�Dϭ and CC�Cϲϲ compleǆes͕ and eǆtended the netǁorŬ to include several 

other ciliary proteins ;Supplemental taďles Ϯ-ϰͿ͘ &or dK'�Z�Dϭ͕ these additional candidate 

interactors included ciliary proteins �ZDC9͕ C�PϭϬϰ͕ /&dϳϰ͕ /&dϭϳϮ͕ PL<ϭ͕ and PZP&ϯϭ͕ 

;Supplemental taďle ϮͿ͕ for CC�Cϲϲ͕ they included �ZDC9 and �zELLϭ ;Supplemental taďle 

ϯͿ͕ and for CSPPϭ͕ they included ZP'Z/PϭL and C�PϮ9Ϭ ;Supplemental taďle ϰͿ͘ 

do further validate the �ZDC9 interactors identiĮed in d�P and zϮ, eǆperiments 

and evaluate their propensity to interact͕ ǁe performed reciprocal co-/Ps of all ďinary 

permutations of the module components �ZDC9͕ dK'�Z�Dϭ͕ C�PϭϬϰ͕ CC�Cϲϲ͕ and CSPPϭ 

;&igure ϭ&͕  Supplemental &igure ϭ�-/Ϳ͘ dhe results conĮrmed the interaction of �ZDC9 ǁith 

dK'�Z�Dϭ͕ CC�Cϲϲ͕ C�PϭϬϰ͕ and CSPPϭ ;&igure ϭ'Ϳ͘ �dditionally͕  ǁe performed PalmDyr-

C&P mislocaliǌation assays to further conĮrm the interaction of dK'�Z�Dϭ and �ZDC9͘ 

dhe PalmDyr-C&P assay utiliǌes a PalmDyr tag ǁhich provides sites for palmitoylation and 

myristoylation͘ dhe palmitoylation and myristoylation forces the tagged protein to ;misͿ

localiǌe to the cell memďrane ;ϰϬͿ͘ dhis mislocaliǌation can ďe evaluated ďy Ňuorescence 

microscopy of C&P signal͘ te transfected PalmDyr-C&P tagged �ZDC9 and mZ&P-tagged 

dK'�Z�Dϭ into human telomerase reverse transcriptase retina pigmented epithelium 

;hd�Zd-ZP�ϭͿ cells͕ alone and in comďination͕ to assess the interaction ďetǁeen �ZDC9 and 

dK'�Z�Dϭ͘ Cells transfected ǁith PalmDyr-C&P-�ZDC9 alone shoǁed diīuse localiǌation 

across the cell memďrane ;Supplemental &igure ϭ�Ϳ͕ ǁhile mZ&P-dK'�Z�Dϭ alone localiǌed 

to microtuďule-liŬe structures ;Supplemental &igure ϭCͿ͘ Co-eǆpression yielded complete co-

localiǌation along these structures despite the PalmDyr tag on �ZDC9 ;Supplemental &igure 

ϭ�Ϳ͕ thereďy indicating a direct interaction of the tǁo proteins and a liŬely strong microtuďule 

ďinding aĸnity of dK'�Z�Dϭ͘ 
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TOGARAM1 variants cause JBTS in humans 
Eeǆt͕ ǁe investigated ǁhether our interactome dataset could ďe used to identify neǁ :�dS-

associated genes͘ te cross-referenced the �ZDC9-interactome data ǁith �E� seƋuence data 

from our cohort of >ϲϬϬ families aīected ďy :�dS ;ϰϭͿ͘ te Įrst evaluated eǆome seƋuence 

data for ϱϯ individuals in ϱϭ families ǁithout variants in Ŭnoǁn :�dS genes͘ te identiĮed 

ďiallelic͕ missense TOGARAM1 variants in a fetus ǁith cereďellar vermis hypoplasia and 

polydactyly ;Utϯϱϭ-ϯ in &igure Ϯ� and daďle ϭͿ͘ dhese variants ;c͘ϭϭϮϰd>C͖ p͘LeuϯϳϱPro 

and c͘ϯ9ϯϭC>d͖ p͘�rgϭϯϭϭCysͿ are rare in gnom�� vϮ͘ϭ ;ϰϮͿ and predicted to ďe deleterious 

ďy comďined annotation dependent depletion ;C���Ϳ ;ϰϯͿ ;daďle ϭͿ͘ do identify additional 

families͕ ǁe seƋuenced all of the Ŭnoǁn :�dS genes using small-molecule molecular inversion 

proďe capture ;ϰϰͿ in ϱϯϰ additional individuals from the same cohort and identiĮed another 

individual ;UtϯϲϬ-ϯ in daďle ϭ and &igure Ϯ�Ϳ ǁith the molar tooth sign ;&igure Ϯ�Ϳ and a 

nonsense variant ;c͘ϭϬϴϰC>d͖ p͘'lnϯϲϮΎͿ on one allele and loǁ read depth indicating a possiďle 

multi-eǆon deletion event on the other allele͘ te conĮrmed a ϭϮ Ŭď deletion using a custom 

comparative genomic hyďridiǌation array͕  and Įďroďlast c�E� seƋuencing revealed deletion 

of eǆons ϰ-ϳ ;&igure ϮCͿ͘ 'enomic �E� seƋuencing of the proďand and parents revealed that 

the ϭϮ͕ϭ9ϭ ďase pair deletion ǁas inherited from the father ;&igure ϮCͿ͘ /n parallel͕ eǆome 

seƋuencing in several other cohorts of individuals ǁith ciliopathy and neurodevelopmental 

conditions identiĮed three other individuals ǁith dK'�Z�Dϭ-related :�dS ;daďle ϭ and 

&igure Ϯ�͕ �Ϳ͗ ϭϯ�'ϭϱϳϴ ;consanguineousͿ ǁith a homoǌygous rare͕ predicted-deleterious 

missense variant ;c͘ϭϭϬϮC>d͖ p͘�rgϯϲϴdrpͿ͕ t'L-ϭ9ϭϰ ;consanguineousͿ ǁith a rare͕ 

homoǌygous stop-gain variant ;c͘ϯϮϰϴC>�͖ p͘SerϭϬϴϯΎͿ͕ and :�S-LϱϬ ;non-consanguineousͿ 

ǁith rare͕ compound heteroǌygous missense and stop-gain variants ;c͘ϭϭϭϮC>�͖ p͘�laϯϳϭ�sp 

and c͘ϱϬϮϯC>d͖ p͘�rgϭϲϳϱΎͿ͘ Dost variants identiĮed in this ǁorŬ cluster around the dK' 

;tumor overeǆpressed geneͿ domains in the protein ;&igure Ϯ�Ϳ͘ dK'�Z�Dϭ is also Ŭnoǁn 

as &�Dϭϳ9� and </��ϬϰϮϯ͕ ǁith homologs C,�-ϭϮ in C͘elegans and Crescerinϭ in mouse͘ 

Segregation analysis for all aīected families conĮrmed a recessive inheritance paƩern ;&igure 

Ϯ� and Supplemental &igure ϯͿ͘
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Figure 2 TOGARAM1 variants cause JBTS. ;�Ϳ Pedigrees and segregation of dK'�Z�Dϭ variants͘ ;�Ϳ 
�rain imaging features in individuals ǁith dK'�Z�Dϭ-related :�dS͘ Dolar tooth sign ;arroǁheads in 
leŌ column͕ aǆial dϮ-ǁeighted imagesͿ͕ and elevated roof of the ϰth ventricle ;arroǁs in right column͕ 
sagiƩal dϭ-ǁeighted ;top tǁoͿ and dϮ-ǁeighted ;ďoƩomͿ imagesͿ͘ Duch of the cereďellar tissue on the 
sagiƩal images ;right columnͿ is hemisphere ďased on aǆial and coronal vieǁs ;not shoǁnͿ͘ ;CͿ Dulti-eǆon 
deletion in UtϯϲϬ͘ Primers ŇanŬing the predicted deletion amplify a ϭϬϲϰ ďase pair product in father 
;&Ϳ and aīected son ;SͿ due to a ϭϮ͕ϭ9ϭ ďase pair deletion͕ ďut not mother ;DͿ ďecause the predicted 
product is too large͘ Sanger seƋuencing of the ďreaŬpoint in g�E� ;upperͿ and c�E� ;loǁerͿ from the 
aīected child͕ conĮrming deletion of eǆons ϰ-ϳ͘ Coding genomic schematic of ,omo sapiens dK' array 
regulator of aǆonemal microtuďules ϭ͕ dK'�Z�Dϭ͘ dranscript variant ϭ is shoǁn ;EDͺϬϬϭϯϬϴϭϮϬ͕ variant 
Ϯ EDͺϬϭϱϬ9ϭ͘Ϯ͕ not shoǁnͿ͘ ;�Ϳ Protein schematic of dK'�Z�Dϭ ǁith :�dS associated variants indicated͕ 
dK' domains ϭ-ϰ are shoǁn ǁith ,��d repeats indicated in gradient ďlue͘ 
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dhe Įve aīected individuals had features consistent ǁith :�dS͕ including classic ďrain imaging 

Įndings ;aďsent cereďellar vermis and thicŬ͕ horiǌontally oriented superior cereďellar 

peduncles͕ giving the appearance of the molar tooth signͿ in the four children ;&igure Ϯ�Ϳ͕ 

and cereďellar vermis hypoplasia in the fetus ;Utϯϱϭ-ϯͿ͘ dhis fetus also had ďilateral postaǆial 

foot polydactyly and aďnormal craniofacial features at autopsy including ďroad nasal ďridge 

and posteriorly rotated ears͘ dhe four living children have typical hypotonia͕ ataǆia͕ cognitive 

delays and ďehavioral features associated ǁith :�dS͕ ǁhile t'L-ϭ9ϭϰ and :�S-LϱϬ had Ŭidney 

involvement and t'L-ϭ9ϭϰ also had liver involvement͘ Uncommonly seen in individuals ǁith 

:�dS͕ ǁidely spaced nipples͕ male genital aďnormalities ;undescended testicles and possiďle 

micropenis in UtϯϲϬ-ϯ͕ and small scrotum and testicle in ϭϯ�'ϭϱϳϴͿ͕ and someǁhat similar 

dysmorphic features ǁere noted in several of these individuals ;daďle ϭͿ͘

JBTS-associated TOGARAM1 missense variants in the TOG2 domain 
disrupt the ARMC9-TOGARAM1 interaction
dK'�Z�Dϭ is a memďer of the highly conserved &�Dϭϳ9 protein family and is found across 

ciliated euŬaryotes including Chlamydomonas reinhardtii͕ detrahymena thermophila͕ and 

Caenorhaďditis elegans͘ dK'�Z�Dϭ has four conserved dK' domains that display similarity to 

the tuďulin ďinding domains in ch-dK' and CL�SP family proteins ;ϯϰͿ͘ �rgϯϲϴdrp͕ �laϯϳϭ�sp͕ 

and LeuϯϳϱPro͕ lie ǁithin the highly conserved dK'Ϯ domain ;&igure Ϯ�͕ Supplemental 

&igure Ϯ�Ϳ ǁhich has ďeen found to promote microtuďule polymeriǌation in vitro ;ϯϰͿ͘ dhe 

dK'Ϯ domain conforms to the canonical dK' domain architecture found in other dK' array 

containing proteins such as CL�SP and StuϮ ;Supplemental &igure Ϯ�Ϳ͕ therefore disruption 

of this domain is predicted to disturď microtuďule ďinding ;ϰϱͿ͘ Using in silico analysis of the 

eīects of point mutations͕ ǁe found that �rgϯϲϴdrp͕ �laϯϳϭ�sp͕ and LeuϯϳϱPro͕ variants 

ǁere predicted to ďe deleterious to protein structure ;ϰϱͿ͘ Zesidue ϯϲϴ is highly conserved͕ 

modeling the ǁild-type and mutant dK' domains using ,KP� ;ϰϱͿ predicts that the larger 

and neutral tryptophan disrupts the normal hydrogen ďonds ǁith the aspartic acid residues 

at positions ϯϲϭ and ϰϬϱ ;Supplemental &igure Ϯ�͕ CͿ͘ Position ϯϳϭ is highly conserved͕ and 

due to the diīerence in siǌe and hydrophoďicity͕  aspartic acid at this position is predicted to 

disrupt the structure and function of the ,��dϰ domain͘ Position ϯϳϱ is located in a predicted 

α-heliǆ͕ and is highly conserved͖ proline at this position is predicted to disrupt this α-heliǆ as it 

introduces a ďend in the polypeptide chain ;Supplemental &igure Ϯ�͕ �Ϳ͕ liŬely aīecting protein 

folding or interaction ǁith other domains ;ϰϱͿ͘ 

do assess the eīects of :�dS-associated missense variants͕ ǁe modeled tǁo of the dK'Ϯ 

domain variants ;�rgϯϲϴdrp͕ LeuϯϳϱProͿ and the single dK'ϯ domain variant ;�rgϭϯϭϭCysͿ ďy 
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Figure 3 Overexpression of TOGARAM1 affects ciliary length and TOG2 domain variants reduce ARMC9 
interaction. ;�Ϳ Untransfected control hd�Zd-ZP�ϭ cells͕ the cilium is shoǁn ǁith transition ǌone marŬer 
ZP'Z/PϭL ;ǁhiteͿ and ciliary memďrane marŬer �ZLϭϯ� ;greenͿ͘ ;�-�Ϳ dransient mZ&P-dK'�Z�Dϭ 
overeǆpression ;redͿ in hd�Zd-ZP�ϭ cells shoǁn ǁith transition ǌone marŬer ZP'Z/PϭL ;ǁhiteͿ and ciliary 
memďrane marŬer �ZLϭϯ� ;greenͿ͗ ;�Ϳ mZ&P-dK'�Z�Dϭ-ǁild-type͕ ;CͿ mZ&P-dK'�Z�Dϭ-�rgϯϲϴdrp͕ 
;�Ϳ mZ&P-dK'�Z�Dϭ-LeuϯϳϱPro͕ and ;�Ϳ mZ&P-dK'�Z�Dϭ-�rgϭϯϭϭCys͘ /mages are representative of 
хϯϬ cilia assessed per condition over three eǆperiments͘ Scale ďars are ϱʅm͘ ;&Ϳ YuantiĮcation of cilium 
lengths ǁith overeǆpression of ǁild-type and variant forms of mZ&P-dK'�Z�Dϭ͘ ;untransfected nсϯ9͕ 
ǁild-type nсϯϲ͕ �rgϯϲϴdrp nсϯϮ͕ LeuϯϳϱPro nсϯϱ͕ �rgϭϯϭϭCys nсϯϲͿ͘ �oǆ plot horiǌontal ďars represent 
the median нͬ- 9ϱC/͘ SigniĮcance ǁas tested ďy one-ǁay �EKs� and duŬey s͛ multiple comparison test͘ 
Eo signiĮcant diīerences ǁere found ďetǁeen cells overeǆpressing mZ&P-dK'�Z�Dϭ͕ mZ&P-�rgϯϲϴdrp͕ 
and mZ&P-LeuϯϳϱPro͘ pсϬ͘ϬϬϬϰ for untransfected versus �rgϭϯϭϭCys ;'Ϳ Co-immunoprecipitation of ,�-
tagged �ZDC9 and Dyc-tagged dK'�Z�Dϭ͗ tild-type and Dyc-tagged dK'�Z�Dϭ-�rgϭϯϭϭCys interact 
ǁith �ZDC9͕ ǁhile dK'�Z�Dϭ variants �rgϯϲϴdrp and LeuϯϳϱPro do not͘ ;,Ϳ zϮ, direct interaction 
analysis assay ǁith �ZDC9 and dK'�Z�Dϭ͗ tild-type and dK'�Z�Dϭ-�rgϭϯϭϭCys interact ǁith �ZDC9 
ǁhile the dK'�Z�Dϭ variants �rgϯϲϴdrp and LeuϯϳϱPro do not͘ P-value symďols͗ ns pхϬ͘Ϭϱ͕ ΎΎΎpчϬ͘ϬϬϭ͕ 
ΎΎΎΎpчϬ͘ϬϬϬϭ͘
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eǆpressing ǁild-type and mutant mZ&P-tagged dK'�Z�Dϭ in control ;&igure ϯ�-�Ϳ and 

genetically edited dK'�Z�Dϭ mutant hd�Zd-ZP� lines ;Supplemental &igure ϰ�͕ �Ϳ͘ dhe 

genetically edited dK'�Z�Dϭ mutant hd�Zd-ZP� line͕ dK'�Z�Dϭ mut ϭ͕ has a ďiallelic 

deletion of the �d' site of dK'�Z�Dϭ ;Supplemental &igure ϱ�͕ �Ϳ͘ Kvereǆpressed ǁild-

type dK'�Z�Dϭ localiǌed along the ciliary aǆoneme and ǁas associated ǁith marŬedly 

longer cilia compared to untransfected ǁild-type cells ;&igure ϯ�͕ �Ϳ and dK'�Z�Dϭ mut 

ϭ cells ;Supplemental &igure ϰ�͕�Ϳ͘ �ǆogenous dK'�Z�Dϭ harďoring these three variants 

individually also localiǌed to the cilium͕ ďut overeǆpression of dK'Ϯ-domain variants 

�rgϯϲϴdrp and LeuϯϳϱPro resulted in longer cilia ǁhile overeǆpression of the dK'ϯ-domain 

variant �rgϭϯϭϭCys resulted in shorter cilia compared to untransfected cells ;&igure ϯ�-�͕ 

ƋuantiĮcation in &igure ϯ&Ϳ͘ dhese data suggest that disruption of the dK'ϯ domain may have 

a dominant negative eīect on the microtuďule polymeriǌation capacity of dK'�Z�Dϭ and 

disruption of the dK'ϯ domain has a diīerent eīect on dK'�Z�Dϭ localiǌation and ciliary 

eǆtension as compared to dK'Ϯ domain variants͘

te neǆt investigated the eīects of the dK'�Z�Dϭ variants on the interaction ǁith �ZDC9 

using co-/P͕  ďinary yeast tǁo-hyďrid ;zϮ,Ϳ interaction analysis͕ and PalmDyr colocaliǌation 

assays͘ te found that the variants in the dK'Ϯ domain ;�rgϯϲϴdrp and LeuϯϳϱProͿ aďolished 

co-/P of ,�-�ZDC9 ǁith Dyc-dK'�Z�Dϭ͕ ǁhile the �rgϭϯϭϭCys variant in the dK'ϯ domain 

does not inŇuence the interaction in these assays ;&igure ϯ'Ϳ͘ zϮ, analysis conĮrmed these 

ďinary interactions ;&igure ϯ,Ϳ͘ /n PalmDyr assays͕ the individually-eǆpressed ǁild-type 

and mutant mZ&P-tagged dK'�Z�Dϭ proteins localiǌed along the length of cilia and along 

cytoplasmic microtuďules ;Supplemental &igure ϰ�Ϳ͘ Co-eǆpression of PalmDyr-C&P tagged 

�ZDC9 ǁith ǁild-type or �rgϭϯϭϭCys mZ&P-dK'�Z�Dϭ resulted in a paƩern consistent ǁith 

co-localiǌation to cytoplasmic microtuďules ;Supplemental &igure ϰ�Ϳ͕ indicating protein-

protein interaction͘ /n contrast͕ co-eǆpression ǁith the dK'Ϯ variants resulted in PalmDyr-C&P 

tagged �ZDC9 remaining localiǌed to the plasma memďrane͕ suggesting a lacŬ of interaction 

ǁith the dK'�Z�Dϭ mutants aīecting the dK'Ϯ domain ;Supplemental &igure ϰ�Ϳ͘ daŬen 

together͕  these data indicate that variants in the dK'Ϯ domain aďrogate the �ZDC9-

dK'�Z�Dϭ interaction͘

togaram1 mutations cause ciliopathy phenotypes in zebrafish
do further investigate the function of dK'�Z�Dϭ and the association ďetǁeen dK'�Z�Dϭ 

dysfunction and :�dS͕ ǁe turned to ǌeďraĮsh͕ an estaďlished model organism for ciliopathies͘ 

/ndeed͕ ǌeďraĮsh display a variety of ciliated cell types similar to humans͕ and pathogenic 
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variants in human ciliopathy genes result in typical ciliopathy phenotypes in ǌeďraĮsh͘ Ciliated 

cells typically assessed in the ǌeďraĮsh model include epithelial cells in pronephric ;ŬidneyͿ 

ducts͕ olfactory neurons in nose pits or neuronal progenitors on larval ďrain ventricular 

surfaces͘ 

te identiĮed a single ǌeďraĮsh togaramϭ ortholog displaying a highly conserved 

C-terminal region encompassing tǁo dK' domains ;similar to human dK'ϯ and ϰͿ and a single 

E-terminal dK' domain corresponding to mammalian dK'Ϯ domain ;Supplemental &igure ϲ�Ϳ͘ 

dhe three dK' domains are ǁell-conserved ďetǁeen ǌeďraĮsh and its corresponding human 

counterparts ;ϱϬ-ϱϴй amino acid identity and ϳϮ-ϳϳй similarityͿ͘ �s for the linŬer region 

ďetǁeen dK' domains͕ ǁhile it is more poorly conserved͕ it is enriched in serines and lysines 

;ϭϮϱ of ϱϴ9 residues are Ser or LysͿ͕ similar to the proportion found in the human protein ;ϭϲϱ 

of ϲϱϳ residues are Ser or LysͿ͖ this is a common feature of dK'-domain containing proteins 

;ϰϲͿ͘ 'ene synteny analysis conĮrmed that the identiĮed ǌeďraĮsh seƋuence represents the 

ortholog of human dK'�Z�Dϭ ;Supplemental &igure ϲ�Ϳ͘ /mportantly͕  on the paralogous 

chromosomal fragment generated ďy the teleost-speciĮc ǁhole genome duplication͕ no 

second togaramϭ paralog could ďe identiĮed͘ Doreover͕  synteny analysis also revealed that 

the ǌeďraĮsh genome lacŬs a dK'�Z�DϮ ortholog ;Supplemental &igure ϲCͿ͕ leaving ǌeďraĮsh 

ǁith ũust one togaram ortholog͘ dhese Įndings support the utility of ǌeďraĮsh as a model for 

dK'�Z�Dϭ-associated human disease͘

te neǆt generated ǌeďraĮsh mutants using CZ/SPZͬCas9͘ dǁo diīerent pairs of sgZE�s 

targeting diīerent regions of the gene ;Supplemental &igure ϲ�Ϳ led to similar phenotypes in 

inũected &Ϭ larvae͘ ϯ9й developed a curved ďody shape and 9й developed Ŭidney cysts͕ ďoth 

typical ǌeďraĮsh ciliopathy-associated phenotypes ;Supplemental &igure ϲ�Ϳ͘ Single larvae 

genotyping revealed a very high mutation eĸciency ;9ϰй of seƋuenced clones from ϳ larvae 

had small insertions-deletions͕ the maũority of ǁhich ǁere frameshiŌ mutationsͿ͘ Dutant &Ϭ 

Įsh displayed a striŬing scoliosis phenotype as ũuveniles ;Supplemental &igure ϲ�Ϳ͕ reminiscent 

of other ciliopathy mutants including armc9 CZ/SPZ-&Ϭ Įsh ;ϯϮͿ͘ daŬen together͕  these results 

conĮrm that loss of togaramϭ causes ciliopathy phenotypes in ǌeďraĮsh and supports a role 

for togaramϭ in ciliary function͘ 
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Figure 4 armc9 and togaram1 mutant zebrafish display ciliopathy associated phenotypes. ;�-CͿ Larval 
phenotype demonstrating Ŭidney cysts in armc9-ͬ- ;�Ϳ and Ŭidney cysts and slightly curved ďody shape 
in togaramϭ-ͬ- ;CͿ͘ �lacŬ ďoǆes in ;�-CͿ shoǁ magniĮcation of glomerulus region in inset͘ �ashed lines 
highlight Ŭidney cysts in ;�͕ CͿ͘ ;�-&Ϳ �dult scoliosis phenotype in ďoth mutants ;�͕ &Ϳ compared to ǁild-
type ;�Ϳ͘ ;'-/Ϳ /mmunoŇuorescence of the pronephric duct in ϯ day post fertiliǌation ;dpfͿ larvae shoǁing 
feǁer cilia͘ thite arroǁheads in ;/Ϳ point to the short remaining cilia in the togaramϭ mutant͘ ;:-LͿ 
/mmunoŇuorescence of midďrain ventricles shoǁs shortened cilia in ϯ dpf armc9 and togaramϭ mutant 
ǌeďraĮsh larvae ;<͕ LͿ͘ ;D-KͿ /mmunoŇuorescence of ϯ dpf ǌeďraĮsh nose pits͗ decreased cilia numďer in 
ďoth mutants ;E͕ KͿ compared to ǁildtype ;DͿ͘ ;P-ZͿ Scanning electron microscopy of ϱ dpf ǌeďraĮsh nose 
pits conĮrming reduced cilia numďers in armc9-ͬ- ;YͿ and togaramϭ-ͬ- ;ZͿ͘ Controls are ǁildtype͕ нͬн or 
нͬ- siďlings of -ͬ-͘ Scale ďars are ϱϬϬʅm in ;�-CͿ͕ ϱmm in ;�-&Ϳ and ϭϬʅm in ;'-ZͿ͘
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armc9 and togaram1 mutant zebrafish display similar phenotypes 
do further evaluate the linŬ ďetǁeen dK'�Z�Dϭ and �ZDC9͕ ǁe compared ǌeďraĮsh mutants 

in the tǁo genes͘ &olloǁing up on our previous ǁorŬ ;ϯϮͿ͕ ǁe raised several staďle ;>&ϮͿ 

ǌeďraĮsh lines harďoring frameshiŌ insertion and deletion alleles of armc9 ;Supplemental 

&igure ϲ&Ϳ͘ Since homoǌygous mutants from all generated alleles have comparaďle phenotypes͕ 

ǁe focused on the armc9ǌhϱϬϱ allele for folloǁ up eǆperiments ;Supplemental &igure ϲ&Ϳ͘ dhis 

allele harďors a ϭϭϬďp insertion in eǆon ϭϰ that leads to eǆon sŬipping͕ causing a frameshiŌ that 

inserts a stop codon at position ϳϯ of eǆon ϭϱ͘ armc9-ͬ- larvae have a straight ďody shape and 

an incompletely penetrant pronephric cyst phenotype aīecting ϰϰй of homoǌygous mutants 

;&igure ϰ�-�Ϳ͘ /n comparison͕ togaramϭǌhϱϬ9 or ǌhϱϭϬ mutant &Ϯ larvae harďoring frameshiŌ 

mutations leading to stop codons in eǆons ϮϭͬϮϮ have a slightly curved ďody shape and display 

a similar rate of Ŭidney cysts compared to armc9-ͬ- mutants ;&igure ϰCͿ͘ Pronephric cysts and 

ďody curvature do not necessarily correlate ǁith each other in togaramϭ mutants͕ as each 

phenotype can ďe found in isolation or in comďination͕ ďut overall͕ ϴϱ й of togaramϭ-ͬ- larvae 

have at least one ciliopathy phenotype͘ Eeither mutant displayed heart laterality defects that 

are seen in some ǌeďraĮsh ciliopathy models͘ /n addition to frameshiŌ mutations in eǆon 

ϮϭͬϮϮ͕ ǁe also identiĮed a Ϯϭ ďp in-frame deletion leading to loss of ϳ amino acids in the dK'ϰ 

domain͕ of ǁhich ϲ are highly conserved ;togaramϭǌhϱϬϴ͕ Supplemental &igure ϳͿ͘ ,omoǌygous 

in-frame mutant larvae are indistinguishaďle from the frameshiŌ mutants͕ suggesting that the 

dK'ϰ domain may ďe critical for dogaramϭ function͘

/n addition to the pronephric cysts͕ ďoth armc9-ͬ- and togaramϭ-ͬ- Įsh develop scoliosis 

as ũuveniles compared to ǁild-type ;&igure ϰ�-&Ϳ͕ as previously descriďed in other ǌeďraĮsh 

ciliary mutants ;ϰϳ͕ ϰϴͿ͘ 'iven that pronephric cysts and curved ďodies are typical ciliopathy 

phenotypes͕ ǁe neǆt analyǌed the cilia in ďoth mutants using immunoŇuorescence ǁith 

anti-�rlϭϯď and anti-acetylated α-tuďulin antiďodies͘ Compared to ǁild-type͕ larvae of ďoth 

mutants have reduced numďers of shortened pronephric͕ ventricular͕  and nose pit cilia ;&igure 

ϰ'-KͿ͕ the laƩer ďeing conĮrmed ďy scanning electron microscopy ;&igure ϰP-ZͿ͘ dhe reduced 

and shortened cilia in ďoth mutants support a role for �rmc9 and dogaramϭ in ǌeďraĮsh cilium 

formation andͬor staďility͘
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Figure 5 ARMC9 and TOGARAM1 dysfunction results in short cilia. ;�Ϳ /mmunoďlot of endogenous 
�ZDC9 in control and patient Įďroďlasts indicating trace amounts of �ZDC9 isoforms ϭ and Ϯ ;9Ϯ and 
ϳϱ͘ϱ Ŭ�aͿ͘ Loading control is ɴ-actin͘ ;�Ϳ �ZDC9 schematic indicating :�dS-associated patient variants 
;green leƩers represent variants found in patients as indicated in ;�ͿͿ͘ ;CͿ Ciliary length in control and 
�ZDC9 patient Įďroďlasts ;control nсϭϯ9ϱ͕ UtϭϯϮ-ϰ nсϲ99͕ UtϭϯϮ-ϯ nсϰϯϳ͕ Utϭϭϲ-ϯ nсϲϱϲ͕ 
and Utϯϰ9-ϯ nсϯϱϯͿ͘ SigniĮcance ǁas assessed ďy one-ǁay �EKs� ǁith �unneƩ s͛ multiple testing 
correction͘ ;�Ϳ Ciliation percentage in �ZDC9 Įďroďlast lines ;control nсϭϳϮϯ͕ UtϭϯϮ-ϰ nсϴ9ϴ͕ UtϭϯϮ-ϯ 
nсϱϴϰ͕ Utϭϭϲ-ϯ nсϳϲϰ͕ and Utϯϰ9-ϯ nсϰϮϱͿ͘ Zesults ǁere not signiĮcant using the <rusŬal-tallis test͘ 
;�Ϳ Ciliary length in control and dK'�Z�Dϭ patient Įďroďlasts ;yelloǁ panelͿ͘ pсϬ͘ϬϬϬϯ using unpaired 
Student s͛ t-test͘ hd�Zd-ZP�ϭ cilia length in ǁild-type and dK'�Z�Dϭ mut lines ;purple panelͿ ďased on 
�ZLϭϯ� staining͘ хϭϬϬ cilia ǁere pooled from Ϯ eǆperiments ;control nсϭϯϳ͕ dK'�Z�Dϭ mutant line ϭ 
nсϭϭϭ͕ and dK'�Z�Dϭ mutant line Ϯ nсϭϳϴͿ͘ pфϬ͘ϬϬϬϭ per one-ǁay �EKs� ǁith �unneƩ s͛ multiple 
testing correction͘ ;&Ϳ Ciliation percentage in dK'�Z�Dϭ patient Įďroďlasts ;yelloǁ panel͗ control nс ϰϲϲ 
and UtϯϲϬ-ϯ nс ϰϮ9 over ϯ eǆperimentsͿ͕ results ǁere not signiĮcant using the Dann-thitney test͘ 
Ciliation percentage in engineered dK'�Z�Dϭ-mutant hd�Zd-ZP�ϭ cells ;purple panel͗ control nсϯϯϬ͕ 
dK'�Z�Dϭ mutant line ϭ nсϯϲϯ͕ and dK'�Z�Dϭ mutant line Ϯ nсϯϱϳ over ϯ eǆperimentsͿ Zesults ǁere 
not signiĮcant using the <rusŬal-tallis test͘ Kpen circles represent individual eǆperiments in ;�Ϳ and ;&Ϳ͘ 
�oǆ and ǁhisŬers in ;CͿ and ;�Ϳ represent the median͕ the 9ϱ C/ is indicated ďy the notches͘ �ll ciliary length 
measurements ǁere ďased on �ZLϭϯ� staining͘ P-value symďols͗ ns pхϬ͘Ϭϱ͕ ΎΎpчϬ͘Ϭϭ͕ ΎΎΎΎpчϬ͘ϬϬϬϭ͘

JBTS-associated ARMC9 and TOGARAM1 variants result in decreased 
ciliary length
do gain insight into the ciliary defects associated ǁith :�dS in humans͕ ǁe evaluated four 

Įďroďlast lines from patients ǁith �ZDC9-associated :�dS͘ testern ďlot analysis of total 

protein lysates revealed that all four cell lines eǆpress trace levels of the tǁo maũor �ZDC9 

isoforms at 9ϮŬ�a and ϳϱ͘ϱŬ�a seen in control Įďroďlasts ;ϯϮͿ ;&igure ϱ�͕ �Ϳ͘ do evaluate for 

ciliary phenotypes͕ ǁe serum starved control and aīected cells͕ and then stained ǁith anti-

acetylated α-tuďulin and anti-�ZLϭϯ� antiďodies͘ �ll four patient lines displayed signiĮcantly 
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shorter mean ciliary length ;Ϯ͘ϯ-ϯ͘ϯμm͕ standard deviation ;S�Ϳ Ϭ͘ϳ-ϭ͘ϰ͕ n с ϯϰ9-ϭϯ9ϱ ciliaͿ͕ 

versus controls ;ϯ͘ϲμm͕ S� ϭ͘ϰ͕ n сϭϯ9ϱ ciliaͿ ;&igure ϱCͿ͘ Ciliation rates ϰϴ hours aŌer serum 

starvation ǁere similar in the patient lines ;ϳϱ-ϴϲйͿ compared to controls ;ϴϬйͿ͕ suggesting 

that �ZDC9 does not play an integral role in ciliogenesis ;&igure ϱ�Ϳ͘

Dean ciliary length ǁas also shorter the one availaďle patient cell line from UtϯϲϬ-ϯ 

ǁith dK'�Z�Dϭ-related :�dS ;Ϯ͘ϲμm͕ S� Ϭ͘ϴ͕ n с ϭϱϰ ciliaͿ versus control ;ϯ͘Ϭμm͕ S� of ϭ͘Ϭ͕ n 

с ϭϳ9 ciliaͿ ;&igure ϱ�Ϳ͘ dhis line had a slightly loǁer ciliation rate than control ;ϴϱй versus 9ϭй 

respectivelyͿ ;&igure ϱ&Ϳ͘ do generate additional data aďout the eīects of loss of dK'�Z�Dϭ 

function on cilia in human cells͕ ǁe turned to CZ/SPZͬCas9 genome-edited dK'�Z�Dϭ hd�Zd-

ZP�ϭ mutant cells͘ gZE�s targeting the translation start site of eǆon ϭ resulted in tǁo diīerent 

lines harďoring a disruption in the �d' site of ďoth alleles of dK'�Z�Dϭ ;Supplemental &igure 

ϱͿ͘ dhese lines maŬe signiĮcantly shorter cilia ;mut line ϭ͗ ϭ͘ϱμm͕ S� Ϭ͘ϲ͕ nс ϭϭϭ cilia͖ mut line 

Ϯ͗ ϭ͘Ϯμm͕ S� Ϭ͘ϱ͕ n с ϭϳϴ ciliaͿ versus the isogenic control ;Ϯ͘ϯμm͕ S� Ϭ͘ϴ͕ n с ϭϯϳ ciliaͿ ;&igure 

ϱ�Ϳ͘ Ciliation levels in the dK'�Z�Dϭ engineered lines ;ϴϭй in mutant ϭ and ϲ9й in mutant 

ϮͿ did not diīer signiĮcantly from the isogenic control ;ϲϳйͿ ;&igure ϱ&Ϳ͘ daŬen together these 

results suggest that disruptions in dK'�Z�Dϭ and �ZDC9 lead to shorter ciliary length ďut do 

not aīect overall ciliation rates͘

Transition zone integrity with ARMC9 and TOGARAM1 dysfunction 
'iven the ǁell-descriďed role of transition ǌone ;d�Ϳ dysfunction in :�dS ;ϮϮͿ͕ ǁe evaluated 

ǁhether the integrity of this compartment is aīected ďy loss of dK'�Z�Dϭ or �ZDC9 

function͘ Since d� dysfunction oŌen results in loss of ciliary �ZLϭϯ�͕ ǁhich secondarily causes 

loss of ciliary /EPPϱ� ;ϭϮ͕ ϰ9Ϳ͕ ǁe performed Ƌuantitative immunoŇuorescence ;Ƌ/&Ϳ on 

control͕ �ZDC9͕ and dK'�Z�Dϭ patient cell lines͘ Kur data revealed mildly loǁer levels of 

�ZLϭϯ� in three of four �ZDC9 patient Įďroďlast lines and normal levels in the dK'�Z�Dϭ 

patient Įďroďlast line ;&igure ϲ�͖ Supplemental &igure ϴ�͕ CͿ͘ /mportantly͕  the mildly loǁer 

�ZLϭϯ� levels oďserved in three of four �ZDC9 lines ǁere not associated ǁith loǁer ciliary 

/EPPϱ� ;&igure ϲ�͖ Supplemental &igure ϴ�Ϳ͕ indicating that the loǁer �ZLϭϯ� levels ǁere 

still suĸcient to properly localiǌe /EPPϱ�͘ testern ďlot analysis also revealed similar levels of 

�ZLϭϯ� and /EPPϱ� in patient Įďroďlast lysates compared to control cells ;&igure ϲC͕ �Ϳ͘ 

/n ǌeďraĮsh͕ �rlϭϯď levels ǁere not loǁer in either mutant ;and even slightly increased 

in the armc9-ͬ- ĮshͿ ;&igure ϲ�͕ �͕ &Ϳ͘ dogether͕  these results are striŬingly diīerent from the 

marŬed ciliary �ZLϭϯ� and /EPPϱ� reduction oďserved in d� mutants ;ϭϮ͕ ϰ9Ϳ͘ do evaluate 

the composition of the d� directly͕  ǁe performed immunostaining for canonical d� proteins 

ZP'Z/PϭL in human cell lines ;&igure ϲ'͕ ,Ϳ and CcϮdϮa in ǌeďraĮsh ;&igure ϲ&Ϳ͘ �oth proteins 
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localiǌed normally to the d� of the respective cilia͘ daŬen together͕  these Įndings suggest that 

the d� is generally intact͕ despite dysfunction of the �ZDC9-dK'�Z�Dϭ compleǆ͘

Figure 6 ARMC9 or TOGARAM1 dysfunction does not grossly affect the transition zone. ;�Ϳ Eormaliǌed 
relative Ňuorescence intensity of �ZLϭϯ� signal in human Įďroďlast cilia ;yelloǁ panel͕ pooled from ϯ 
eǆperiments͕ control͗ grey nсϭϬϴ9͕ �ZDC9͗ green nсϱϴϮ͕ and dK'�Z�Dϭ͗ ďlue nсϭϮϲͿ and ϯdpf 
ǌeďraĮsh hindďrain cilia ;pinŬ panel͗ pooled data from ϰ eǆperiments͕ ϭϬ cilia measured per larva͕ each 
data point represents one larva͕ grey͗ armc9 control nсϰϮ͕ green͗ armc9 -ͬ- nсϰϭ͕ grey͗ togaramϭ control 
nсϰϱ͕ ďlue͗ togaramϭ -ͬ- nсϰϬͿ͘ �ars represent the mean͘ Controls are ǁildtype͕ нͬн or нͬ- siďlings of 
-ͬ-͘ Statistical signiĮcance ǁas assessed using a Student s͛ t-test for ďoth Įďroďlast ;�onferroni adũusted 
pфϬ͘ϬϮϱͿ and ǌeďraĮsh eǆperiments ;p фϬ͘ϬϱͿ͘ P-value symďols͗ ΎΎpчϬ͘Ϭϭ͕ ΎΎΎΎpчϬ͘ϬϬϬϭ͘ ;�Ϳ Eormaliǌed 
relative Ňuorescence intensity of /EPPϱ� signal in human Įďroďlast cilia ;pooled data from ϯ eǆperiments͗ 
control͗ grey nсϲϮϬ͕ �ZDC9͗ green nсϮϰϴ͕ dK'�Z�Dϭ͗ ďlue nсϲϮͿ͘ See Supplemental &igure ϳ for �ZLϭϯ� 
and /EPPϱ� signal intensity across all �ZDC9 Įďroďlast lines͘ Zesults ǁere not signiĮcant ;nsͿ using 
unpaired Student s͛ t-test͘ ;C-�Ϳ testern ďlot analysis of �ZLϭϯ� ;CͿ and /EPPϱ� ;�Ϳ in �ZDC9 UtϭϯϮ-
ϰ patient Įďroďlasts͘ '/�Ed/E and ɴ-actin serve as loading controls respectively͘ ;�Ϳ Zepresentative 
immunoŇuorescence signal for �rlϭϯď ;redͿ and polyglutamylated ;greenͿ in ϯdpf ǌeďraĮsh hindďrain cilia 
ƋuantiĮed in ;�Ϳ͘ Scale ďars are ϭϬʅm͘ ;&Ϳ Single hindďrain cilia stained ǁith �rlϭϯď ;redͿ and CcϮdϮa 
;greenͿ in ϯdpf control͕ armc9-ͬ- and togaramϭ-ͬ- ǌeďraĮsh͘ Scale ďars are ϭʅm͘ ;'Ϳ Zepresentative 
immunoŇuorescence signal for ZP'Z/PϭL ;ǁhiteͿ and �ZLϭϯ� ;redͿ in cilia from control and tǁo 
dK'�Z�Dϭ-mutant hd�Zd-ZP�ϭ lines͘ Scale ďars are Ϯʅm͘ ;,Ϳ Zepresentative immunoŇuorescence for 
ZP'Z/PϭL ;greenͿ and �ZLϭϯ� ;redͿ in �ZDC9 and dK'�Z�Dϭ patient Įďroďlasts͘ Percentage of cilia ǁith 
roďust ZP'Z/PϭL puncta are indicated͘ Scale ďars are Ϯʅm͘
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TOGARAM1 dysfunction results in attenuated SMO translocation
Zecent ǁorŬ has reported ,edgehog ;,hͿ signaling defects in cell lines ǁith dysfunction of the 

:�dS genes C�PϭϬϰ͕ CSPPϭ͕ and �rmc9 ;ϯϯ͕ ϯ9Ϳ͘ dherefore͕ ǁe tested ǁhether dK'�Z�Dϭ 

dysfunction leads to aƩenuated ciliary SDK accumulation in response to ,h stimulation in 

the engineered dK'�Z�Dϭ-mutant hd�Zd-ZP�ϭ cells descriďed aďove ;Supplemental &igure 

ϱͿ͘ te starved the cells for Ϯϰ hours to promote ciliation and then eǆposed them to ϭϬϬ nD 

Smoothened agonist ;S�'Ϳ for an additional Ϯϰ hours ďefore Įǆation and Ƌ/& ;Supplemental 

&igure 9�Ϳ͘ Upon pathǁay stimulation͕ the control and tǁo dK'�Z�Dϭ-mutant lines eǆhiďited 

a signiĮcant induction of SDK translocation into the cilium as compared to their respective 

�DSK treatment condition͖ hoǁever͕  the ciliary enrichment of SDK ǁas marŬedly loǁer in 

the tǁo mutant lines compared to control cells ;Supplemental &igure 9�-�Ϳ͘ Kverall͕ SDK 

intensity levels in ďoth dK'�Z�Dϭ-mutant lines ǁere less than ϱϬй of the control line͕ and 

mutant lines did not diīer signiĮcantly in their response ǁhen compared to each other͘  

ARMC9 and TOGARAM1 dysfunction affects tubulin post-
translational modifications in patient fibroblasts and zebrafish 
mutants
�uring our eǆperiments evaluating ciliary �ZLϭϯ� and /EPPϱ�͕ ǁe noted that the acetylated 

α-tuďulin and polyglutamylated tuďulin signals appeared suďstantially less intense in patient 

cell lines versus controls ;&igure ϳ�͕ �Ϳ͘ Using Ƌ/&͕  mean acetylated tuďulin levels ǁere ΕϱϬй 

of control levels in the �ZDC9 lines and ΕϳϬй of controls in the dK'�Z�Dϭ line ;&igure ϳ�͕ & 

and Supplemental &igure ϭϬ�͕ �Ϳ͘ Dean polyglutamylated signal levels ǁere Εϯϱй and Εϰϱй 

of control levels in �ZDC9 and dK'�Z�Dϭ lines respectively ;&igure ϳ�͕ & and Supplemental 

&igure ϭϬͿ͘ testern ďlots of ǁhole cell lysates also demonstrated suďstantially loǁer levels 

of ďoth acetylated and polyglutamylated tuďulin in �ZDC9 Įďroďlast lines compared to 

controls ;&igure ϳ�͕ �Ϳ͘ /n the ǌeďraĮsh armc9 and togaramϭ mutant lines͕ ǁe oďserved similar 

reductions of ciliary acetylated and polyglutamylated tuďulin in the remaining ventricular cilia 

;&igure ϳC-&Ϳ͘ dogether͕  these results indicate that loss of either �ZDC9 or dK'�Z�Dϭ results 

in decreased post-translational modiĮcations of aǆonemal tuďulin across multiple model 

systems͘
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Figure 7 ARMC9 and TOGARAM1 mutant cilia display reduced tubulin posttranslational modifications 
in both patient fibroblasts and zebrafish ventricular cells. ;�ʹ�Ϳ /mmunoŇuorescence and immunoďlots 
of ;�Ϳ acetylated and ;�Ϳ polyglutamylated tuďulin in �ZDC9 patient Įďroďlasts versus control͘ /n the 
immunoďlots͕ '/�Ed/E and ɴ-actin are used as loading controls͘ ;C-�Ϳ Zepresentative immunoŇuorescence 
of ϯdpf ǌeďraĮsh hindďrain cilia marŬed ǁith �rlϭϯď ;redͿ and acetylated ;green in ;CͿͿ or polyglutamylated 
;green in ;�ͿͿ tuďulin͘ Scale ďars are ϭϬʅm͘ Eote that acetylated tuďulin also marŬs aǆons in the developing 
ďrain͕ visiďle at the edges of the image in ;CͿ͘ ;�Ϳ Eormaliǌed relative Ňuorescence intensity for acetylated 
tuďulin signal in human Įďroďlast cilia ;yelloǁ panel͗ control nсϭϭϬϲ͕ �ZDC9 nсϱϯϮ͕ and dK'�Z�Dϭ 
nсϭϯϭͿ and ǌeďraĮsh hindďrain cilia ;pinŬ panel͗ pooled data from Ϯ eǆperiments͕ ϭϬ cilia measured 
per larva͕ each data point represents one larva͕ grey͗ armc9 control nсϮϬ͕ green͗ armc9 -ͬ- nсϮϭ͕ grey͗ 
togaramϭ control nсϮϬ͕ ďlue͗ togaramϭ -ͬ- nсϮϬͿ͘ ;&Ϳ Eormaliǌed relative Ňuorescence intensity for 
polyglutamylated tuďulin assessed in human Įďroďlast cilia ;yelloǁ panel͗ pooled from ϯ eǆperiments͕ 
control nсϲϬϮ͕ �ZDC9 nсϮ9ϴ͕ and dK'�Z�Dϭ nсϱϴͿ and ǌeďraĮsh hindďrain cilia ;pinŬ panel͗ pooled data 
from Ϯ eǆperiments͕ ϭϬ cilia measured per larva͕ grey͗ armc9 control nсϮϮ͕ green͗ armc9 -ͬ- nсϮϬ͕ grey͗ 
togaramϭ control nсϮϱ͕ ďlue͗ togaramϭ -ͬ- nсϮϬͿ͘ �eďraĮsh controls are ǁt͕ нͬн or нͬ- siďlings of -ͬ-͘ /n ;� 
and &Ϳ͕ data points хϰ and ф-Ϯ are not displayed͕ ďut ǁere included in the statistical analysis͘ &or complete 
graph of all data points and a graphical summary of all �ZDC9 lines͕ see Supplemental &igure ϴ ;�͕ �Ϳ and 
;C͕ �Ϳ respectively͘ Statistical signiĮcance ;adũusted pфϬ͘ϬϮϱͿ ǁas assessed using a �onferroni-corrected 
Student s͛ t-test for ďoth Įďroďlast and ǌeďraĮsh eǆperiments͘ P-value symďols͗ ΎΎpчϬ͘Ϭϭ͕ ΎΎΎΎpчϬ͘ϬϬϬϭ͘
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Figure 8 JBTS patient fibroblasts exhibit abnormal axonemal stability. ;�Ϳ Cold-induced depolymeriǌation 
assay schematic and ciliation percentages of treated cells normaliǌed to non-treated controls͘ Statistical 
signiĮcance ǁas assessed via �onferroni-corrected <rusŬal-tallis test ǁith pсϬ͘ϬϬϬϯ͕ pсϬ͘ϬϮ respectively͘ 
Kpen circles represent individual eǆperiments͘ ;�Ϳ Zelative ciliation rates Ϯ͕ ϰ͕ ϲ͕ and ϴ hours aŌer serum 
readdition in human Įďroďlasts previously serum starved for ϰϴ hours͘ �t tс Ϭ͕ Ϯ͕ ϰ͕ ϲ͕ ϴ ,Z respectively͕  
the folloǁing numďer of cells ǁere assessed͗ Control ϭ͗ ϰϱϱ͕ ϰϭϯ͕ ϯϱϬ͕ ϯϰϲ͕ ϯ9ϱ͖ Control Ϯ͗ ϱ9ϱ͕ ϰϯϭ͕ ϯϱϭ͕ 
ϯϲϴ͕ Ϯϳ9͖ �ZDC9 UtϭϯϮ-ϰ͗ Ϯϭϴ͕ ϭ9ϯ͕ ϮϮ9͕ ϭ9ϱ͕ ϭϴ9͖ dK'�Z�Dϭ UtϯϲϬ-ϯ͗ ϰ9ϲ͕ ϲϮϮ͕ ϱϭϯ͕ ϱϱϴ͕ ϰ9Ϯ͘ 
Ciliation percentages ǁere normaliǌed to ϭϬϬй at the time of serum readdition͕ percentages represent 
the amount of remaining cilia compared to time ǌero͘ �rror ďars represent 9ϱй conĮdence intervals͘ See 
͞Statistics and reproduciďility͟ section for details of statistical testing for cilia staďility assays͘
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ARMC9 and TOGARAM1 dysfunction is associated with abnormal 
ciliary resorption 
Post-translational modiĮcations of microtuďules such as acetylation and polyglutamylation 

are enriched in the ciliary compartment and play roles in ciliogenesis͕ aǆoneme staďility͕  and 

cilium disassemďly ;ϭϳͿ͘ do investigate the conseƋuence of reduced ciliary microtuďule post-

translational modiĮcations on aǆonemal staďility͕  ǁe evaluated cilia of control and �ZDC9 

patient cells for sensitivity to cold-induced microtuďule depolymeriǌation ;ϱϬ͕ ϱϭͿ͘ /n control 

cells͕ a ϭϬ-minute treatment at ϰΣC ǁas not associated ǁith reduced numďers of cilia͕ ǁhile 

cold-treated �ZDC9 patient cells had ϮϬ-ϯϬй feǁer cilia than untreated cells ;&igure ϴ�Ϳ͘ 

dK'�Z�Dϭ patient cell cilia ǁere also more susceptiďle to cold-induced depolymeriǌation͕ 

ǁith ϭϱй feǁer cilia aŌer treatment compared to untreated cells ;&igure ϴ�Ϳ͘ 

�s a second measure of cilium staďility͕  ǁe evaluated the rate of cilium resorption aŌer 

serum re-addition to serum-starved cells͘ Serum provides groǁth factors that ƋuicŬly initiate 

ciliary resorption͕ so that cells can re-enter the cell cycle͘ /n controls͕ the ciliation rate ǁas 

Εϴϱй of ďaseline ϰ hours aŌer serum re-addition͘ /n contrast͕ the ciliation rate ǁas ϳϬй of 

ďaseline in �ZDC9 patient Įďroďlasts only Ϯ hours aŌer serum re-addition͕ and ďy ϴ hours͕ 

it ǁas doǁn to ϱϬй͕ compared to ϳϱй in controls ;&igure ϴ�Ϳ͘ do determine ǁhether the 

faster resorption ǁas due to an overactive deacetylating enǌyme in the �ZDC9 cell lines͕ ǁe 

repeated these eǆperiments ǁith and ǁithout the histone deacetylase ϲ ;,��CϲͿ inhiďitor 

tuďacin͘ duďacin treatment did not rescue the faster resorption in �ZDC9 cell lines to control 

levels ;Supplemental &igure ϭϭ�-CͿ͘ /ntriguingly͕  the ciliation rate of the one dK'�Z�Dϭ 

patient Įďroďlast line availaďle remained 9Ϭй of ďaseline even ϴ hours aŌer serum re-

addition͕ suďstantially higher than controls ;&igure ϴ�Ϳ͘ do determine if this aďnormal ciliary 

staďility caused defects in cell cycle progression͕ ǁe used a Ňoǁ-cytometry ďased approach to 

Ƌuantify cell cycle reentry ;Supplemental &igure ϭϮ�-�Ϳ͘ �ZDC9 and dK'�Z�Dϭ patient cell 

lines reentered the cell cycle closely ǁith similar timing to control cells͘ dhese data suggest 

that the �ZDC9-dK'�Z�Dϭ compleǆ plays a role in regulation of aǆonemal staďility͘
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Figure 9 Graphical Summary: Disruptions of the ARMC9-TOGARAM1 module affect ciliary length, 
axonemal PTMs, and stability. ;�Ϳ dK'�Z�Dϭ interacts ǁith �ZDC9 through its dK'Ϯ domain͘ ;�Ϳ �īects 
of dK'�Z�Dϭ overeǆpression ;ǁild-type and ǁith :�dS-associated variantsͿ on ciliary length in dK'�Z�Dϭ 
mutant hd�Zd-ZP�ϭ cells and conseƋuences of :�dS-associated variants on the interaction ǁith �ZDC9͘ 
;CͿ ConseƋuences of mutations in �ZDC9 or dK'�Z�Dϭ on ciliary length and aǆonemal post-translational 
microtuďule modiĮcations ;PdDͿ in patient Įďroďlast lines ;ďlacŬ arroǁsͿ or ǌeďraĮsh mutants ;ǁhite 
arroǁsͿ͘ dransition ǌone ;d�Ϳ integrity despite �ZDC9 or dK'�Z�Dϭ dysfunction is indicated ǁith a green 
checŬmarŬ͘ ConseƋuences of dK'�Z�Dϭ and �ZDC9 mutations on ciliary staďility in response to cold or 
serum readdition in patient Įďroďlasts are indicated ǁith ďlacŬ arroǁs͘ zelloǁ ďoǆes represent pathogenic 
variants͘ �old crosses indicate presumed loss-of-function mutations͘ delсdeletion͕ fǆсframeshiŌ͕ Lo&сloss 
of function͕ tdсǁild-type͕ �&сǌeďraĮsh͘ ZP�ϭ mutсhd�Zd-ZP�ϭ dK'�Z�Dϭ mutant lines͘ Protein 
domains͗ Lis,сLis-homology͕ CCсcoiled-coil͕ �ZDсarmadillo͕ dK'сtumour overeǆpression gene͘

DISCUSSION
/n this study͕  ǁe identiĮed a neǁ :�dS-associated protein module that can ďe distinguished 

physically and functionally from the previously descriďed :�dS protein compleǆ at the ciliary 

transition ǌone of primary cilia ;ϱϮͿ͘ Several components of this neǁ module localiǌe at the 

ciliary ďasal ďody ;ϯϮͿ and at the proǆimal end of the ciliary aǆoneme ;ϯϯ͕ ϱϯͿ͘ Pathogenic 

variants in the genes encoding tǁo directly interacting memďers of the module͕ �ZDC9 and 

dK'�Z�Dϭ͕ cause defects in cilium length͕ ,h signaling ;SDK translocationͿ͕ microtuďule 
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post-translational modiĮcations ;acetylation and polyglutamylationͿ͕ and ciliary staďility in 

patient-derived Įďroďlasts͕ ǌeďraĮsh mutants͕ and genetically edited hd�Zd-ZP�ϭ cell lines 

;Summary &igure 9Ϳ͘ 

The ARMC9-TOGARAM1 complex in JBTS
<noǁledge of the components and associations of the ciliary molecular machinery has ďeen 

instrumental for relating ciliopathy genetic defects͕ associated pathomechanisms͕ and the 

ǁide spectrum of overlapping ciliopathy phenotypes͘ Several aĸnity and proǆimity proteomics 

approaches have ďeen used to determine the topology of ciliary protein-protein interaction 

netǁorŬs and generate molecular ďlueprints of the ciliary machinery͕  e͘g͘ the entire ciliary 

organelle ;ϱϰͿ͕ of the human centrosome-cilium interface ;ϱϯͿ͕ or speciĮc ciliopathy-associated 

protein modules ;ϱϱ͕ ϱϲͿ͘ dhe maũority of the previously identiĮed :�dS-associated proteins 

participate in speciĮc suď-modules of compleǆ ciliary protein netǁorŬs that vary in suď-ciliary 

localiǌation͕ concentrating at the transition ǌone to organiǌe and regulate the ciliary gate ;ϭϮ͕ ϱϳͿ͘ 

Using a comďination of aĸnity proteomics ;d�PͿ and zϮ, protein interaction screens͕ 

ǁe found that the neǁly :�dS-associated protein �ZDC9 interacts ǁith Ŭnoǁn :�dS-associated 

proteins CSPPϭ and C�PϮ9Ϭ͕ conĮrming the importance of this compleǆ to :�dS͘ te also 

identiĮed tǁo ciliary microtuďule-associated proteins͕ dK'�Z�Dϭ and CC�Cϲϲ͕ not previously 

associated ǁith :�dS͘ � suďseƋuent d�P screen using dK'�Z�Dϭ as ďait pulled out �ZDC9͕ 

further validating their interaction͕ and also identiĮed another :�dS-associated protein͕ C�PϭϬϰ 

;:�dSϮϱͿ͘ �y zϮ, screening ǁe determined the direct interaction of dK'�Z�Dϭ ǁith another 

:�dS-associated protein͕ ZP'Z/PϭL ;:�dSϳͿ͕ ǁhile a d�P eǆperiment using CSPPϭ as a ďait again 

identiĮed C�PϮ9Ϭ as a compleǆ memďer͕  and conĮrmed its previously identiĮed interaction 

ǁith ZP'Z/PϭL ;ϱϴͿ͘ Kur results are in agreement ǁith the �io/� proǆimity interactome of 

C�PϭϬϰ that contained most of our module components͕ eǆcept for �ZDC9 and ZP'Z/PϭL ;ϱϯͿ͘ 

Co-/P and yeast tǁo-hyďrid analysis validated the core module͕ �ZDC9͕ dK'�Z�Dϭ͕ CC�Cϲϲ͕ 

and C�PϭϬϰ consisting of proteins important for cilium function and ciliopathy disease͘ &or 

instance͕ CC�Cϲϲ ǁas previously found to interact ǁith C�PϮ9Ϭ ;ϯϲͿ and null mutations cause 

retinal degeneration in dogs ;ϱ9Ϳ and mice ;ϲϬͿ͘ C�PϭϬϰ localiǌes ďoth to the daughter centriole 

as ǁell as to the apical tip of a groǁing cilium ;ϯϬͿ and͕ similar to dK'�Z�Dϭ͕ interacts ǁith 

tuďulin through its dK' domain ;ϲϭͿ͘ Doreover͕  C�PϭϬϰ has ďeen shoǁn to interact ǁith E�<ϭ 

;ϲϭͿ͕ ǁhich is associated ǁith the ciliopathy ͞short-riď polydactyly syndrome DaũeǁsŬi type͟ 

;ϲϮͿ͕ and ǁith the :�dS-associated protein CSPPϭ ;ϯ9Ϳ͘ dhis interaction͕ that ǁe conĮrmed in 

our co-/P eǆperiments͕ is reƋuired for the formation of ,edgehog signaling-competent cilia͕ as 
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mutations in CSPPϭ and C�PϭϬϰ signiĮcantly decreased ciliary SDK translocation ;ϯ9Ϳ͕ similar 

to ǁhat ǁe oďserved ǁith ZP�ϭ dK'�Z�Dϭ mutant lines͘ &olloǁing the ͞guilt ďy association͟ 

paradigm͕ ǁe neǆt found ďiallelic dK'�Z�Dϭ variants in multiple individuals ǁith :�dS͕ 

reiterating the relevance of the compleǆ to :�dS͕ and moving us closer to identifying all genetic 

causes of this disorder͘  te did not Įnd CC�Cϲϲ variants in >ϲϬϬ families aīected ďy :�dS͕ 

indicating that variants in this gene are͕ at most͕ a very rare cause of :�dS͘

Role of the ARMC9-TOGARAM1 complex in ciliary length and 
stability 
dhe structure of dK' domains is highly conserved for microtuďule ďinding͕ ǁhere the 

intra-,��d loop in the discontinuous dK' domain ďinds tuďulin ;ϲϯʹϲϲͿ͘ dK' domains are 

thought to regulate microtuďule groǁth and dynamics ;ϲϳͿ͘ dhe dK' domains in dK'�Z�Dϭ 

have diīerential microtuďule ďinding capacity and liŬely function in concert to coordinate 

microtuďule polymeriǌation ;ϯϰͿ͘ &or eǆample͕ the C-terminal dK' domains dK'ϯ and dK'ϰ 

promote microtuďule laƫce ďinding ;ϯϰͿ͘ /nterestingly͕  ǁe found that cilia are shorter in 

cells ǁith �ZDC9 or dK'�Z�Dϭ dysfunction͘ /n contrast͕ ǁe demonstrate that dK'�Z�Dϭ 

overeǆpression results in long cilia͕ and this eīect reƋuires an intact dK'ϯ domain͕ ďut not 

an intact dK'Ϯ domain ǁhich is reƋuired for dK'�Z�Dϭ interaction ǁith �ZDC9͘ /n fact͕ the 

dK'ϯ domain �rgϭϯϭϭCys variant does not interfere ǁith the �ZDC9 interaction͕ ďut over-

eǆpression of this mutant protein results in severely shortened cilia͘ Since ďoth long and short 

cilia have ďeen identiĮed in Įďroďlasts from patients ǁith diīerent genetic causes of :�dS͕ no 

simple correlation ďetǁeen cilium length and :�dS disease mechanism can ďe made ;ϯϭ͕ ϯϮ͕ 

ϲϴ͕ ϲ9Ϳ͘ 

Zecent ǁorŬ in detrahymena indicates that dK'�Z�Dϭ and �ZDC9 orthologs may have 

opposite eīects on �-tuďule length ;Ϯ9Ϳ͘ /n mammalian cells͕ ǁe found that dysfunction of 

either gene leads to shorter cilia͕ decreased post-translational modiĮcations͕ and sensitivity 

to cold-induced ciliary microtuďule depolymeriǌation͕ suggesting reduced ciliary staďility͘ 

/ntriguingly͕  dK'�Z�Dϭ and �ZDC9 dysfunction seem to have opposite eīects on the Ŭinetics 

of cilium resorption aŌer serum re-addition in patient Įďroďlasts͘ dhis result suggests that 

diīerent mechanisms may underlie ciliary resorption in the seƫng of serum re-addition versus 

cold-induced depolymeriǌation͘ dhe laƩer may represent an acute stressor directly correlated 

ǁith cilium staďility͕  ǁhile the former is a regulated mechanism reƋuired for cell cycle reentry͕  

for ǁhich dK'�Z�Dϭ and �ZDC9 may indeed play opposing roles as suggested ďy the ǁorŬ 

in detrahymena ;Ϯ9Ϳ͘ 
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Post-translational modifications of ciliary microtubules
�ZDC9 and dK'�Z�Dϭ dysfunction also leads to signiĮcantly decreased aǆonemal post-

translational modiĮcations ;PdDs͕ polyglutamylation and acetylationͿ in patient Įďroďlasts and 

ǌeďraĮsh͕ supporting the relevance of altered PdDs in :�dS͘ duďulin PdDs are indispensaďle 

for proper microtuďule function͕ aīecting their mechanical properties͕ staďility͕  and ďinding 

of microtuďule-associated proteins ;D�PsͿ to inŇuence protein traĸcŬing and signaling ;ϭϳͿ͘ 

Polyglutamylation decorates the surface of aǆonemal microtuďules͘ dhis reversiďle 

modiĮcation ranges from ϭ-ϭϳ glutamyl residues in vivo ;ϳϬͿ͕ and plays a role in intraŇagellar 

transport activity and D�P ďinding ;ϳϭʹϳϰͿ͘ �ecreased ciliary polyglutamylation interferes 

ǁith ŬinesinϮ-mediated anterograde transport͕ also on the �-tuďule͕ and suďseƋuently 

negatively impacts ,edgehog signaling ;ϳϮ͕ ϳϯͿ͘ Some D�Ps are sensitive to the amount of 

glutamylation͘ &or eǆample͕ spastin has optimal microtuďule-severing activity in vitro ǁith 

moderate polyglutamylation͕ ǁhile ďoth hypo- and hyper-glutamylation suppresses severing 

activity ;ϳϱͿ͘ /n the conteǆt of :�dS͕ decreased aǆonemal polyglutamylation ǁas reported in 

Įďroďlasts from patients ǁith C�Pϰϭ-related :�dS ;ϭϭͿ͘ Dore recent ǁorŬ found decreased 

aǆonemal glutamylation ǁith �ZLϭϯ�͕ &/Pϱ and ddLLϱ ŬnocŬdoǁn in immortaliǌed cells͕ 

associated ǁith impacts on polycystin localiǌation and ,h signaling ;ϳϭͿ͘ 

thile most PdDs are added to the C-terminus of tuďulin on the microtuďular surface͕ 

acetylation uniƋuely occurs on the luminal surface of α-tuďulin͘ Ciliary resorption reƋuires 

removal of this modiĮcation ďy ,��Cϲ ;ϳϲͿ͘ /t has ďeen long oďserved that the hyperstaďiliǌed 

ciliary microtuďules are acetylated͕ ďut until recently it ǁas not Ŭnoǁn if the modiĮcation 

confers staďility or if long-lived staďle microtuďules accumulate this modiĮcation͘ Zecent 

ǁorŬ using cryo-�D conĮrmed that acetylation causes a staďiliǌing conformational change 

;ϳϳͿ͘ dhis is in line ǁith our Įndings of decreased aǆonemal microtuďule acetylation and 

staďility ǁith �ZDC9 and dK'�Z�Dϭ dysfunction͕ as ǁell as previously puďlished Įndings 

ǁith <ifϳ and �rmc9 dysfunction ;ϯϯ͕ ϲϴͿ͘ /n particular͕  �rmc9 null E/,ϯdϯ cells had short 

cilia and decreased acetylation and glutamylation͘ dhe more rapid ciliary resorption ǁith 

�ZDC9 dysfunction is unliŬely due to eǆcessive deacetylation since cilia ǁere not staďiliǌed 

ďy ,��Cϲ inhiďition͘ /nterestingly͕  <ifϳ mutant mouse emďryonic Įďroďlasts ;D�&sͿ eǆhiďited 

reduced glutamylation͕ maŬing it the only other :�dS model ǁith decreases in ďoth of these 

PdDs ;ϯϭ͕ ϲϴͿ͘ &iďroďlasts from patients ǁith /EPPϱ�-related :�dS also display decreased 

cilium staďility ;ϳϴͿ͘ Eotaďly͕  these models of </&ϳ- and /EPPϱ�-related ciliary dysfunction 

disrupt ,h signaling͕ liŬely due to 'L/ͬSU&U mislocaliǌation and aďerrant phosphatidylinositol 

composition respectively͕  ǁhile emerging evidence indicates that reduced polyglutamlyation 

may indirectly alter translocation of ,h pathǁay components ďy perturďing anterograde 

intraŇagellar transport ;ϳϭ͕ ϳϮͿ͘
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dhe oďserved reduction of PdDs ǁith �ZDC9 and dK'�Z�Dϭ dysfunction could 

therefore aīect ciliary function through loss of staďility andͬor direct disruption of signaling 

pathǁays͘ /n fact͕ �rmc9 and dogaramϭ ;&�Dϭϳ9�Ϳ ǁere identiĮed as positive regulators of 

the ,h pathǁay in a genome-ǁide screen for ,h signaling components ;ϯϯͿ͘ dhat study also 

demonstrated that over-eǆpressed �ZDC9 translocates from the ciliary ďase to the tip upon 

,h pathǁay stimulation ;ϯϯͿ͘ /n detrahymena͕ orthologs of �ZDC9 and dK'�Z�Dϭ are seen at 

ďoth the ďase and tip͕ ǁith tip enrichment during cilia regeneration ;Ϯ9Ϳ͘ daŬen together͕  these 

results suggest a dynamic localiǌation of the compleǆ memďers͕ and liŬely changes in protein 

compleǆ composition at each locale͘ &urther ǁorŬ ǁill ďe reƋuired to determine the details of 

dynamic �ZDC9-dK'�Z�Dϭ localiǌation during ciliogenesis͕ resorption͕ and signaling͘ 

CONCLUSIONS
dhe ďiological mechanisms underlying :�dS remain incompletely understood͘ dhis ǁorŬ ďrings 

us one step closer to the complete catalog of :�dS genetic causes͕ and highlights the role of a 

neǁ :�dS-associated protein compleǆ including �ZDC9 and dK'�Z�Dϭ͘ �pproǆimately half 

of :�dS-associated genes are implicated in transition ǌone function ǁhich is reƋuired for ciliary 

�ZLϭϯ� and /EPPϱ� localiǌation͘ /n contrast͕ the �ZDC9-dK'�Z�Dϭ compleǆ is not reƋuired 

for /EPPϱ� localiǌation͕ and instead͕ appears to regulate the post-translational modiĮcation of 

ciliary microtuďules͕ ciliary length and ciliary staďility͘ &uture ǁorŬ ǁill need to reconcile hoǁ 

the diverse array of cellular defects associated ǁith loss of function for the :�dS genes relate 

to this important human disorder͘
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MATERIALS AND METHODS 
� detailed description of cell culturing conditions͕ cloning͕ immunoŇuorescence and microscopy͕  

cell cycle assay͕  ǌeďraĮsh eǆperiments͕ Palm-Dyr assay͕  tandem aĸnity puriĮcation͕ yeast 

tǁo-hyďrid interaction analysis͕ coimmunoprecipitation͕ statistical analysis͕ microtuďule cold 

assay͕  cilia staďility assay͕  suďũect ascertainment and phenotypic data͕ variant identiĮcation͕ 

and array C', can ďe found in the supplemental material and methods Įle͘
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microtuďule͘ �ev͘  Cell ϮϬϭϬ͖ϭ9;ϮͿ͗ϮϰϱʹϮϱϴ͘

ϲϳ͘ Leano :�͕ Slep <C͘ Structures of dK'ϭ and dK'Ϯ from the human microtuďule dynamics regulator 
CL�SPϭ͘ PLoS Kne ϮϬϭ9͖ϭϰ;ϳͿ͘

ϲϴ͘ ,e D et al͘ dhe Ŭinesin-ϰ protein <ifϳ regulates mammalian ,edgehog signalling ďy organiǌing the 
cilium tip compartment͘ Eat͘ Cell �iol͘ ϮϬϭϰ͖ϭϲ;ϳͿ͗ϲϲϯʹϲϳϮ͘

ϲ9͘ Srivastava S et al͘ � human patient-derived cellular model of :ouďert syndrome reveals ciliary defects 
ǁhich can ďe rescued ǁith targeted therapies͘ ,um͘ Dol͘ 'enet͘ ϮϬϭϳ͖Ϯϲ;ϮϯͿ͗ϰϲϱϳʹϰϲϲϳ͘

ϳϬ͘ 'eimer S͕ deltenŬƂƩer �͕ Plessmann U͕ teďer <͕ LechtrecŬ <&͘  PuriĮcation and characteriǌation of 
ďasal apparatuses from a Ňagellate green alga͘ Cell Dotil͘ CytosŬeleton ϭ99ϳ͖ϯϳ;ϭͿ͗ϳϮʹϴϱ͘

ϳϭ͘ ,e < et al͘ �ǆoneme polyglutamylation regulated ďy :ouďert syndrome protein �ZLϭϯ� controls 
ciliary targeting of signaling molecules͘ Eat͘ Commun͘ ϮϬϭϴ͖9;ϭͿ͗ϯϯϭϬʹϯϯϭϰ͘

ϳϮ͘ ,ong S-Z et al͘ Spatiotemporal manipulation of ciliary glutamylation reveals its roles in intraciliary 
traĸcŬing and ,edgehog signaling͘ Eat͘ Commun͘ ϮϬϭϴ͖9;ϭͿ͗ϭϳϭϯʹϭϳϯϮ͘

ϳϯ͘  K,agan Z et al͘ 'lutamylation Zegulates dransport͕ Specialiǌes &unction͕ and Sculpts the Structure 
of Cilia͘ Curr͘  �iol͘ ϮϬϭϳ͖Ϯϳ;ϮϮͿ͗ϯϰϯϬʹϯϰϰϭ͘eϲ͘

ϳϰ͘ Krďach Z͕ ,oǁard :͘ dhe dynamic and structural properties of aǆonemal tuďulins support the high 
length staďility of cilia͘ Eat͘ Commun͘ ϮϬϭ9͖ϭʹϭϭ͘

ϳϱ͘ salenstein DL͕ Zoll-DecaŬ �͘ 'raded Control of Dicrotuďule Severing ďy duďulin 'lutamylation͘ Cell 
ϮϬϭϲ͖ϭϲϰ;ϱͿ͗9ϭϭʹ9Ϯϭ͘

ϳϲ͘ Pugacheva �E͕ :aďlonsŬi S�͕ ,artman dZ͕ ,ensŬe �P͕  'olemis ��͘ ,�&ϭ-�ependent �urora � 
�ctivation /nduces �isassemďly of the Primary Cilium͘ Cell ϮϬϬϳ͖ϭϮ9;ϳͿ͗ϭϯϱϭʹϭϯϲϯ͘

ϳϳ͘ �shun-tilson L et al͘ �īects of ɲ-tuďulin acetylation on microtuďule structure and staďility͘ Proc͘ 
Eatl͘ �cad͘ Sci͘ U͘ S͘ �͘ ϮϬϭ9͖ϭϭϲ;ϮϭͿ͗ϭϬϯϲϲʹϭϬϯϳϭ͘

ϳϴ͘ ,ardee / et al͘ �efective ciliogenesis in /EPPϱ�-related :ouďert syndrome͘ �m͘ :͘ Ded͘ 'enet͘ Part � 
ϮϬϭϳ͖ϭϳϯ;ϭϮͿ͗ϯϮϯϭʹϯϮϯϳ͘

ϳ9͘ Postma D͕ 'oedhart :͘ PlotsKf�ata� ǁeď app for visualiǌing data together ǁith their summaries͘ 
PLoS �iol͘ ϮϬϭ9͖ϭϳ;ϯͿ͗eϯϬϬϬϮϬϮʹϴ͘
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SUPPLEMENTAL MATERIALS AND METHODS 
Patient Fibroblast Culture
Patient Įďroďlasts ǁere cultured at ϯϳ϶C͕ ϱй CKϮ in �D�D ;'iďco͕ ϭϭ99ϱ-ϬϲϱͿ supplemented 

ǁith ϭϬй &�S͕ ϭй penicillinͬstreptomycin͘ &iďroďlasts are seeded at ϱǆϭϬΔϱ and alloǁed to 

reach ϳϬ-ϴϬй conŇuency prior to passages͘ &or eǆperiments͕ cells are serum starved in �D�D 

only for ϰϴ hours to induce ciliogenesis͘ �ll cell lines used ǁere ǁithin ϭ passage numďer of 

each other and ≤ϭϬ total passages͘ �ll cell lines ǁere routinely tested for mycoplasma͘ 

CRISPR/Cas9 generation of TOGARAM1 mut hTERT-RPE1 cell lines
hd�Zd-ZP�ϭ ǁere maintained in culture according to �dCC speciĮcations͘ Cells ǁere plated 

in ϭ ǁell of a ϲ ǁell plate͘ �t ΕϳϬ-ϴϬй conŇuency͕  cells ǁere co-transfected ǁith the Cas9 

ďacŬďone pǆϰϱ9vϮ containing gZE�s to dK'�Z�Dϭ͘ dransfections ǁere performed ǁith 

lipofectamine ϮϬϬϬ ;dhermo &isherͿ͘ SeƋuencing primers for genotyping targeted the 

ϱ͛UdZ Cd'��'Cd'ddCdddd'CCdCd ;forǁardͿ and eǆon ϭ Cd�CCdCCddCC�C��'C�CdC 

;reverseͿ͘ �oth dK'�Z�Dϭ mut clone ϭ and Ϯ have compound heteroǌygous mutations 

ǁhich result in large deletions including the �d' site and a portion of eǆon ϭ͘ TOGARAM1

mut line ϭ͗ EDͺϬϬϭϯϬϴϭϮϬ͘Ϯ͗c͘΀ϮͺϮϲ9del͖ϮϳϬdup΁͖ ΀ϮͺϮϲ9inv΁͘ dK'�Z�Dϭ mut line Ϯ͗ 

EDͺϬϬϭϯϬϴϭϮϬ͘Ϯ͗c͘΀-ϯϯͺϯϭϰdel΁͖ ΀ϮͺϮϲ9inv͖ Ϯϲ9ͺϮϳϬinsdC΁ ;Supplemental &igure ϱ �͕ 

�Ϳ͘ Cloning ǁas performed as previously descriďed ;ϭͿ͘ gZE�s to the ϱ͛UdZ and �d' site͕ 

ϱ͛-C�CCd'�C��CCCd'C�d''-ϯ͛ and eǆon ϭ͕ ϱ͛-dCd''�''C''ddd'dC�''-ϯ͕͛  ǁere designed 

utiliǌing the ǁeď-ďased tool C,KPC,KP͘  pSpCas9;��Ϳ-Ϯ�-Puro ;PXϰϱ9Ϳ sϮ͘Ϭ from &eng �hang 

;�ddgene plasmid η ϲϮ9ϴϴͿ ǁas purchased from �ddgene͘

hTERT-RPE1 Immunofluorescence and microscopy 
,uman telomerase-immortaliǌed retinal pigment epithelium ;hd�Zd-ZP�ϭͿ cells ǁere cultured 

according to �dCC speciĮcations͘ &or immunoŇuorescence imaging͕ cells ǁere plated on glass 

coverslips͘ �t Ϯϰ hr aŌer plating͕ cells ǁere serum starved for ϰϴ hr in Ϭ͘Ϯй &�S medium 

to induce cell cycle arrest and ciliogenesis͘ dransfections ǁere performed ǁhere indicated 

at ϰϴ hours post plating using lipofectamine ϮϬϬϬ ;dhermo &isherͿ in accordance ǁith the 

manufacturer s͛ protocol͘ ϳϮ hours aŌer plating͕ cells ǁere rinsed once ǁith ϭX P�S͕ Įǆed 

ǁith Ϯй paraformaldehyde for ϮϬ min and permeaďiliǌed ǁith ϭй driton-X for ϱ min͘ �ll steps 

ǁere performed at room temperature͘ Cells ǁere ďlocŬed in freshly prepared Ϯй �S� for ϰϱ 

min and then incuďated ǁith the folloǁing antiďodies for ϭ hr͗ raďďit polyclonal anti-�ZLϭϯ� 
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;Proteintech͕ cat͘ no͘ ϭϳϳϭϭ-ϭ-�P͖ ϭ͗ϱϬϬͿ͕ guinea pig polyclonal anti-ZP'Z/PϭL ;in house͖ 

SECϬϰϬ͕ ϭ͗ϯϬϬͿ͕ monoclonal anti-acetylated tuďulin antiďody ;clone ϲ-ϭϭ-�ϭ͕ Sigma-�ldrich͕ 

cat͘ no͘ dϲϳ9ϯ͖ ϭ͗ϭ͕ϬϬϬͿ͕ monoclonal anti-'dϯϯϱ ;a Ŭind giŌ from Carsten :anŬe͖ ϭ͗ϮϬϬϬͿ͕ 

raďďit polyclonal anti-SDK ;�ďcam͕ cat͘ no͘ aďϯϴϲϴϲ͖ ϭ͗ϮϬϬͿ͕ and mouse monoclonal anti-

�ZLϭϯ� ;EeuroDaď͕ cat͘ no͘ ϳϱ-Ϯϴϳ͖ ϭ͗ϱϬϬͿ͘ Cells ǁere stained ǁith secondary antiďodies 

for ϰϱ min͘ dhe folloǁing secondary antiďodies ǁere used ;all from Life dechnologiesͬdhermo 

&isher ScientiĮc͖ all diluted ϭ͗ϱϬϬ in Ϯй �S�Ϳ͗ anti-guinea pig /g' �leǆa &luor ϲϰϳ͕ anti-raďďit 

/g' �leǆa &luor ϰϴϴ͕ and anti-mouse /g' �leǆa &luor ϱϲϴ͘ &luoromount-' mounting solution 

ǁith ��P/ ;dhermo&isherͿ ǁas used to mount the coverslips to slides͘ Eon-confocal imaging 

ǁas performed ǁith the �eiss �ǆio /mager �Ϯ Dicroscope͘ Confocal imaging ǁas done ǁith the 

�eiss LSD ϴϴϬ Laser scanning microscope eƋuipped ǁith �iryscan technology͘ 

Fixation and staining for patient fibroblast immunofluorescence 
Patient Įďroďlasts ǁere groǁn on coverslips ;Eeuvitro͕ ''-ϭϮ-ϭ͘ϱ͘pdl͕ Ϭ͘ϯmgͬmL Poly-

�-lysine coating͕ ϭ͘ϱmm thicŬnessͿ͕ serum-starved for ϰϴ hours͕ then Įǆed in ice cold Ϯй 

paraformaldehyde in P�S for ϮϬ minutes͘ �Ōer a P�S ǁash͕ cells ǁere permeaďliǌed ǁith ϭй 

drition-X in P�S or ice-cold Dethanol for ϱ minutes͘ Cells ǁere ďlocŬed in Ϯй �S� in P�S for 

ϭ hour at room temperature͕ then incuďated ǁith the folloǁing antiďodies ;in Ϯй �S�ͬP�SͿ 

for ϭ͘ϱ hours at room temperature͗ mouse anti-polyglutamylated tuďulin͕ 'dϯϯϱ͕ ;�dipogen͕ 

�'- ϮϬ�-ϬϬϮϬ-CϭϬϬ͕ ϭ͗ϮϬϬϬͿ͕ mouse anti-acetylated tuďulin ;clone ϲ-ϭϭ-�ϭ͕ Sigma-�ldrich͕ 

dϲϳ9ϯ͖ ϭ͗ϭ͕ϬϬϬͿ͕ mouse anti-�ZLϭϯ� ;UC �avis EeuroDaď ϳϱ-Ϯϴϳ clone EϮ9ϱ�ͬϲϲ͕ ϭ͗ϮϬϬϬͿ͕ 

goat anti-γ-tuďulin ;Santa Cruǌ͕ SC-ϳϯ9ϲ ϭ͗ϮϬϬͿ͕ raďďit anti-�ZLϭϯ� ;Proteintech͕ ϭϳϳϭϭ-ϭ-�P͕  

ϭ͗ϮϬϬͿ͕ or raďďit anti-/EPPϱ� ;Proteintech͕ ϭϳϳ9ϳ-ϭ-�P͕  ϭ͗ϭϬϬͿ͘ Cells ǁere ǁashed thrice ǁith 

P�S and stained ǁith secondary antiďodies ;in Ϯй �S�ͬP�SͿ for ϭ hour at room temperature 

;all /nvitrogen at ϭ͗ϮϬϬϬ͕ anti-goat-ϲϰϳ͕ �Ϯϭϰϰϳ͕ anti-raďďit-ϰϴϴ͕ �ϭϭϬϬϴͿ͘ �Ōer three P�S 

ǁashes͕ coverslips ǁere mounted on slides using &luoromount-' ǁith ��P/ ;/nvitrogen͕ ϬϬ-

ϰ9ϱ9-ϱϮͿ and sealed ǁith nail polish͘ 

Patient Fibroblast Microscopy & Immunofluorescence Quantification
tide-Įeld Ňuorescent images ǁere acƋuired on an ϯi imaging ǁorŬstation ;ϯi͕ �enver͕  CKͿ 

ǁith �ǆio inverted microscope ǁith �eĮnite &ocus ;�eissͿ͘ &or each eǆperiment͕ optimal 

eǆposures ǁere determined for each Ňuorophore to ensure that ǁe used the full dynamic 

range of our CoolSnap ,YϮ camera ;Photometrics͕ /nc͕͘ duscon͕ ��Ϳ ǁithout saturating any 

piǆels͘ �arŬ Įeld correction ǁas applied to each channel to remove artifacts generated from 
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the camera and electronics due to non-uniformities in illumination͘ �-stacŬ images ǁith Ϭ͘ϯ 

μm steps ǁere acƋuired at ≥ϭϬ distinct locations on each slide ǁith a ϰϬǆ oďũection using 

identical scope seƫngs for all slides in an eǆperiment͘ Sum proũected images ǁere analyǌed 

in &/:/ ;E/,Ϳ͘ � reference ciliary masŬ ǁas draǁn atop the reference signal for each cilium ďy 

standardiǌed methods͘ � sŬeleton measurement of this masŬ eǆtracted ciliary length data͘ 

dhe average Ňuorescence intensity ǁas measured ǁithin the cilium masŬ in the channel of 

interest͘ do correct for antiďody ďacŬground͕ the ďacŬground from a region directly adũacent 

to each cilium ǁas measured and suďtracted͘ 

Patient Fibroblast Cell Cycle Reentry Analysis
Eear conŇuent cells ǁere serum starved for ϰϴ hours͕ then serum ǁas added ďacŬ for Ϭ͕ ϰ͕ 

ϴ͕ ϭϲ͕ or Ϯϰ hours͘ Cells ǁere tryspinǌed͕ concentrated͕ then triturated in ϭϬmgͬmL ��P/ and 

Ϭ͘ϭй nonident P-ϰϬ solution ǁith a Ϯϱ gauge needle to release intact nuclei͘ Euclear �E� 

content ǁas measured ǁith a ϰϬϱ nm laser on a LSZ// ;�� �ioscienceͿ Ňoǁ cytometer͕  then 

data ǁas analyǌed in &CS �ǆpress ϲ ;�e Eovo SoŌǁareͿ ;ϮͿ͘

Zebrafish experiments: Phylogeny and Synteny Analysis, 
CRISPR gene editing, Scanning electron microscopy and 
Immunofluorescence
Phylogeny and Synteny analyses ǁere performed as previously descriďed ;ϯͿ͕ using the 

Phylogeny͘fr plaƞorm ;hƩp͗ͬͬǁǁǁ͘phylogeny͘frͬͿ and the synteny dataďase ;hƩp͗ͬͬsyntenydď͘

uoregon͘eduͬ syntenyͺdďͬͿ͘ �rieŇy͕  for Phylogeny͕  length of input seƋuences varied ďetǁeen 

Ϯϱϲ ;xenopus truncated versionͿ and ϱϭϲ amino acids͕ and aŌer curation ϰϴϳ amino acids 

ǁere used for further analysis͘ &or Synteny analysis͕ parameters ǁere adũusted to sliding 

ǁindoǁ siǌes ďetǁeen Ϯϱ and ϭϬϬ͕ and several genes in the vicinity of dK'�Z�Ds ǁere 

used for additional syntenic comparison͘ �eďraĮsh ;Danio rerioͿ ǁere maintained at Ϯϴ ΣC 

ǁith a ϭϰ hͬϭϬ h lightͬdarŬ cycle as previously descriďed ;ϰͿ͘ �ll ǌeďraĮsh protocols ǁere in 

compliance ǁith internationally recogniǌed guidelines for the use of ǌeďraĮsh in ďiomedical 

research͕ and the eǆperiments ǁere approved ďy local authorities ;seterinćramt �ƺrich 

dsϭϱϬͿ͘ 'eneration and genotyping of the armc9 mutant ǌeďraĮsh ǁas previously descriďed 

;ϱͿ͘ sgZE�s for togaram1 CZ/SPZͬCas9 mutagenesis ǁere designed ǁith the ǁeďsite 

C,KPC,KP͗ ϯ͛-''''dCdCCdCd'Cd'''CC-ϱ͛ and ϱ͛-''�C'�'�d'Cd''�CC'�'-ϯ͛ for 

eǆon ϲͬϳ and ϯ͛-''Cd'CC'�d'�CC�'�'Cd-ϱ͛ and ϱ͛-''d'��dCd'C'C'CdCd''-ϯ͛ for eǆon 

ϮϭͬϮϮ in togaram1. sgZE�s ǁere miǆed ǁith Cas9 protein ;giŌ from �arren 'ilmour͕  DϬϲϰϲD 

E��͕ or �Ϯϱϲϰϭ invitrogenͿ and co-inũected into ϭ-cell stage emďryos using a microinũector 
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;�ppendorfͿ͘ �mpliĮcation of the target regions for genotyping ǁas performed using primer 

pairs ϱ͛-�'�C'CdCCdC��CdCC�'�-ϯ͛ and ϱ͛-'CC'd'd�'�C'�'d'd'dd-ϯ͛ for eǆon ϮϭͬϮϮ in 

togaram1. dhe PCZ products ǁere analyǌed ǁith gel electrophoresis and suďcloned ďefore 

seƋuencing͘ �ǆperiments ǁere performed using the armc9zh505 ;t/< ďacŬgroundͿ and the 

togaram1zh509 or togaram1zh510 ;dƺ ďacŬgroundͿ mutants from generation &Ϯн ;Supplemental 

&igure ϲ&Ϳ͘ �eďraĮsh larvae ǁere Įǆed in Ϯ͘ϱ й 'lutaraldehyde in Ϭ͘ϭ D Cacodylate ďuīer 

and prepared for scanning electron microscopy ;S�DͿ folloǁing standard protocols͘ S�D ǁas 

performed on a ��/SS Supra sP ϱϬ microscope͘ thole-mount immunohistochemistry ǁas 

performed on ǌeďraĮsh larvae Įǆed in ϰй paraformaldehyde or ϴϬй DeK, in �DSK according 

to standard protocols͘ dhe folloǁing primary antiďodies ǁere used͗ acetylated tuďulin ;ϭ͗ϰϬϬ͕ 

Sigma ϳϰϱϭͿ͕ 'dϯϯϱ ;ϭ͗ϰϬϬ͕ �nǌo Life Sciences �ϮϬϲϯϭϬϬϮͿ͕ arlϭϯď ;ϭ͗ϭϬϬ͕ giŌ from �͘Sun ;ϲͿͿ͕ 

ccϮdϮa ;ϳͿ͘ /mages ǁere taŬen ǁith a Leica ,CS LS/ confocal microscope͘ �cetylated tuďulin 

and glutamylated tuďulin mean Ňuorescence intensity ǁas ƋuantiĮed using &/:/͗ Ňuorescence 

intensity of ϭϬ cilia from each larvae ǁere measured and averaged͕ so that each datapoint in 

graphs &ig ϲ�͕ ϳ� and ϳ& represents one individual larva͘ dhe ďacŬground ǁas suďtracted from 

each measurement͘ 

Cloning of constructs
�ll eǆpression constructs ǁere generated using 'ateǁay dechnology ;Life dechnologiesͿ and 

according to manufacturer s͛ instructions͘ dhe constructs generated encoded dK'�Z�Dϭ ;and 

:�dS associated variantsͿ͕ �ZDC9 ;EDͺϬϮϱϭϯ9͘ϮͿ͕͕ p�EdZϮϮϯ-CC�Cϲϲ ;EDͺϬϬϭϭϰϭ9ϰϳ͘ϯͿ͕ 

C�PϭϬϰ ;EDͺϬϭϰϳϬϰ͘ϰͿ and CSPPϭ ;EDͺϬϮϰϳ9Ϭ͘ϲͿ in the folloǁing destination vectors͗ ϯǆ,�͕ 

ϯǆ&lag͕ d�P͕  myc͕ mZ&P͕  '�Lϰ-��͕ and PalmDyr-C&P͘  dhe entry clone of human dK'�Z�Dϭ 

;EDͺϬϬϭϯϬϴϭϮϬ͘ϮͿ ǁas synthesiǌed and purchased from sector�uilder͘  Constructs encoding 

dK'�Z�Dϭ and variants ǁere generated ďy site directed mutagenesis PCZ͘ �ll entry clone 

seƋuences ǁere veriĮed using Sanger seƋuencing͘ 

PalmMyr Assay
hd�Zd-ZP�ϭ cells ǁere plated on glass slides͕ Ϯϰ hours later ǁhen cells reached approǆimately 

ϴϬй conŇuency they ǁere transfected using lipofectamine ϮϬϬϬ ;dhermo&isherͿ ǁith either 

mZ&P-tagged dK'�Z�Dϭ ͬ dK'�Z�Dϭ variants or PalmDyr-C&P-tagged �ZDC9 or ďoth͘ 

Ϯϰ hours post transfection͕ cells ǁere starved for an additional Ϯϰ hours͕ Įǆed ǁith Ϯй P&� 

at room temperature and prepared for analysis͘ /maging ǁas performed ǁith the �eiss �ǆio 

/mager �Ϯ Dicroscope͘
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Tandem affinity purification and mass spectrometry 
,�<Ϯ9ϯdcells ǁere groǁn in �D�D ;P��Ϳ supplemented ǁith ϭϬй fetal ďovine serum and ϭй 

penicillinͬstreptomycin͘ Cells ǁere seeded and eǆpanded for ϭϲ ʹ Ϯϰ hours͕ then transfected 

ǁith the corresponding S&-d�P-tagged �E� constructs using P�/ reagent ;PolysciencesͿ 

according to the manufacturer s͛ protocol͘ ϰϴ hours later͕  cells ǁere harvested in lysis ďuīer 

containing Ϭ͘ϱй Eonidet-PϰϬ ;EP-ϰϬͿ͕ protease inhiďitor cocŬtail ;ZocheͿ͕ and phosphatase 

inhiďitor cocŬtails // and /// ;Sigma-�ldrichͿ in d�S ;ϯϬmD dris-,Cl͕ p, ϳ͘ϰ and ϭϱϬmD EaClͿ 

for ϮϬ min at ϰΣC͘ Cell deďris and nuclei ǁere removed ďy centrifugation at ϭϬ͕ϬϬϬg for ϭϬ min͘ 

&or S&-d�P analysis͕ the cleared supernatant ǁas incuďated for ϭ hour at ϰΣC ǁith Strep-dactin 

superŇoǁ ;/��Ϳ͘ SuďseƋuently͕  the resin ǁas ǁashed three times in ǁash ďuīer ;d�S containing 

Ϭ͘ϭй EP-ϰϬ and phosphatase inhiďitor cocŬtails // and ///͕ Sigma-�ldrichͿ͘ Protein ďaits ǁere 

eluted ǁith Strep-elution ďuīer ;ϮmD desthioďiotin in d�SͿ͘ &or the second puriĮcation step͕ 

the eluates ǁere transferred to anti-&lag DϮ agarose ďeads ;Sigma-�ldrichͿ and incuďated for 

ϭ hour at ϰΣC͘ dhe ďeads ǁere ǁashed three times ǁith ǁash ďuīer and proteins ǁere eluted 

ǁith &L�' peptide ;ϮϬϬ mgͬml͕ Sigma-�ldrichͿ in d�S͘ �Ōer puriĮcation͕ the protein samples 

ǁere precipitated ǁith chloroform and methanol and suďũected to in-solution tryptic cleavage͘ 

Dass spectrometry and suďseƋuent analysis ǁere performed as previously descriďed ;ϴͿ͘ 

Yeast two-hybrid interaction analysis
dhe '�Lϰ-ďased yeast tǁo-hyďrid system ǁas used to screen for ďinary proteinʹprotein 

interactions͘ zeast tǁo-hyďrid constructs ǁere generated according to manufacturer s͛ 

instructions using 'ateǁay cloning technology ;dhermo &isher ScientiĮcͿ ďy LZ recomďination 

of '�Lϰ-�� 'ateǁay destination vectors ǁith seƋuence veriĮed 'ateǁay entry vectors 

containing the c�E�s of selected ďait proteins �ZDC9͕ dK'�Z�Dϭ͕ and CC�Cϲϲ͘ &ragments 

thereof ǁere generated ďy 'ateǁay adapted PCZ and suďseƋuent cloning͘ Constructs encoding 

full-length or fragments of ďait proteins fused to a �E� ďinding domain ;'�Lϰ-��Ϳ ǁere used 

as ďaits to screen human oligo-dd primed and ďovine random heǆamer primed retinal c�E� 

liďraries͕ prey proteins are fused to a '�Lϰ activation domain ;'�Lϰ-��Ϳ͘ dhe yeast strain 

P:9ϲ-ϰ�͕ ǁhich carries the ,/Sϯ ;histidineͿ͕ ���Ϯ ;adenineͿ͕ D�Lϭ ;α-galactosidaseͿ and Lac� 

;β-galactosidaseͿ reporter genes͕ ǁas used as a host͘ /nteractions ǁere analyǌed ďy assessment 

of reporter gene ;,/Sϯ and ���ϮͿ activation via groǁth on selective media and β-galactosidase 

colorimetric Įlter liŌ assays ;LacZ reporter geneͿ͘ c�E� inserts of clones containing putative 

interaction partners ǁere conĮrmed ďy Sanger seƋuencing͘ 
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Coimmunoprecipitation assay
,�<Ϯ9ϯd cells ǁere plated in ϲ ǁell plates and transfected using �īectene dransfection Zeagent 

;YiagenͿ according to the manufacturer s͛ protocol͘ Cells ǁere suďseƋuently incuďated at ϯϳoC 

for Ϯϰ hours and then lysed in ϮϬϬ μL per ǁell of ice cold /P lysis ďuīer and collected for 

centrifugation͘ Lysates ǁere centrifuged at ϰ oC for ϭϬ minutes at ϭϭ͕ϬϬϬ rpm͕ supernatant ǁas 

suďseƋuently collected and incuďated in neǁ �ppendorf tuďes ǁith ,� aĸnity matriǆ ďeads 

;ZocheͿ͘ Lysates ǁere nutated for Ϯ hours at ϰΣC͘ dhe ďeads ǁere spun doǁn for ϯϬ seconds 

at ϰϬϬϬ rpm͘ �eads ǁere ǁashed ϯ times in ϭ ml of ice cold /P lysis ďuīer͕  then all liƋuid ǁas 

removed from the ďeads using a syringe ǁith Ϭ͘ϱ mm needle͘ ϱϬ μL of EuP�'� loading dye plus 

ϭϬϬ mD �dd ǁas added to the samples and they ǁere heated at 9ϱ϶C for ϭϬ minutes͘ testern 

ďloƫng ǁas performed using the standard protocol for the EuP�'� system and visualiǌed 

on the Kdyssey͘ c-myc ;Zoche͕ ϭϭϲϲϳϭϰ9ϬϬϭ͖ ϭ͗ϱϬϬͿ͕ ,� ;Sigma͖ ,9ϲϱϴ͖ ϭ͗ϭϬϬϬͿ͕ and &lag 

;Sigma͖ &ϯϭϲϱ-Ϭ͘ϮD'͖ ϭ͗ϭϬϬϬͿ primary antiďodies ǁere used͘ dhe secondary antiďody used 

ǁas goat anti-Douse /Z�yeϴϬϬ ;Licor ďiosciences͖ 9Ϯϲ-ϯϮϮϭϬ͖ ϭ͗ϮϬ͕ϬϬϬͿ͘ 

Western blotting
drypsiniǌed and concentrated cells ǁere lysed ǁith EP-ϰϬ cell lysis ďuīer ;dhermo&isher͕  

&EEϬϬϮϭͿ͘ Cellular proteins ǁere denatured using Laemmli sample ďuīer supplemented ǁith 

Ϯ-Dercaptoethanol ;ďoth �ioZad͕ ηϭϲϭϬϳϰϳ͕ ηϭϲϭϬϳϭϬͿ and heated at 9ϱ϶C for ϭϬ minutes͘ 

Cellular proteins ǁere separated ďy S�S-P�'� and transferred to a Ps�& memďrane ;Dillipore 

/Ps,ϬϬϬϭϬͿ using standard protocols͘ dhe folloǁing primary antiďodies ǁere used͗ mouse 

anti-acetylated tuďulin ;clone ϲ-ϭϭ-�ϭ͕ Sigma-�ldrich͕ dϲϳ9ϯ͖ ϭ͗ϭ͕ϬϬϬͿ͕ mouse-anti ďeta-

actin ;Sigma͕ �ϱϰϰϭ͕ ϭ͗ϱϬϬϬͿ͕ raďďit anti-�ZLϭϯ� ;Proteintech͕ ϭϳϳϭϭ-ϭ-�P͕  ϭ͗ϭϬϬϬͿ͕ raďďit 

anti-/EPPϱ� ;Proteintech͕ ϭϳϳ9ϳ-ϭ-�P͕  ϭ͗ϭϬϬϬͿ͕ raďďit anti-'iantin ;�ďcam͕ aďϮϰϱϴϲ͕ ϭ͗ϱϬϬϬͿ 

or raďďit anti-�ZDC9 ;�tlas �ntiďodies catη ,P�Ϭϭ9Ϭϰϭ͕ ZZ/�͗ ��ͺϭϮϯϯϰϴ9͖ ϭ͗ϮϬϬϬͿ͘ �nti-

�ZDC9 recogniǌes an epitope at the E-terminal portion of the protein͘ testern ďlots ǁere 

developed using anti-mouse or anti-raďďit secondary antiďodies conũugated to horseradish 

peroǆidase ;anti-raďďit-,ZP͕  Eoveǆ �ϭϲϬϮ9 ϭ͗ϮϬϬϬ͕ anti-mouse-,ZP͕  /nvitrogen 'ϮϭϬϰϬ 

ϭ͗ϮϬϬϬͿ and chemiluminescent suďstrate ;�ioZad Clarity Daǆ ϭϳϬϱϬϲϮͿ͘ � Chemi�oc DP 

imaging system ǁith /mageLaď soŌǁare ǁas used for imaging ;ďoth �ioZadͿ͘

Statistics and reproducibility
Statistical analyses ǁere performed in �ǆcel and 'raphpad ͬ Prism ϲ͘ 'raphical data presented 

as percentages include 9ϱй conĮdence intervals͕ ďut otherǁise represent standard deviations͘ 
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Yuantitative immunoŇuorescence statistics ǁere calculated ǁith Student s͛ t-test ǁith uneƋual 

variances͘ &luorescence intensity measurements from multiple eǆperiments ǁere comďined 

for statistical analysis͘ �ǆperiments ǁere independently performed thrice͘ /n cilia staďility 

assays͕ linear regression of ciliary loss over time yielded the slope͕ and ǁe used Student s͛ t-test 

ǁith uneƋual variances for singular comparisons and a one-ǁay �EKs� to assess signiĮcance 

for multiple samples͘ E values are stated in the Įgures and either represent cilia or cells ;as 

indicated in each &igureͿ͘ P values are stated in the Įgure legends͕ and symďols indicate the 

folloǁing P values͗ ns͕ P > Ϭ͘Ϭϱ͖ Ύ͕ P ≤ Ϭ͘Ϭϱ͖ ΎΎ͕ P ≤ Ϭ͘Ϭϭ͖ ΎΎΎ͕ P ≤ Ϭ͘ϬϬϭ͖ ΎΎΎΎ͕ P ≤ Ϭ͘ϬϬϬϭ͕ 

ΎΎΎΎΎ͕ P ≤ Ϭ͘ϬϬϬϬϭ͘

Microtubule cold depolymerization assay
&or microtuďule cold depolymeriǌation assays͕ cells ǁere groǁn until near-conŇuent 

on coverslips in Ϯϰ-ǁell plates͕ serum starved for ϰϴ hours͕ then placed at either room 

temperature or ϰ϶C for ϭϬ minutes͘ Cells ǁere then Įǆed as descriďed and processed for 

immunoŇuorescence to determine ciliation percentage͘ 

Cilia stability assay
&or cilia staďility assays͕ cells ǁere groǁn until near-conŇuent on coverslips in Ϯϰ-ǁell plates͕ 

serum starved for ϰϴ hours͕ then media ǁas replaced ǁith �D�D ϭϬй &�S at hourly time points 

for ϰ-ϴ hours ;9Ϳ͘ Cells ǁere then Įǆed as descriďed and processed for immunoŇuorescence 

to determine ciliation percentage͘ /n a suďset of these eǆperiments͕ ǁe ďlocŬed histone 

deacetylase ϲ ;,��CϲͿ activity͕  ǁith a speciĮc inhiďitor͕  tuďacin ;Sigma͕ SDLϬϬϲϱͿ͘ Cells ǁere 

either treated ǁith ϭ μD tuďacin in �DSK or in �DSK only as a vehicle control͘ 

Subject Ascertainment and Phenotypic Data
The UW351 and UW360 families ǁere enrolled under approved human suďũects research 

protocols at the University of tashington ;UtͿ͘ dhe ϭϯ�'ϭϱϳϴ family ǁas enrolled <ing &aisal 

Specialist ,ospital and Zesearch Centre <&S,ZC Z�Cη ϮϬϳϬϬϮϯ͕ ϮϬϴϬϬϬϲ and ϮϭϮϭϬϱϯ͘ dhe 

:�S-LϱϬ family ǁas enrolled in the ϭϬϬ͕ϬϬϬ 'enomes Proũect͘ �ll participants in the ϭϬϬ<'P 

have provided ǁriƩen consent to provide access to their anonymised clinical and genomic 

data for research purposes͘ dhe ϭϬϬ<'P research and clinical proũect model and its informed 

consent process has ďeen approved ďy the Eational Zesearch �thics Service Zesearch �thics 

CommiƩee for �ast of �ngland ʹ Camďridge South Zesearch �thics CommiƩee͘ dhe t'L-ϭ9ϭ 
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family consented under a human suďũects research protocol approved ďy the �thics CommiƩee 

at dehran University of Dedical Sciences͘

�ll participants or their legal guardians provided ǁriƩen informed consent͘ �ll 

participants have clinical Įndings of :�dS ;intellectual impairment͕ hypotonia͕ ataǆia͕ andͬor 

oculomotor apraǆiaͿ and diagnostic or supportive ďrain imaging Įndings ;DdS or cereďellar 

vermis hypoplasiaͿ͘ Clinical data ǁere oďtained ďy direct eǆamination of participants͕ revieǁ 

of medical records͕ and structured Ƌuestionnaires͘

Variant Identification
do identify the Utϯϱϭ and UtϯϲϬ families͕ samples from individuals aīected ďy :�dS ǁere 

previously screened using a molecular inversion proďes ;D/PsͿ targeted capture ;ϭϬͿ͘ See 

Supplemental daďle ϰ for the target gene list ;ϭϭ-ϯϱͿ͘ /n samples ǁithout causal variants͕ 

eǆome seƋuencing ǁas performed as previously descriďed ;ϯϲͿ using Zoche Eimďlegen 

SeƋCap �� ,uman �ǆome Liďrary vϮ͘Ϭ capture proďes ;ϯϲ͘ϱ Dď of coding eǆonsͿ and paired-

end ϱϬ ďase pair reads on an /llumina ,iSeƋ seƋuencer͘  /n accordance ǁith the 'enome 

�nalysis dool<it s͛ ;'�d<Ϳ ďest practices͕ ǁe mapped seƋuence reads to the human reference 

genome ;hgϭ9Ϳ using the �urroǁs-theeler �ligner ;v͘ Ϭ͘ϳ͘ϴͿ͕ removed duplicate reads 

;PicardDarŬ�uplicates v͘ ϭ͘ϭϭϯͿ͕ and performed indel realignment ;'�d< /ndelZealigner v͘ ϯ͘ϭͿ 

and ďase-Ƌuality recaliďration ;'�d< daďleZecaliďration v͘ ϯ͘ϭͿ͘ te called variants using the 

'�d< UniĮed'enotyper and Ňagged ǁith sariant&iltration to marŬ potential false positives that 

did not pass the folloǁing Įlters͗ ,eteroǌygous �llele �alance ;��,etͿ > Ϭ͘ϳϱ͕ Yuality ďy �epth 

> ϱ͘Ϭ͕ Yuality ;YU�LͿ > ϱϬ͘Ϭ͕ ,omopolymer Zun ;,runͿ < ϰ͘Ϭ͕ and loǁ depth ;< ϴǆͿ͘ te used 

SeaƩleSeƋ for variant annotation and the Comďined �nnotation �ependent �epletion ;C���Ϳ 

score to determine deleteriousness of identiĮed missense variants ;ϯϳͿ͘ �ased on C��� score 

data for causal variants in other :�dS-associated genes͕ ǁe used a C��� score cutoī of ϭϱ to 

deĮne deleterious variants ;ϮϲͿ͘ /n Supplemental &igure ϯ�͕ ǁe used the /ntegrated 'enome 

sieǁer for visualiǌation of neǆt-generation seƋuencing data ;ϯϴͿ͘

&or family ϭϯ�'ϭϱϳϴ͕ �E� from the aīected individual͕ unaīected siďlings͕ and parents 

ǁere genotyped using the �ǆiom SEP Chip plaƞorm to determine the candidate autoǌygome 

;ϯ9͕ ϰϬͿ͘ t�S ǁas performed using druSeƋ �ǆome �nrichment Ŭit ;/lluminaͿ folloǁing the 

manufacturer s͛ protocol͘ Samples ǁere prepared as an /llumina seƋuencing liďrary͕  and then the 

seƋuencing liďraries ǁere enriched for the desired target using the /llumina �ǆome �nrichment 

protocol͘ dhe captured liďraries ǁere seƋuenced using an /llumina ,iSeƋ ϮϬϬϬ SeƋuencer͘  dhe 

reads ǁere mapped against UCSC hgϭ9 ďy �t�͘ SEPs and indels ǁere detected ďy S�DdKKLS͘ 
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,omoǌygous rare͕ predicted-deleterious͕ and codingͬsplicing variants ǁithin the autoǌygome 

of the aīected individual ǁere considered as liŬely causal͘ te deĮned rare variants as those 

ǁith freƋuency of <Ϭ͘ϭй in puďlicly availaďle variant dataďases ;ϭϬϬϬ 'enomes͕ �ǆome sariant 

Server͕  and gnom��Ϳ as ǁell as a dataďase of Ϯ͕ϯϳ9 in-house ethnically matched eǆomes͕ and 

deĮned deleterious if predicted to ďe pathogenic ďy PolyPhen͕ S/&d͕  and C��� ;score > ϭϱͿ͘

&or family :�S-LϱϬ͕ ǁhole genome seƋuencing ǁas performed ďy 'enomics �ngland via 

the ϭϬϬ͕ϬϬϬ 'enomes Proũect using the /llumina druSeƋ �E� PCZ-&ree sample preparation 

Ŭit ;/llumina͕ /nc͘Ϳ and an /llumina ,iSeƋ ϮϱϬϬ seƋuencer͕  generating a mean depth of ϰϱǆ 

ϭϬ ;range from ϯϰǆ to ϳϮǆͿ and greater than ϭϱǆ for at least 9ϱй of the reference human 

genome͘ t'S reads ǁere aligned to the 'enome Zeference Consortium human genome ďuild 

ϯϳ ;'ZChϯϳͿ using /saac 'enome �lignment SoŌǁare ;version Ϭϭ͘ϭϰ͖ /llumina͕ /nc͘Ϳ͘ SeƋuence 

data ǁas analysed using ďcŌools scripts designed to search vcf͘ gǌ Įles and individual ��D Įles 

ǁere vieǁed using /'s͘

&or family t'L-ϭ9ϭϰ͕ genomic �E� ǁas eǆtracted from ǁhole ďlood͘ ,uman ǁhole 

eǆome enrichment ǁas performed using dǁist ,uman Core �ǆome Plus <it and the liďrary ǁas 

seƋuenced on an /llumina EovaSeƋ plaƞorm͘ �ata analysis ǁas performed using a standard 

clinical pipeline͕ and the homoǌygous dK'�Z�Dϭ variant ǁas the only liŬely pathogenic 

variant identiĮed that ǁas consistent ǁith the phenotype͘ dhe variant ǁas validated ďy Sanger 

seƋuencing and conĮrmed heteroǌygous in parents͘

Array CGH
do assess copy-numďer variation͕ ǁe performed array comparative genomic hyďridiǌation 

using a custom ϴǆϲϬ< oligonucleotide array ;�gilent dechnologiesͿ ;ϰϭͿ͘ &or gene list see 

supplemental taďle ϱ͘ Proďe spacing ǁas a median of ϭϭ ďp in the eǆons͕ and a median of 

ϯϭϱ ďp throughout the intronic regions and ϭϬϬ Ŭď on either side of each gene͘ �ata ǁere 

generated on an �gilent dechnologies �E� Dicroarray Scanner ǁith Surescan ,igh-Zesolution 

dechnology using �gilent Scan Control soŌǁare and ǁere processed and analyǌed using 

�gilent &eature �ǆtraction and �gilent Cytogenomics soŌǁare͘ do determine the eīect of the 

deletion in UtϯϲϬ-ϯ͕ ǁe eǆtracted ZE� ;�ioZad͕ �urum dotal ZE� Ŭit͕ ϳϯϮϲϴϮϬͿ from the 

associated cell line and converted it to c�E� ;�iorad͕ iScript Zeverse dranscription Supermiǆ͕ 

ϭϳϬϴϴϰϬͿ for doǁnstream Sanger seƋuencing͘ do determine segregation of this deletion in 

family UtϯϲϬ and to determine the precise ďreaŬpoints͕ ǁe ampliĮed the deletion-ŇanŬing 

region from genomic �E� and Sanger seƋuenced͘ 
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◀Supplemental Figure 1 Validation of ARMC9 interactome. (A-I) Zeciprocal co-/Ps of ϯǆ&lag-�ZDC9͕ 
ϯǆ&lag-dK'�Z�Dϭ͕ ϯǆ&lag-CC�Cϲϲ͕ ϯǆ&lag-CSPPϭ͕ and ϯǆ&lag-C�PϭϬϰ ǁith ϯǆ,�-�ZDC9͕ ϯǆ,�-
dK'�Z�Dϭ͕ ϯǆ,�-CC�Cϲϲ͕ ϯǆ,�-CSPPϭ͕ and ϯǆ,�-C�PϭϬϰ͘ ϯǆ&lag-mZ&P ǁas used as a negative control 
in each eǆperiment͘ Pairs of &lag and ,� tagged constructs ǁere co-transfected into ,�<Ϯ9ϯd cells͕ 
ǁhich ǁere then lysed and suďũected to pull doǁn ǁith either &lag or ,� ďeads͘ testern ďlots of the 
pulldoǁns ǁere proďed ǁith &lag and ,� antiďodies to visualiǌe the interaction partners͘ dhe eǆperiments 
ǁere performed in triplicate͘ dhe reciprocal eǆperiment of (G)͕ the &lag co-/P͕  is shoǁn in &igure ϭ&͘  (J-K) 
Single transfections of PalmDyr-C&P-�ZDC9 ;green in (J)Ϳ and mZ&P-dK'�Z�Dϭ ;red in (K)Ϳ shoǁs the 
localiǌation of each tagged proteins in the aďsence of the other͘  (L) Co-eǆpression of mZ&P-dK'�Z�Dϭ 
and PalmDyr-C&P-�ZDC9 shoǁs localiǌation consistent ǁith a suďset of cytoplasmic microtuďules͘ Scale 
ďar indicates ϮϬ ʅm͘
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◀Supplemental Figure 2 In silico modeling of the TOG2 variants. (A-B) Ziďďon model ;tǁo vieǁsͿ of 
the ǁild-type dK'�Z�Dϭ dK'Ϯ domain generated using ,KP�͘ �lpha-helices are ďlue͕ ďeta-strand is 
red͕ turns are green͕ ϯͬϭϬ heliǆ is yelloǁ͕ and random coil is cyan͘ ;�Ϳ vieǁ is the inversion of ǁild-type 
dK'�Z�Dϭ dK'Ϯ domain structure of as compared to ;�Ϳ vieǁ (C) p͘ �rgϯϲϴdrp missense variant in the 
dK'Ϯ domain in riďďon-presentation generated using ,KP�͘ (D) Close up of the side chain ǁith ǁild-type 
arginine ;greenͿ and variant tryptophan ;redͿ͘ (E) p͘ �laϯϳϭ�sp missense variant in the dK'Ϯ domain͘ (F)
Close up of the side chain ǁith ǁild-type alanine ;greenͿ and variant aspartic acid ;redͿ͘ (G) p͘LeuϯϳϱPro 
missense variant modeled in the dK'Ϯ domain͘ (H) Close up of the side chain of ďoth ǁild-type leucine 
;greenͿ and variant proline ;redͿ͘ &or ;C͕ �͕ &Ϳ the dK'Ϯ is shoǁn in grey͕  the side chain of the mutated 
residue is shoǁn in magenta͘ � magenta arroǁ indicates the location of the variant͘

Supplemental Figure 3 Segregation and Sanger confirmation of TOGARAM1 variants. (A) /n Utϯϱϭ͕ 
LeuϯϳϱPro is inherited from father and �rgϭϯϭϭCys is inherited from mother͘  (B) /n UtϯϲϬ͕ 'lnϯϲϮΎ is 
inherited from mother and a multi-eǆon deletion is inherited from father͘  See &igure ϮC for validation and 
paternal segregation of the deletion͘ (C) /n ϭϯ�'ϭϱϳϴ͕ ďoth parents are heteroǌygous for �rgϯϲϴdrp and 
the proďand is homoǌygous at this position͘ (D) /n t'L-ϭ9ϭϰ͕ ďoth parents are heteroǌygous for SerϭϬϴϯΎ 
and the proďand is homoǌygous at this position͘ (E) /n :�S-LϱϬ͕ �laϯϳϭ�sp is inherited from the mother 
and the father ǁas not availaďle͘ sisualiǌation of the neǆt-generation seƋuencing data for the proďand 
in the /ntegrated 'enome sieǁer conĮrms that the proďand carries ďoth pathogenic variants͘ 'rey ďars 
indicate individual reads ǁith pathogenic variants in green and red͖ nucleotides at the ďoƩom are the 
reference allele͘ sariants are indicated ǁith arroǁs on the electropherograms͘
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Supplemental Figure 4 Impact of TOGARAM1 variants on localization, transition zone, and ARMC9 
interaction. (A-B) tild-type and variant mZ&P-tagged dK'�Z�D proteins co-localiǌe ǁith polyglutamylated 
;�Ϳ and acetylated tuďulin ;�Ϳ in transfected hd�Zd-ZP�ϭ TOGARAM1 mutant cells͘ 'dϯϯϱ antiďody ;green 
in ;�ͿͿ marŬs the glutamylated portion of the ciliary aǆoneme and acetylated alpha-tuďulin antiďody 
;green in ;�ͿͿ marŬs the entire ciliary aǆoneme͘ �ll images are representative of ϯ independent imaging 
eǆperiments͘ Scale ďars are Ϯʅm͘ (C) /mages of cilia from control and engineered TOGARAM1 mutant 
hd�Zd-ZP�ϭ cell lines marŬed ǁith �ZLϭϯ� antiďody ;green͕ ciliary memďraneͿ and ZP'Z/PϭL antiďody 
;ǁhite͕ transition ǌoneͿ͘ Scale ďars are Ϯʅm͘ (D) PalmDyr assay ǁith PalmDyr-C&P-�ZDC9 and mZ&P-
dK'�Z�Dϭ eǆpressed in control hd�Zd-ZP�ϭ cells͘ Single transfections of mZ&P-dK'�Z�Dϭ ǁild-type 
and variants shoǁ characteristic localiǌation in the aďsence of PalmDyr-C&P-�ZDC9 ;mZ&P ;redͿ͕ �ZLϭϯ� 
;ǁhiteͿ͕ ZP'Z/PϭL ;yelloǁͿ͕ and ��P/ ;ďlueͿͿ͘ Scale ďar is ϭϬʅm͘ (E) Co-eǆpression of mZ&P-dK'�Z�Dϭ 
and PalmDyr-C&P-�ZDC9 ;mZ&P ;redͿ͕ �ZLϭϯ� ;ǁhiteͿ͕ C&P ;greenͿ͕ and ��P/ ;ďlueͿͿ͘ tild-type and 
�rgϭϯϭϭCys dK'�Z�Dϭ colocaliǌe ǁith PalmDyr-C&P-�ZDC9͕ indicating an interaction͕ ǁhile �rgϯϲϴdrp 
and LeuϯϳϱPro shoǁ liƩle to no speciĮc colocaliǌation͘ Scale ďar is ϮϬʅm͘ 
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Supplemental Figure 5 CRISPR/Cas9 edited TOGARAM1 hTERT-RPE1 mutant lines. (A) Schematic 
representation of the dK' array aligned ǁith the genomic region encoding TOGARAM1͘ dhe target sites 
of gZE� ϭ and gZE� Ϯ are indicated ďy arroǁs in eǆon ϭ͘ dhey are predicted to cut at c�E� position Ϯ and 
Ϯϲ9 respectively͘ dhis portion of eǆon ϭ encodes the region of the protein immediately ďefore the dK'ϭ 
domain͘ (B) TOGARAM1 mutant ϭ harďors a Ϯϲϳ ďase pair deletion ǁith a single ďase pair duplication in 
one allele and a Ϯϲϳ ďase pair inversion in the other allele͕ ďoth occurring in eǆon ϭ͗ EDͺϬϭϱϬ9ϭ͘Ϯ͗c͘
΀ϮͺϮϲ9del͖ϮϳϬdup΁͖ ΀ϮͺϮϲ9inv΁͘ TOGARAM1 mutant line Ϯ harďors a ϯϰϳ ďase pair deletion in one allele 
and a Ϯϲϳ ďase pair inversion ǁith Ϯ ďase pair insertion in the other allele͕ ďoth occurring in eǆon ϭ͗ 
EDͺϬϭϱϬ9ϭ͘Ϯ͗c͘΀-ϯϯͺϯϭϰdel΁͖ ΀ϮͺϮϲ9inv͖ Ϯϲ9ͺϮϳϬinsdC΁͘



Chapter 3

ϭϮϴ

Supplemental Figure 6 Togaram1 phylogeny, synteny and zebrafish F0 phenotypes. (A) Phylogenetic 
analysis of the C-terminal part ;red ďoǆͿ of TOGARAMs in diīerent verteďrate species revealed a clear 
phylogenetic separation of TOGARAM1 and TOGARAM2͘ dhe folloǁing species ǁere used for phylogeny͗ 
Anolis carolinensis ;acaͿ͕ Astyanax mexicanus ;ameͿ͕ Amphiprion ocellaris ;aocͿ͕ Dasypus novemcinctus
;dnoͿ͕ Danio rerio ;dreͿ͕ Gallus gallus ;ggaͿ͕ Homo sapiens ;hsaͿ͕ Latimeria chalumnae ;lchͿ͕ Lepisosteus 
oculatus ;locͿ͕ Monodelphis domestica ;mdoͿ͕ Mus musculus ;mmuͿ͕ Ornithorhynchus anatinus ;oanͿ͕ 
Pelodiscus sinensis ;psiͿ͕ Pogona vitticeps ;pviͿ͕ Taeniopygia guttata ;tguͿ͕ Takifugu rubripes ;truͿ͕ Xenopus 
tropicalis ;ǆtrͿ͘ �oƩed lines in the domain representation represent seƋuence strings so far not covered in 
the corresponding genome assemďlies͘ /n the phylogenetic tree mammals are given in ďlacŬ͕ amphiďians͕ 
ďirds͕ turtles and reptiles in darŬ gray and teleosts in light gray͘ dhe scale ďars represent the distance ǁhere 
ϮϬй of the amino acids are changed͘ (B) Synteny analysis conĮrms orthology ďetǁeen human and ǌeďraĮsh 
TOGARAM1͘ dhe human TOGARAM1 gene is located on chromosome ϭϰ͘ Corresponding chromosomal 
regions to the human chromosome ϭϰ are located on ǌeďraĮsh chromosomes ϭϳ and ϮϬ͘ /n contrast to 
the ǌeďraĮsh chromosome ϭϳ ǁhere a TOGARAM1 gene can ďe readily identiĮed͕ ǌeďraĮsh chromosome 
ϮϬ lacŬs a corresponding ortholog͕ suggesting that in the case of TOGARAM1 no ǌeďraĮsh duplicate of 
this gene has ďeen retained͘ (C) Synteny analysis of human TOGARAM2 shoǁs no corresponding gene in 
ǌeďraĮsh͘ /nterestingly͕  no ortholog of human TOGARAM2 ;located on human chromosome ϮͿ is present 
in the ǌeďraĮsh genomic region ǁhere the genes ŇanŬing TOGARAM2 are located͘ (D) �eďraĮsh togaram1
eǆons and corresponding protein ǁith domains͘ Zed dashed lines represent unŬnoǁn intron siǌe͘ Location 
of sgZE�s for genome editing are indicated͗ tǁo diīerent sgZE�s per target region ǁere co-inũected 
to generate larger deletions͘ (E) Phenotype of togaram1 &Ϭ mosaic ǌeďraĮsh͗ Larvae have Ŭidney cysts 
;arroǁͿ and ďody curvature͘ �dults develop scoliosis͘ Scale ďars are ϱϬϬʅm for larvae and ϱmm for adults͘ 
(F) �lleles generated ǁith CZ/SPZͬCas9 for armc9 and togaram1͘ 



�ysfunction of the ciliary �ZDC9ͬdK'�Z�Dϭ protein module causes :ouďert syndrome

ϭϮ9   

3

◀Supplemental Figure 7 Phenotypes of togaram1zh508 in-frame mutant zebrafish. (A-B) togaram1-ͬ- ;-ϮϭͿ 
larvae have Ŭidney cysts and curved ďody shape compared to ǁild-type ;�Ϳ͘ Scale ďars are ϱϬϬʅm͘ (C-D) 
tild-type and (D) �cetylated tuďulin ;greenͿ and �rlϭϯď ;redͿ immunoŇuorescence of ϯ dpf togaram1-ͬ- 
;-ϮϭͿ ǌeďraĮsh nose pits shoǁs decreased numďers of ďoth motile and primary cilia compared to ǁild-type 
;CͿ͘ (E-F) �cetylated tuďulin ;greenͿ and �rlϭϯď ;redͿ immunoŇuorescence of hindďrain ventricles shoǁ a 
clear decrease in cilia numďer and acetylation in togaram1-ͬ- ;-ϮϭͿ compared to ǁild-type ;�Ϳ͘ Scale ďars 
for ;C-&Ϳ are ϭϬʅm͘ (G) YuantiĮcation of acetylated tuďulin of cilia in hindďrain ventricles͕ pфϬ͘ϬϬϭ using 
Student s͛ t-test͘ �eďraĮsh controls are ǁt͕ нͬн or нͬ- siďlings of -ͬ-͘



Chapter 3

ϭϯϬ

Supplemental Figure 8 Ciliary INPP5E levels are maintained across ARMC9 patient fibroblast lines. (A) 
Eormaliǌed ciliary �ZLϭϯ� Ňuorescence intensity in control and ARMC9 patient Įďroďlasts͘ хϮϬϬ cilia 
ǁere assessed per line for measurements͘ ;control с 9ϯϱ cilia͕ UtϭϯϮ-ϰ с ϰϳϮ cilia͕ UtϭϯϮ-ϯ с ϯϯϳ cilia͕ 
Utϭϭϲ-ϯс ϰϳϳ cilia͕ and Utϯϰ9-ϯс ϮϬϴ ciliaͿ͘ pфϬ͘ϬϬϬϭ ďetǁeen control and ARMC9 patient cilia UtϭϯϮ-
ϰ͕ UtϭϯϮ-ϯ͕ Utϭϭϲ-ϯ͕ ďy one-ǁay �EKs� and �unneƩ s͛ multiple comparison test͘ Zesults ǁere not 
signiĮcant for control versus Utϯϰ9-ϯ ďy one-ǁay �EKs�͘ (B) Eormaliǌed ciliary /EPPϱ� Ňuorescence 
intensity in control and ARMC9 patient Įďroďlasts͘ х99 cilia ǁere assessed per line for measurements͘ 
;control с ϰϳϭ cilia͕ UtϭϯϮ-ϰ с Ϯϰϴ cilia͕ UtϭϯϮ-ϯ с ϭϬϬ cilia͕ Utϭϭϲ-ϯс ϭϴϬ cilia͕ and Utϯϰ9-ϯс 
ϭ9ϰ ciliaͿ͘ Zesults ǁere not signiĮcant as assessed ďy one-ǁay �EKs�͘ �uneƩ s͛ multiple comparison 
test yielded the folloǁing p values͗ control versus UtϭϯϮ-ϰ pс Ϭ͘ϰϯϳϯ͕ UtϭϯϮ-ϯ pсϬ͘ϭϳϬϭ͕ Utϭϭϲ-ϯ 
pсϬ͘ϳϭϲϯ͕ Utϯϰ9-ϯ pсϬ͘ϮϬϯϴ͘ (C) �ZLϭϯ� intensity dataset including outlier data points that are not 
included in the other graphs͕ ďut are included in the statistical analyses͘ P-value symďols͗ ns pхϬ͘Ϭϱ͕ 
ΎΎΎΎpчϬ͘ϬϬϬϭ͘ �ars represent the mean͘
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Supplemental Figure 9 SMO ciliary translocation is impaired in TOGARAM1 mutant cell lines. (A) ,h 
assay schematic͘ (B) /ntensity values of SDK localiǌation in the ciliary compartment ďetǁeen �DSK and 
ϭϬϬ nD S�' treated control and dK'�Z�Dϭ mutant cell lines͘ хϭϱϬ cilia ǁere assessed for each condition 
and pooled from ϯ independent eǆperiments ;&or the control line͕ EсϯϬϬ for �DSK and EсϮϰϴ for S�' 
treatment͕ for dK'�Z�Dϭ mutϭ EсϮϭϬ for �DSK and Eсϭϲϱ for S�' treatment͕ and for dK'�Z�Dϭ 
mutϮ Eсϭϱϳ for �DSK and EсϭϲϮ for S�' treatmentͿ͘ Zesults ǁere statistically signiĮcant as assessed ďy 
the <rusŬal-tallis test͕ multiple comparisons ǁere corrected for using �unn s͛ test͘ pфϬ͘ϬϬϬϭ for �DSK 
versus ϭϬϬ nD S�' treatment in all lines͘ (C) dhe median ratios of SDK induction levels in response to S�' 
treatment across eǆperiments͘ dhe central ďar represents the mean of ϯ independent eǆperiments͕ the 
error ďars display the standard deviation͘ Zesults ǁere statistically assessed ďy the <rusŬal-tallis test ǁith 
�unn s͛ test for multiple testing correction͘ pсϬ͘ϬϮ for induction of dK'�Z�Dϭ mut ϭ line and dK'�Z�Dϭ 
mut Ϯ line versus induction in the control͘ Eo signiĮcant diīerence ďetǁeen the tǁo TOGARAM1 mutant 
lines ǁas oďserved͘ (D) Zepresentative immunoŇuorescence images of SDK ;greenͿ localiǌation in �DSK 
and ϭϬϬ nD S�' treated cells͘ �ZLϭϯ� is shoǁn in red ;ciliary memďraneͿ and ZP'Z/PϭL is shoǁn in ǁhite 
;transition ǌoneͿ͘ Scale ďar is Ϯʅm͘
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Supplemental Figure 10 Aberrant post-translational modifications across ARMC9 patient fibroblast lines. 
(A) Eormaliǌed acetylated alpha-tuďulin Ňuorescence intensity in control and ARMC9 patient Įďroďlasts͘ 
хϴϬ cilia ǁere assessed per line for measurements͘ ;control с ϴϰϴ cilia͕ UtϭϯϮ-ϰ с ϯ9ϳ cilia͕ UtϭϯϮ-
ϯ с Ϯϱϴ cilia͕ Utϭϭϲ-ϯс ϯ99 cilia͕ and Utϯϰ9-ϯс ϴϰ ciliaͿ͘ pфϬ͘ϬϬϬϭ ďetǁeen control and patient cilia 
using one-ǁay �EKs� and �unneƩ s͛ multiple comparison test͘ (B) Eormaliǌed polyglutamylated tuďulin 
Ňuorescence intensity in control and ARMC9 patient Įďroďlasts͘ хϭϱϬ cilia ǁere assessed per line for 
measurements͘ ;control с ϱϱϳ cilia͕ UtϭϯϮ-ϰ с ϮϲϮ cilia͕ UtϭϯϮ-ϯ с ϭϳ9 cilia͕ Utϭϭϲ-ϯс Ϯϱϯ cilia͕ and 
Utϯϰ9-ϯс ϭ9ϰ ciliaͿ͘ pфϬ͘ϬϬϬϭ ďetǁeen control and patient cilia using one-ǁay �EKs� and �unneƩ s͛ 
multiple comparison test͘ (C) &ull graphs of the dot plots shoǁn in &igure ϳ�-& shoǁing all data points͘ 
P-value symďols͗ ΎΎpчϬ͘Ϭϭ͕ ΎΎΎΎ͕ pч Ϭ͘ϬϬϬϭ͘ �ars represent the mean͘



�ysfunction of the ciliary �ZDC9ͬdK'�Z�Dϭ protein module causes :ouďert syndrome

ϭϯϯ   

3

Supplemental Figure 11 ARMC9 patient fibroblasts exhibit reduced cilium stability. (A) Serum readdition 
assay schematic and time course shoǁing ciliation percentages normaliǌed to serum-starved cells for 
each cell line͘ Eote accelerated loss of cilia in all ARMC9 lines͘ (B) Serum readdition assay schematic 
ǁith ,��Cϲ inhiďitor ;duďacinͿ treatment to ďlocŬ ,��Cϲ activity ;to test ǁhether the faster resorption 
oďserved in �ZDC9 lines oďserved in � is caused ďy overactive deacetylationͿ and time course shoǁing 
ciliation percentages normaliǌed to vehicle-treated serum-starved cells for each cell line͘ &or ;�Ϳ and ;�Ϳ͕ 
error ďars represent 9ϱй conĮdence intervals and Student s͛ t-test ǁith uneƋual variance ǁas used to 
test for diīerences in slope modeled ďy linear regression͘ Eote that ,��Cϲ-inhiďition does not rescue 
the accelerated loss of cilia in ARMC9 lines͕ ďut does inhiďit resorption in controls͘ (C) Schematic model 
of ,��Cϲ activity in ciliary disassemďly͘ Upon initiation of resorption͕ histone deacetylase ϲ ;,��CϲͿ 
ďecomes activated and deacetylates ciliary microtuďules͕ a reƋuired step for resorption͘
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Supplemental Figure 12 ARMC9 and TOGARAM1 patient fibroblasts cells reenter the cell cycle normally 
after serum readdition. (A) �verage of three eǆperiments assessing cell cycle stage aŌer serum readdition͘ 
ϭϬ͕ϬϬϬ ��P/-stained nuclei ǁere assessed at each time point ďy Ňoǁ cytometry͘ (B) /ndividual eǆperiments 
for each cell line͘ 
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ABSTRACT 
Dutations in over a hundred genes have ďeen reported to cause X-linŬed recessive intellectual 

disaďility ;/�Ϳ mainly in males͘ /n contrast͕ the numďer of identiĮed X-linŬed genes in ǁhich de 

novo mutations speciĮcally cause /� in females is limited͘ ,ere͕ ǁe report seventeen females 

ǁith de novo loss of function mutations in USP9X͕ encoding a highly conserved deuďiƋuitinating 

enǌyme͘ dhe females in our study have a speciĮc phenotype that includes /�ͬdevelopmental 

delay ;��Ϳ͕ characteristic facial features͕ short stature and distinct congenital malformations 

comprising choanal atresia͕ anal aďnormalities͕ post-aǆial polydactyly͕  heart defects͕ 

hypomastia͕ cleŌ palateͬďiĮd uvula͕ progressive scoliosis and structural ďrain aďnormalities͘ 

&our females from our cohort ǁere identiĮed ďy targeted genetic testing as their phenotype 

ǁas suggestive for USP9X mutations͘ /n several females pigment changes along �laschŬo 

lines and ďody asymmetry ǁere oďserved ǁhich is liŬely related to diīerential ;escape fromͿ 

X-inactivation ďetǁeen tissues͘ �ǆpression studies on ďoth mZE� and protein level in aīected 

female-derived Įďroďlasts shoǁed signiĮcant reduction of USP9X level͕ conĮrming the loss of 

function eīect of the identiĮed mutations͘ 'iven that some features of aīected females are 

also reported in Ŭnoǁn ciliopathy syndromes͕ ǁe eǆamined the role of USP9X in the primary 

cilium and found that endogenous USP9X localiǌes along the length of the ciliary aǆoneme͕ 

indicating that its loss of function could indeed disrupt cilium-regulated processes͘ �ďsence of 

dysregulated ciliary parameters in aīected female-derived Įďroďlasts hoǁever points toǁards 

spatiotemporal speciĮcity of ciliary USP9X ;dys-Ϳfunction͘ 
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REPORT
X-linŬed intellectual disaďility ;/�Ϳ ǁith presumed recessive inheritance paƩern is shoǁn to 

ďe caused ďy mutations in over a hundred genes ϭ͖ Ϯ Dost families display a clear X-linŬed 

segregation paƩern͕ in ǁhich males are aīected ǁhile females are unaīected or mildly 

aīected carriers͘ϯ-ϱ /n contrast͕ the numďer of identiĮed X-linŬed genes in ǁhich de novo 

mutations cause /� speciĮcally in females is limited͘

Using ǁhole eǆome seƋuencing ;t�SͿ͕ SEP array͕  C', array and CytoScan ,� array 

in a diagnostic seƫng as descriďed ďeforeϲ-ϭϭ͕ ǁe identiĮed thirteen de novo loss of function 

mutations in USP9X ΀UďiƋuitin-speciĮc protease 9͕ D/D ϯϬϬϬϳϮ͕ ZefSeƋ͗ EDͺϬϬϭϬϯ9ϱ9Ϭ͘Ϯ΁ in 

females ǁith /�ͬdevelopmental delay ;��Ϳ and multiple congenital malformations ;&igure ϭ�͕ 

�͖ daďle SϭͿ͘ &emale ϳ ǁas previously reported as part of a large study seƋuencing individuals 

ǁith /�͕ congenital anomalies andͬor autism ǁith a targeted gene panel͘9 triƩen consent 

ǁas oďtained from the legal guardians for all females and the study ǁas given /Z� approval͘ 

te recogniǌed a similar paƩern of facial characteristics͕ congenital malformations and ďrain 

aďnormalities in these females͘ &our additional aīected females ǁere identiĮed as their 

phenotype ǁas suggestive for USP9X mutations͘ SuďseƋuently͕  de novo protein-truncating 

mutations and intragenic USP9X deletions ǁere duly demonstrated ďy Sanger seƋuencing͕ 

t�S or CytoScan ,� array ;&igure ϭ�͕ �͕ daďle SϭͿ͕ illustrating the clinical recogniǌaďility of this 

neǁ syndrome͘ �ll females ;age ranging Ϯ years ϳ months ʹ Ϯϯ yearsͿ ǁith de novo mutations 

shared a distinct phenotype͘ dhey shoǁed mild to moderate /� ǁith motor and language 

delay͕  short stature͕ hearing loss and distinct congenital malformations͕ notaďly choanal 

atresia͕ asymmetric hypomastia͕ cleŌ palateͬďiĮd uvula͕ heart defects͕ progressive scoliosis͕ 

post-aǆial polydactyly and anal aďnormalities ;daďle ϭ͕ daďle SϮ͕ supplemental case reportsͿ͘ 

Shared facial characteristics included prominent forehead͕ loǁ nasal ďridge͕ prominent nose 

ǁith Ňared alae nasi͕ thin upper lip͕ smooth and long philtrum and loǁ set͕ posteriorly rotated 

and dysplastic ears ;&igure Ϯ�Ϳ͘ /n addition to the USP9X variant͕ female ϱ also harďored 

a de novo variant in PdPEϭϭ ΀D/D ϭϳϲϴϳϲ΁͕ ǁhich has previously ďeen reported to cause 

Eoonan syndrome ΀D/D ϭϲϯ9ϱϬ΁͘ϭϮ dhough all features that ǁere oďserved in this female 

could potentially ďe eǆplained ďy the USP9X variant itself ;daďle SϮͿ͕ a contriďution of aďerrant 

PdPEϭϭ to phenotypic features such as intellectual disaďility͕  short stature and heart defect 

in this female is liŬely͘ Eeuroimaging reports ǁere availaďle for thirteen out of seventeen 

females ;daďle SϮͿ͘ �etailed evaluation of ďrain images of Įve of these females ;female ϭ͕Ϯ͕ϯ͕ 

ϳ and ϭϲͿ shoǁed asymmetric hypoplasia of the cereďellar vermis and hemisphere ǁith a 

retrocereďellar cyst͕ short and thin corpus callosum͕ thin ďrainstem and mildly aďnormal 

frontal gyration paƩern ;&igure ϯͿ͘ Eotaďly͕  ǁe oďserved thyroid hormone aďnormalities in siǆ 

of the females͕ reƋuiring medical treatment in three of them͘ 
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Figure 1: Identified de novo USP9X loss of function mutations ;�Ϳ �etailed vieǁ of the USP9X 
;EDͺϬϬϭϬϯ9ϱ9Ϭ͘ϮͿ region and the reported deletions͘ ;�Ϳ Kvervieǁ of USP9X including U�L- and catalytic 
domain and the location of reported mutations according to their relative position at the protein level͘ dhe 
reported amino acid suďstitution is located ǁithin the catalytic domain͘ ;CͿ ZE� ǁas eǆtracted from ďoth 
control and aīected female ;c͘ϯϬϮϴ-Ϯ�х'Ϳ Įďroďlasts cultured under normal conditions or in the presence 
of cycloheǆimide ;C,XͿ to inhiďit ED�͘ �Ōer c�E� synthesis and PCZ͕ agarose gel analysis shoǁed 
tǁo diīerent product siǌes generated from the c͘ϯϬϮϴ-Ϯ�х' transcript ďut only one from the control 
Įďroďlast transcript͘ �ǆcision and seƋuencing of the additional ďand revealed that the aďerrant USP9X 
transcript lacŬed eǆon Ϯϭ͘ dhe level of the aďerrant transcript ǁas increased fourfold ǁhen Įďroďlasts 
ǁere treated ǁith cycloheǆimide conĮrming that the aďerrant transcript ǁas indeed suďũected to ED�͘ 
;�Ϳ USP9X eǆpression is depleted in female cell lines harďouring loss of function alleles͘ Zelative ƋPCZ 
analysis of USP9X mZE� and relative ƋuantiĮcation of immunoďlot analysis of USP9X protein derived from 
female and male control cell lines and from aīected female cell lines͘ nсthe numďer of individual cell lines 
analysed͘ �ach cell line analysed in Ƌuadruplicate͘ �rror ďars represent standard deviations͘ ΎsigniĮcantly 
diīerent to female controls͕ pфϬ͘Ϭϱ ďy Student s͛ t-test͘ 
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dhe X-linŬed USP9X encodes a structurally and functionally highly conserved 

deuďiƋuitinating enǌyme͕ containing a U�L ;uďiƋuitin-liŬeͿ and a catalytic uďiƋuitin speciĮc 

protease ;USPͿ domain͘ϭϯ-ϭϱ /t is Ŭnoǁn to play an important role in neural development of 

ďoth humans and mice and is reƋuired for fetal developmentϭϲ-ϭϴ͘ USP9X is highly eǆpressed 

during emďryogenesis and eǆpression declines as cell fates ďecome restricted͘ϭϴ dhe USP9X 

orthologue in �rosophila͕ fat facets ;fafͿ͕ has ďeen shoǁn to ďe important in cell polarity and 

cell fate of the developing eye in �rosophila͘ϭ9 � range of signaling proteins involved in diīerent 

neurodevelopmental pathǁays including Eotch͕ tnt͕ d'&-β and mdKZ have ďeen shoǁn to 

interact ǁith USP9X͘ϭϰ͖ ϮϬ-Ϯϳ USP9X also has ďeen descriďed to act as ďoth an oncogene and 

tumor suppressor gene and is freƋuently found to ďe dysregulated in human cancer͘ ϭϰ͖ Ϯϴ͖ Ϯ9

dǁo of the aīected females developed malignancy at a young age ;ϮϮ and ϴ yearsͿ͘ �oth acute 

lymphoďlastic leuŬemia and osteosarcoma ǁere treated successfully and have not reoccurred͘ 

do determine the risŬ and nature of particular malignancies in this neǁ syndrome͕ further 

studies are reƋuired͘ 

te oďserved pigment aďnormalities along �laschŬo lines and facial asymmetry͕  

asymmetric aďnormalities of the ďrain and ďreast and asymmetric length of the legs ;&igure 

Ϯ�͕ Ϯ�͕ ϯͿ͕ all suggestive for a paƩern of post-ǌygotic mosaicism or diīerential X-inactivation 

;XC/Ϳ ďetǁeen tissues ;functional mosaicismͿ͘ϯϬ USP9X is one of the genes shoǁn to escape XC/͘ 
ϯϭ͖ ϯϮ,oǁever͕  it is Ŭnoǁn that most of the genes that escape from XC/ are not fully eǆpressed 

from the inactivated X chromosome and rather shoǁ a partial escape͘ϯϯ-ϯϱ Doreover͕  there is 

accumulating evidence for tissue-speciĮc and developmental stage dependent diīerences in 

XC/ and variaďility of escape of USP9X͘ϯϰ͖ ϯϲ-ϯ9 /n the partial escaping genes͕ non-random XC/ or 

sŬeǁing͕ as oďserved oŌen in female carriers of an X-linŬed mutation͕ ǁill only partially restore 

a normal phenotype͘ϯϱ Consistent ǁith this hypothesis͕ XC/ ǁas found to ďe sŬeǁed >9Ϭй in 

Įďroďlasts in three of the Įve of the tested females͕ ďut sŬeǁing ǁas not related to disease 

severity ;daďle SϯͿ͘ te note that a similar sŬeǁing paƩern of XC/ ǁas oďserved recently in 

females ǁith de novo mutations in ��XϯX ΀D/D ϯϬϬϭϲϬ΁͕ another X-chromosomal gene that 

has ďeen suggested to escape XC/ and in ǁhich de novo mutations cause /� speciĮcally in 

females͘ϰϬ



Chapter 4

ϭϰϰ

Figure 2: Clinical characteristics of females with de novo USP9X loss of function mutations ;�Ϳ &rontal 
and lateral photographs of females ǁith de novo mutations in USP9X͘ Shared facial characteristics include 
facial asymmetry͕  prominent forehead͕ ďitemporal narroǁing͕ short palpeďral Įssures͕ loǁ nasal ďridge͕ 
prominent nose ǁith Ňared alae nasi from adolescence age͕ thin upper lip͕ smooth and long philtrum͕ 
hanging full cheeŬs in early childhood and loǁ set͕ posteriorly rotated and dysplastic ears ǁith aƩached 
loďule͘ ;�Ϳ Photographs of the hands of seven aīected females͘ Shared characteristics include ulnar 
deviation of ϱth digit͕ tapered Įngers͕ short ϰth and ϱth metacarpals and post-aǆial polydactyly ;Simian 
crease present ďut not shoǁnͿ͘ ;CͿ Photographs of the feet of Įve aīected females͘ Shared characteristics 
include halluǆ valgus and sandal gap ;pes cavus present ďut not shoǁnͿ͘ ;�Ϳ Kďserved �laschŬo lines of 
female ϯ͕ indicative for ϭϭ of the aīected females͕ suggestive for diīerent X-inactivation paƩern ďetǁeen 
tissues ;functional mosaicismͿ͘

/n one of the aīected females a predicted splice site mutation ǁas identiĮed͘ do 

evaluate if this mutation indeed results in an aďerrant transcript͕ ǁe synthesiǌed c�E� from 

ZE� eǆtracted from primary sŬin Įďroďlasts of ďoth the aīected female and a control͘ te 

ampliĮed a fragment of ϱϳϲ ďasepairs covering eǆon ϮϬ to eǆon ϮϮ ďy PCZ͘ �lectrophoretic 

separation shoǁed tǁo products of ϱϳϲ and ϰϱϱ ďasepairs in the sample from the aīected 

female͕ and a single ϱϳϲ ďasepairs product in the control͘ SeƋuencing of the smaller product 

revealed that this c�E� transcript from the aīected female indeed lacŬed eǆon Ϯϭ͕ conĮrming 

the truncating eīect of the splice site mutation͘ /mportantly͕  the level of the transcript ǁas 

increased four-fold ǁhen Įďroďlasts ǁere treated ǁith cycloheǆimide͕ strongly suggesting that 

the aďerrant transcript ǁas suďũected to nonsense mediated mZE� decay and as such leads to 

loss of function of this USP9X allele ;&igure ϭCͿ͘ do study the eīect of the heteroǌygous loss-

of-function USP9X alleles on their mZE� eǆpression and protein levels͕ ǁe performed ďoth 

ƋZd-PCZ and immunoďlot ďlot analysis of Įďroďlasts ;nсϰͿ and lymphoďlastoid cell lines ;LCLs͖ 

nсϭͿ derived from aīected females and ďoth female and male controls ;&igure ϭ� and &igure 

SϭͿ͘ te found that eǆpression of USP9X in aīected females ǁas reduced compared to control 

females in ďoth Įďroďlasts and LCLs at ďoth mZE� eǆpression and protein levels͘ �lthough 

some cellular variaďility ǁas evident͕ on average this decrease ǁas signiĮcant ;p<Ϭ͘Ϭϱ ďy 
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Student s͛ t-testͿ ;&igure ϭ� and &igure SϭͿ͘ dhere ǁas no correlation ďetǁeen sŬeǁing of XC/ 

and eǆpression of mZE� and protein level͘ thether the cells in aīected tissue have ďeneĮt 

from the sŬeǁed XC/ remains uncertain͘ dhe escape from XC/ ǁas supported ďy the fact that 

the average eǆpression of USP9X mZE� in ďoth control male Įďroďlasts and control male LCLs 

ǁas ΕϱϬй of that in female controls͘ �Ōer ƋuantiĮcation of protein levels in male control LCLs͕ 

similar levels ǁere oďserved͘ dhe USP9X protein level in male control Įďroďlasts ǁas increased 

to ΕϴϬй of that in female controls͕ ďut ǁas still signiĮcantly less than the protein level in 

female controls͘ /ntriguingly these data thus reveal that aīected females displayed reduced 

levels of USP9X compared to female controls͕ ďut comparaďle levels to that in healthy control 

males͘ /t ǁill ďe important to eǆpose ǁhether these trends eǆtend more to other tissues͕ 

ǁhere the level of escape from XC/ may not comparaďle͘ &urthermore͕ characteriǌation of 

diīerent eǆpression paƩerns ďetǁeen seǆes ;descriďed for USP9X in ďrain thus farϰϭͿ andͬor 

that of protein levels of USP9X suďstrates͕ ǁill ďe important to ascertain as ǁell͘

/n contrast to the severely disruptive de novo mutations in females͕ three milder 

mutations in USP9X have ďeen reported in males ǁithout multiple congenital malformations͘ 

dhe mutations ǁere transmiƩed ďy phenotypically normal females and resulted in /�͕ 

hypotonia͕ and ďehavioral proďlems in the males͘ϰϮ �n additional Ϯ missense mutations ǁere 

identiĮed aŌer reseƋuencing of USP9X in a cohort of Ϯϴϰ males ǁith epilepsy͘ϰϯ &or Ϯ de novo 

mutations reported in large autism cohorts͕ no speciĮc gender information ǁas descriďed͘ϰϰ

dhe phenotype of the males diīers notaďly from the oďserved phenotype in the aīected 

females descriďed here͘ dhey had /� and short stature͕ ďut lacŬed the multiple congenital 

malformations oďserved in aīected females͘ �esides four missense mutations͕ one frameshiŌ 

mutation has ďeen reported in the males͘ dhis single frameshiŌ mutation occurred ǁithin 

the last ϱϬ nucleotides upstream of the last ϯ͛-eǆon-eǆon ũunction͕ presumaďly escaping 

nonsense-mediated mZE� decay ;ED�Ϳ and therefore results in a truncated protein lacŬing 

the last eǆon͘ϰϱ͖ ϰϲ Since no truncating variants have ďeen descriďed in healthy controls in the 

�ǆ�C dataďase and no mutations causing loss of function of USP9X have ďeen reported in 

males͕ ǁe suspect that loss of function mutations could ďe lethal in males͘ dhis hypothesis 

is further supported ďy the fact that the aďsence of Usp9X in male mice is emďryonically 

lethal͘ϰϳ /n contrast͕ all ďut one of the aīected females ǁe report here have protein truncating 

mutations and deletions͘ /n one female͕ ǁe identiĮed a de novo missense mutation͕ located 

in the catalytic domain of the protein͘ 'iven the fact that this female ǁas phenotypically 

comparaďle ǁith the other females͕ it is liŬely that this speciĮc missense mutation leads to 

loss of function of the protein͘ te hypothesiǌe that in addition to complete loss of function 

mutations͕ such as protein truncating mutations and deletions͕ also a small suďset of speciĮc 

missense mutations͕ ǁill lead to disease in females͘ 
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◀Figure 3: Representative MRI images from females (female 1, 2,3 and 7 and 16) with de novo USP9X 
loss of function mutations. Female 1 ;Ϯ yearsͿ͗ DZ/ dϮ aǆial ;�͕ �Ϳ͕ and sagiƩal ;CͿ͕ dϭ aǆial ;�Ϳ sections 
shoǁ ďrachycephaly͕  mild enlargement of the lateral and ϯrd ventricles͖ mild hypoplasia of cereďellar 
vermis and leŌ cereďellar hemisphere͖ enlarged /s ventricle and cisterna magna ǁith small retrocereďellar 
cyst͖ thin ďrain stem and mesencephalon͖ relatively small frontal loďes ǁith someǁhat simpliĮed gyration͖ 
short hypoplastic corpus callosum ;ďoth rostrum and spleniumͿ͘ Female 2 ;ϭ͘ϱ yearsͿ͗ DZ/ dϮ aǆial ;�͕ 
&Ϳ͕ dϭ sagiƩal ;'Ϳ and coronal ;,Ϳ sections shoǁ enlargement of the lateral ventricles͕ mild hypoplasia of 
cereďellar vermis and leŌ cereďellar hemisphere͖ enlarged cistern magna͖ thin corpus callosum͕ pons͕ 
mesencephalon and ďrain stem͖ ďroader and underdeveloped frontal gyri͘ Female 3 ;ϭϭ yearsͿ͗ DZ/ dϮ 
aǆial ;/͕ :Ϳ͕ dϭ sagiƩal ;<Ϳ and aǆial ;LͿ sections shoǁ asymmetric enlargement of the lateral ventricles͖ 
simpliĮed convolutions of the frontal loďes gyri͖ hypoplasia of cereďellar vermis and leŌ hemisphere͖ large 
cisterna magna and retrocereďellar cyst͖ thin corpus callosum ǁith hypoplasia of the rostrum͘ Female 7͗ 
DZ/ dϮ aǆial ;DͿ͕ dϭ aǆial ;EͿ͕ dϭ sagiƩal ;KͿ͕ coronal &L�/Z ;PͿ sections shoǁ macrocephaly͖ enlargement 
of the lateral and ϯrd ventricles ǁith an interhemispheric cyst͖ dysplastic cereďellar hemispheres͖ dysplasia 
of the cereďellar vermis ǁhich is upliŌed͕ ǁith a high position of the tentorium and a large posterior 
fossa͕ typical of �andy-talŬer malformation͖ thin and hypoplastic corpus callosum͘ Female 16 ;Ϯ yearsͿ͗ 
DZ/ dϮ aǆial ;Y͕ Z͕ SͿ and dϭ coronal ;dͿ sections shoǁ enlarged lateral ventricles͖ irregular gyri of the 
cereďral corteǆ ǁith irregular depth of the sulci in frontal and perisylvian areas͖ small heterotopic nodule 
of grey maƩer ;arroǁͿ and thin and hypoplastic corpus callosum ;ďoth rostrum and spleniumͿ͖ hypoplasia 
of the anterior cereďellar vermis and leŌ cereďellar hemisphere͖ enlarged cisterna magna and arachnoidal 
cyst surrounding the cereďellum͕ especially at the leŌ side͖ mild hypoplasia of pons and ďrain stem͘ dhis 
female ǁas identiĮed ǁith Sanger seƋuencing ďased on these ďrain aďnormalities in comďination ǁith /�͕ 
dysmorphic features and congenital aďnormalities͘

�īected females presented ǁith symptoms that overlap ǁith C,�Z'� syndrome ΀D/D 

ϮϭϰϴϬϬ΁ ;C,�ϳ ΀D/D ϲϬϴϴ9Ϯ΁ tested in ϰ of the femalesͿ and ǁith the clinical spectrum 

of some Ŭnoǁn ciliopathy syndromes͕ such as �ardet-�iedl͕ DecŬel-'ruďer and :ouďert 

syndrome͘ϰϴ dherefore͕ ǁe investigated ǁhether heteroǌygous protein truncating mutations 

result in the disruption of ciliary structure͕ formation or traĸcŬing in Įďroďlasts of four of the 

aīected females ǁe had availaďle ;female ϭ͕ϯ͕ϭϰ and ϭϱͿ͘ &irst͕ ǁe determined suďcellular 

localiǌation of endogenous USP9X in ďoth controls and aīected female derived Įďroďlasts 

under serum starvation to induce ciliogenesis͕ as ǁell as in serum rich conditions͘ ϰ9͖ ϱϬ USP9X 

shoǁed diīuse cytoplasmic staining ǁith areas enriched ǁith puncta consistent ǁith its 

descriďed association ǁith protein and vesicle traĸcŬing͘ϱϭ /mportantly͕  upon ciliogenesis of 

the Įďroďlasts͕ USP9X ǁas indeed found to localiǌe to the cilium͘ dhis ciliary localiǌation ǁas 

oďserved along the length of the ciliary aǆoneme of most Įďroďlasts͕ and comparaďle in cells 

from aīected females and from age and gender matched controls ;&igure ϰͿ͘ dhis localiǌation 

ǁas signiĮcantly decreased ǁith siZE� ŬnocŬ doǁn of USP9X indicating speciĮcity of the signal 

;&igure SϮͿ͘ te ǁere unaďle to oďserve any signiĮcant diīerences in ciliogenesis͕ ciliary length 

or ciliary traĸcŬing ďetǁeen Įďroďlasts from aīected females ǁhen compared to controls 

;&igure SϯͿ͕ and siZE� ŬnocŬ doǁn of USP9X did not impair ciliogenesis in Įďroďlasts͘ dhis 

suggests that USP9X dosage is not critical to the generation of primary cilia in these Įďroďlasts͕ 

despite localiǌation of USP9X in their cilia͘ /t is therefore more liŬely͕  that USP9X-regulated 

signal transduction pathǁays mediated ďy the primary cilium are more suďtly disturďed͕ andͬ
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or that this disturďance is spatiotemporally restricted to the tissues aīected in this speciĮc 

phenotype͕ possiďly due to tissue-speciĮc and developmental stage dependent diīerences in 

XC/ and variaďility of escape of USP9X͘ &uture studies utiliǌing dedicated cell-ďased or animal 

models ǁill ďe necessary to evaluate these mechanisms͘

Figure 4: USP9X localizes to the primary cilium. do induce ciliogenesis͕ control and aīected female 
Įďroďlasts͕ matched for gender and age͕ ǁere starved for ϰϴ hours prior to immunoŇuorescence laďeling͘ 
�ndogenous USP9X is detected along the length of the aǆoneme of primary cilia͕ using an antiďody against 
its E-terminus ;E-derm͕ shoǁn in greenͿ as compared to the ciliary marŬers ZP'Z/PϭL ;pinŬ͕ denoting the 
ciliary transition ǌone at the ďase of the ciliumͿ͕ and acetylated alpha-tuďulin ;red͕ marŬing the ciliary 
aǆonemeͿ͘ ��P/ ;ďlueͿ stains the nucleŢ͖ scale ďars represent ϭϬ ђm͘ Ciliated Įďroďlasts derived from 
aīected females are shoǁn here͕ USP9X localiǌation in control Įďroďlasts is shoǁn in &igure SϮ͘ 

/n conclusion͕ this study deĮnes a recogniǌaďle X-linŬed /�ͬ�� syndrome ǁith associated 

multiple congenital malformations and ďrain aďnormalities speciĮc to females͕ caused ďy 

de novo loss of function mutations in USP9X͕ a gene Ŭnoǁn to escape X-inactivation͘ dhe 

phenotypic characteristics overlap ǁith ciliopathy conditions and USP9X localiǌation along 

the length of the ciliary aǆoneme of Įďroďlasts indicates a role in de-uďiƋuitination of ciliary 

proteins͕ ǁhich could contriďute to the disease pathogenesis of this speciĮc syndrome͘ 
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Table 1: Clinical features of females with de novo USP9X loss of function mutations

Percentage Number 
Development
/ntellectual disaďility ͬ developmental delay ϭϬϬй ϭϳͬϭϳ
Growth
Short stature ϱϯй 9ͬϭϳ

Congenital abnormalities
�ye aďnormality ϱ9й ϭϬͬϭϳ
Choanal atresia ϯϱй ϲͬϭϳ
CleŌ palateͬďiĮd uvula Ϯ9й ϱͬϭϳ
�ental aďnormality ϳϭй ϭϮͬϭϳ
�symmetric hypomastia Ϯ9й ϱͬϭϳ
,eart defect ϰϰй ϳͬϭϲ
Urogenital aďnormality Ϯ9й ϱͬϭϳ
Sacral dimple Ϯ9й ϱͬϭϳ
Scoliosis ϲϱй ϭϭͬϭϳ
,ip dysplasia ϰϳй ϴͬϭϳ
Post-aǆial polydactyly ϱϯй 9ͬϭϳ
�ďdominal ǁall aďnormality ϭϮй Ϯͬϭϳ
�nal atresia ϱϯй 9ͬϭϳ

Neurology
Seiǌures Ϯϰй ϰͬϭϳ
,ypotonia ϰϳй ϴͬϭϳ

Brain abnormalities
�andy ǁalŬer malformation ;variantͿ ϯϴй ϱͬϭϯ
,ypoplastic corpus callosum ϲϮй ϴͬϭϯ
;�symmetricͿ cereďellar hypoplasia ϱϱй ϲͬϭϭ
;�symmetricͿ enlarged ventricles ϳϯй ϴͬϭϭ
dhin ďrain stem ϯϬй ϯͬϭϬ
�ďnormal gyration paƩern frontal loďe ϱϬй ϱͬϭϬ

Other
,earing loss ϲϱй ϭϭͬϭϳ
;�laschŬoͿ pigment aďnormality ϲϱй ϭϭͬϭϳ
,ypertrichosis Ϯ9й ϱͬϭϳ
Leg length discrepancy ϰϭй ϳͬϭϳ
Dalignancy ϭϮй Ϯͬϭϳ
Zecurrent respiratory tract infections ϱϯй 9ͬϭϳ
dhyroid hormone aďnormality ϯϱй ϲͬϭϳ
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ϱϭ͘ Durray͕  Z͘�͕͘ :olly͕  L͘�͕͘ and tood͕ S͘�͘ ;ϮϬϬϰͿ͘ dhe &�D deuďiƋuitylating enǌyme localiǌes to multiple 
points of protein traĸcŬing in epithelia͕ ǁhere it associates ǁith �-cadherin and ďeta-catenin͘ Dol 
�iol Cell ϭϱ͕ ϭϱ9ϭ-ϭϱ99͘
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Supplemental Note: Case Reports
&emale ϭ is the second child of nonconsanguineous parents of Sǁedish and dhai ancestry͘ 

She has mild intellectual disaďility͕  short stature͕ hypotonia͕ P��͕ aortic insuĸciency͕  inguinal 

herniation͕ diaphragmatic herniation͕ a douďle collecting system of the Ŭidney͕  ďilateral hip 

dislocation͕ patellar dislocation͕ thoracolumďar scoliosis͕ aďnormal teeth eruption͕ stenosis 

of lacrimary ducts and aďnormal middle ears͘ She has hearing and visual impairment͘ She has 

dysmorphic features including͖ transverse palmar creases͕ a sƋuare face͕ ďrachycephaly ;large 

fontanel in infancyͿ͕ high palate͕ almond shaped eyes͕ long philtrum͕ thin upper lip͕ loǁ set 

and posteriorly rotated ears͕ depressed nasal root and depressed nasal tip͘ �rain DZ/ shoǁed 

ďrachycephaly͕  mild hypoplasia of cereďellar vermis and leŌ hemisphere͕ small retrocereďellar 

cyst͕ ventricular enlargement͕ thin ďrain stem͕ relatively small frontal loďes ǁith enlarged 

gyri and less deep sulci͕ short hypoplastic corpus callosum ;ďoth rostrum and spleniumͿ͕ 

malrotated hippocampi and thin commisura anterior͘  Cd scan of the temporal ďones shoǁed 

dense middle ears͕ suspected stapes malformation and narroǁ auditory canals͘ She suīers 

from freƋuent upper respiratory infections and pneumonias͘ �t ϭϴ months she developed 

seiǌures͘ She has a percutaneous endoscopic gastrostomy ;P�'Ϳ and she reƋuires intermiƩent 

home oǆygen therapy due to chronic respiratory insuĸciency͘ �t age ϳ she ǁas diagnosed ǁith 

�- cell precursor acute lymphoďlastic leuŬemia ;�CP �LLͿ͘

&emale Ϯ is the second of tǁo children of nonconsanguineous parents of �utch ancestry͘ 

&amily history ǁas non-contriďutory͘ She ǁas ďorn aŌer ϰϭнϯ ǁeeŬs of gestation ǁith a ďirth 

ǁeight of ϯϱϯϬ gram ;Ϭ S�Ϳ͕ �P'�Z scores ǁere ϳ and ϯ aŌer respectively ϭ and ϱ minutes͘ 

Prenatal ultrasound shoǁed ďilateral hydronephrosis͕ postaǆial polydactyly of the leŌ hand 

and ventriculomegaly͘ �ue to severe hypotonia͕ ventilatory support ǁas necessary͘ �esides 
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post-aǆial polydactyly other congenital aďnormalities͕ including ďilateral choanal atresia͕ 

ventral position of the anus͕ atrial septum defect type //͕ and congenital vertical talus ǁere 

diagnosed͘ Zenal ultrasound shoǁed no hydronephrosis͕ hoǁever nephrocalcinosis ǁas 

evident and unilateral douďle renal collecting system ǁas suspected͘ �uditory �rainstem 

Zesponse �udiometry shoǁed no aďnormalities͕ hoǁever conductive hearing loss ǁas 

measured due to recurrent middle ear infections͘ �t the age of Ϯ years͕ there ǁas no speech 

development and at currently age ϯ years she learns to use sign language and she is aďle to 

speaŬ a feǁ single ǁords͘ ,yperlaǆity and hypotonia hampered her motor development͖ she 

started ǁalŬing at the age of Ϯ years and ϴ months͘ Physical eǆamination at the age of Ϯ years 

and ϭϭ months shoǁed a height of ϴϲ cm ;-ϯ S�Ϳ͕ a ǁeight of ϭϭ͘ϰ Ŭg ;-ϭ͘ϭ S�Ϳ and a head 

circumference of нϭ S�͘ &acial dysmorphism͕ including a ǁidoǁs peaŬ͕ posteriorly rotated͕ 

dysplastic ears͕ hypertelorism and a ďroad nasal ďridge ǁere noted͘ ,ypoplastic nipple and 

a sacral dimple ǁere present͘ She had hypertrichosis of ďoth arms͘ �rain DZ/ shoǁed mild 

hypoplasia of cereďellar vermis and leŌ hemisphere͕ enlarged cistern magna͕ ventricular 

enlargement͕ thin pons and ďrain stem͕ ďroader and underdeveloped frontal gyri͘ Previous 

investigations consisting of a CytoSEP ϭϮvϮ͘ϭ array ;/lluminaͿ͕ �sperchip ��S analysis͕ and 

Sanger seƋuencing of S�d�Pϭ͕ K&�ϭ͕ C,�ϳ͕ S�LLϭ͕ ��Sϲ͕ PKZ ǁere normal͘ �lood analysis 

shoǁed an increased dS, ǁith normal &dϰ values͘

&emale ϯ is the second of Įve children of non-consanguineous parents͘ dhere ǁas no 

family history of developmental delay͘ She ǁas ďorn aŌer ϰϭ ǁeeŬs of gestation ǁith a ďirth 

ǁeight of ϯϱϬϬ gram ; -Ϭ͘ϱ S�Ϳ͘ �elivery ǁas uncomplicated͘ Physical eǆamination aŌer ďirth 

revealed several aďnormalities͗ large frontal fontanel͕ post-aǆial polydactyly͕  single choanal 

atresia and a ventral position of the anus͘ tith neonatal heel pricŬ screening͕ no aďnormalities 

ǁere measured͘

Eevertheless͕ at the age of ϭ year hypothyroidism ǁas detected͘ �oth motor and 

language development ǁere delayed͘ She ǁalŬed ǁithout support at the age of Ϯϳ months 

and she spoŬe her Įrst ǁords at the age of Ϯϱ months͘ Psychological assessment ǁhen she ǁas 

teenager shoǁed mild intellectual disaďility͘ �s child͕ surgery ǁas reƋuired to correct straďism͘ 

She had recurrent middle ear infections͘ Puďerty development ǁas normal͘ ,oǁever͕  she 

had remarŬaďle asymmetric groǁth of her ďreasts͘ She needed dental ďraces to position 

her teeth͘ ,oǁever͕  there ǁas no groǁing of her canine teeth͘ �ecause of progressive pedes 

cavus͕ she reƋuired special shoes͘ She had diminished sensitivity in her hands͕ suspicious for 

polyneuropathy͘ ,oǁever͕  this ǁas not conĮrmed ǁith electromyography͘ dhere ǁas mild 

thoracal Ŭyphosis͘ Physical eǆamination at the age of ϭϭ years shoǁed macrocephaly͕  ǁith a 

head circumference of ϱϳ cm ;нϮ͘Ϭ S�Ϳ and also present in her father͘  ,er height ǁas ϭϱϳ cm 
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;Ϭ S�Ϳ and her ǁeight ǁas ϰϬ͘ϱ Ŭg ;-ϭ S�Ϳ͘ She had an asymmetric face ǁith deep set eyes͕ 

long nose͕ smooth philtrum and ďiĮd uvula͘ She had small hands ǁith tapering Įngers͘ dhere 

ǁas hypermoďility of her ũoints͘ /nspection of the sŬin revealed �laschŬo lines on her leŌ arm͕ 

hyperpigmentation in her necŬ and hypertrichosis͘ � ďrain DZ/ at the age of ϭϭ years shoǁed 

hypoplasia of cereďellar vermis and leŌ hemisphere͕ large retrocereďellar cyst͕ ventricular 

enlargement ǁith leŌ frontal horn of lateral ventricle more than right͕ simpliĮed convolutions 

of the frontal loďes gyri and thin corpus callosum ǁith hypoplasia of the rostrum͘ Previous 

investigations͕ consisting of ϮϱϬŬ SEP-array and analysis of ��Sϲ ǁere normal͘

&emale ϰ is the Įrst child of nonconsanguineous parents ǁho had a prior Įrst trimester 

miscariage͘ dǁo maternal uncles have intellectual disaďility of unŬnoǁn etiology͘ She ǁas ďorn 

at ϰϬ ǁeeŬs gestation to a ϭϳ-year-old �frican-�merican ďy scheduled Cesearan section for 

poor fetal groǁth͕ ǁith a ďirth ǁeight of ϮϳϮϳ grams ;-Ϯ S�Ϳ and length ϰϴ cm ;-ϭ S�Ϳ͘ Prenatal 

ultrasound had revealed a �andy talŬer variant͘ �elivery ǁas uncomplicated͘ �t ďirth she 

ǁas noted to have a large fontanel͕ congenital scoliosis and pale sŬin ǁith red streaŬs ;ďut 

no ďlistersͿ that darŬened ǁith age͘ �rain DZ/ conĮrmed the �andy talŬer variant as ǁell as 

ďilateral temporal͕ frontal and insular hypomyelination͘ Zenal ultrasound and echocardiogram 

ǁere normal͘ She ǁas discharged at ϭϬ days of age͘ She ǁas suďseƋuently diagnosed ǁith 

hypothyroidism and treated ǁith synthroid͘ She developed feďrile seiǌures ďut ǁas not 

treated ǁith antiepileptic medications͘ &ontanel ǁas late to close͘ She ǁas evaluated at ϳ 

years of age for intellectual disaďility and sŬin pigmentary aďnormalities͘ Physical eǆamination 

revealed ǁeight Ϯй͕ height Ϯϭй and head circumference at ϱϬй͘ She had a narroǁ face ǁith 

prominent forehead͘ Palpeďral Įssures ǁere upslanting͕ lateral eyeďroǁs ǁere Ňared and the 

philtrum ǁas smooth͘ She had diīuse �laschŬolinear hyperpigmentation͘ �rray comparative 

genomic hyďridiǌation ;oligonucleotide н SEPͿ ǁas normal͘ thole eǆome seƋuencing 

revealed a de novo mutation in eǆon ϭ9 of USP9X͗ ChrX;'ZChϯϳͿ͗g͘ϰϭϬϮ9ϮϱϱͺϰϭϬϮ9Ϯϱϲins�͖ 

EDͺϬϬϭϬϯ9ϱ9Ϭ͘Ϯ͗ c͘ϮϲϰϰͺϮϲϰϱins�;p͘;�rgϴϮϮ'lnfsͿͿ͘

&emale ϱ is the Įrst child of non-consanguineous parents͘ dhere ǁas no family history 

of developmental delay͘ She ǁas ďorn at full term ǁith a ďirth ǁeight of ϯϬϲϰ gram͘ �elivery 

ǁas via Caesarean section due to aďnormal fetal positioning͘ �s neonate͕ she had failure 

to thrive due to feeding diĸculties͕ reƋuiring tuďe feeding͘ LeŌ congenital hip dislocation 

and persistent ductus arteriosus ǁere noticed͘ ,er development ǁas severely delayed ǁith 

ďoth motor and language delay͘ She ǁalŬed her Įrst steps at the age of ϯ years and at the 

age of 9 years͕ she ǁas essentially non-verďal͘ dhere ǁere moderate to severe ďehavioral 

aďnormalities ǁith Kďsessive-Complusive- �isorder symptoms͘ She had repetitive signing 

or verďaliǌations͕ tantrums͕ self inũury͕  aggressiveness and sleeping proďlems͕ reƋuiring 



�e novo loss of function mutations in USP9X cause a female speciĮc recogniǌaďle 
syndrome ǁith developmental delay and distinct congenital malformations

ϭϱ9   

4

treatment ǁith clonidine͘ ,er forǁard vision ǁas impaired due to severe ptosis͘ Eo other 

visual proďlems ǁere present͘ Scoliosis and leg length discrepancy ǁere oďserved͕ the laƩer 

reƋuired surgery͘ dhere ǁere genu valgum and severe pes planus for ǁhich she has ďeen 

prescriďed special shoes͘ She had a history of easy ďruising and episodes of epistaǆis͕ ďut there 

is not a Ŭnoǁn deĮciency in cloƫng factors͘ Zenal ultrasound at the age of ϳ years shoǁed 

mild leŌ hydronephrosis͘ Physical eǆamination at the age of ϭϭ years shoǁed short stature 

ǁith a height of ϭϯϭ cm ;-ϯ S�Ϳ͕ ǁeight of Ϯϴ͘ϰ Ŭg ;-Ϯ S�Ϳ and head circumference of ϱϯ cm 

;Ϭ S�Ϳ͘ She had facial dysmorphisms consisting of loǁ posterior hairline͕ posteriorly rotated 

and loǁ set ears ǁith thicŬened helices and ďilateral ptosis͕ diamond shaped eyeďroǁs͕ 

doǁn slanting palpeďral Įssures͕ thin nasal ďridge͕ pinched nasal root and tip͕ prominent 

nasolaďial folds͕ thin upper lip͕ ďiĮd uvula͕ croǁded teeth and pointed chin͘ /nspection of 

the hair shoǁed a ϭ cm lesion of atrophic sŬin on occiput ǁhere hair follicles ǁere lacŬing͕ 

suspect for aplasia cutis congenital͘ dhe right eye lid had a Ŭereatotic lesion and evidence of 

mild aďrasion͘ Pectus eǆcavatum and upper thoracic ǁide scoliosis ǁere present͘ �rain DZ/ 

shoǁed �andy talŬer malformation͘ Previous genetic tests͕ including Prader-tilli syndrome 

methylation͕ shoǁed no aďnormalities͘ �nalysis of PdPEϭϭ ΀D/D ϭϳϲϴϳϲ΁ revealed a mutation 

c͘ϭϮϴϮ '>d ;p͘;sϰϮϴLͿͿ ǁhich ǁas not present in the mother͘  C', array shoǁed a deletion in 

USP9X͗ Xpϭϭ͘ϰ ;Dinimum͗ ϰϭϬϴϮϲϭ9-ϰϭϬ9Ϭϭ9ϴ͖ maǆimum͗ ChrX͗ϰϭϬϴϮϰϳϰ-ϰϭϬ9ϮϮϮϲͿ͕ not 

present in mother͘

&emale ϲ is the Įrst child to non-consanguineous Caucasian parents͘ She has a younger 

sister ǁho is ǁell͘ dhe female ǁas delivered at term folloǁing an uncomplicated pregnancy͕  

ǁith a ďirth ǁeight of ϯ͘ϭϳŬg ;Ϯϱ-ϱϬth centileͿ͘ dhere ǁere feeding diĸculties in infancy͕  

reƋuiring a ďrief period of nasogastric tuďe feeding͘ She had developmental dysplasia of the 

hips͕ reƋuiring treatment ǁith a ďrace͕ and generaliǌed hypotonia and ũoint hypermoďility͘ 

She craǁled at ϭϰ months͕ and ǁalŬed at Ϯϳ months of age͘ Currently͕  at the age of Ϯ years 

and ϳ months͕ she has around ϱϬ spoŬen ǁords͕ and over ϭϬϬ signs͘ She is puƫng short 

sentences together͘  She has moderate hearing loss and has hearing aids ďilaterally͘ dhere is 

hypermetropia͕ and minor cataract in the right eye not reƋuiring treatment͘ ,er current ǁeight 

is ϭϬ͘ϯŬg ;ϯrd centileͿ͕ height is ϴϰ͘ϱcm ;ϯrd centileͿ and head circumference is ϱϬ͘ϱcm ;ϳϱth 

centileͿ͘ dhe anterior fontanelle ǁas large and closed late͘ She has a prominent forehead͕ and 

loǁ-set͕ posteriorly rotated ears͕ ďut is otherǁise not dysmorphic͘ �chocardiogram is normal͘ 

SEP microarray ;/llumina ,umanCytoSEP-ϭϮ vϮ͘ϭͿ shoǁed a female molecular Ŭaryotype ǁith 

an interstitial deletion of Ϭ͘Ϯ megaďases on Xpϭϭ͘ϰ ;ϰϬ͕ϴϭϭ͕ϳϭϯ- ϰϭ͕Ϭϯϯ͕ϰϱϬͿ͕ encompassing 

a single gene USP9X ;interpretation ďased on hgϭϴͿ͘ Parental testing has conĮrmed this to ďe 

de novo͘
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&emale ϳ is the eldest of three daughters of healthy nonconsanguineous parents of 

�sian ;ChineseͿ ancestry͘ dhere ǁas no signiĮcant family history͘ ,er tǁo younger sisters 

are ǁell͘ She ǁas ďorn at ϯϯ ǁeeŬs ϱ days of gestation ǁith a ďirth ǁeight of ϭ9ϲϰ grams 

;Ϯϱth-ϱϬth centileͿ͘ Prenatal ultrasound shoǁed ďorderline ventriculomegaly and suspected 

�andy-talŬer malformation͘ �t ďirth͕ facial dysmorphism ;prominent forehead͕ loǁ-set 

earsͿ͕ ďilateral post-aǆial polydactyly of the hands͕ hypoplastic nipples͕ omphalocoele minor͕  

anteriorly placed anus ǁith anal stenosis͕ sacral dimple and ventricular septal defect ǁere 

oďserved͘ Zenal and lumďosacral ultrasound scans ǁere normal͘ ,ip ultrasound scans shoǁed 

right hip dislocation and leŌ developmental dysplasia of the hip͘ �rain DZ/ done at ϭ month 

of age shoǁed �andy-talŬer malformation͕ hydrocephalus and a small arachnoid cyst of the 

ϯrd ventricle on the right͘ She ǁas also reported to have dysgenesis of the posterior ďody 

and splenium of the corpus callosum on ďrain Cd͘  �uditory �rainstem Zesponse �udiometry 

shoǁed ďilateral conductive hearing loss and she has had several procedures for myringotomy 

and 'romet tuďe insertion͘ She also underǁent omphalocoele repair at ϯ days old͕ insertion 

of a posterior fossa cysto-peritoneal shunt at Ϯ months old͕ right hip surgery at 9 months 

old͘ She has gloďal developmental delay and intellectual disaďility͘ �t the age of ϴ years 

ϭϬ months͕ she can sit independently and stand ǁith support͕ ďut cannot stand or ǁalŬ 

independently yet͘ She communicates ďy pointing to pictures or leƩers͕ ďut is still non-verďal͘ 

Physical eǆamination at the age of ϴ years and ϭϬ months shoǁed a height of 9ϴ cm ;ϭϴ cm 

< ϯrd centileͿ͕ a ǁeight of ϭϱ͘Ϭ Ŭg ;ϯ͘ϱ Ŭg < ϯrd centileͿ and a head circumference of ϰ9 cm 

;ϭ cm < ϯrd centileͿ͘ &acial dysmorphism͕ including facial asymmetry͕  prominent forehead͕ 

smooth and long philtrum͕ hanging full cheeŬs͕ loǁ-set and posteriorly rotated ears͕ ǁere 

noted͘ ,ypoplastic nipples and a sacral dimple ǁere present͘ She has a severe propensity 

to Ŭeloid formation͕ reƋuiring multiple steroid inũections and eǆcisions͕ as ǁell as corneal 

scarring͕ occurring ǁithout any oďvious trauma͘ Previous investigations consisting of serum 

transferrin isoforms͕ and chromosomal microarray analysis ;�gilent ϰϬϬ< arrayͿ ǁere normal͘ 

�lood analysis shoǁed an increased dS, ǁith normal fdϰ values͘

&emale ϴ ;��C/P,�Z /� ϮϱϴϱϭϭͿ is the Įrst child of non-cansanguineous Caucasian 

couple͘ dhere is no signiĮcant family history of note͘ She ǁas ďorn at term ǁeighing Ϯ͘ϴŬgs͕ 

folloǁing a fairly smooth pregnancy͘ She ǁas admiƩed to SC�U for ϰϴ hours due to poor 

feeding and facial asymmetry͘ She ǁas noted to have ďilateral hip dysplasia and a vertical 

talus͕ ǁhich ǁere treated ǁith a harness for ϲ months and splints for her feet respectively͘ She 

ǁas noted to ďe hypotonic ǁith signiĮcant ũoint laǆity͘ She also developed scoliosis ǁhich ǁas 

treated surgically at the age of ϴ years͘ dhe scoliosis has ďeen progressive͘ Seiǌures developed 

from ϴ years of age and ǁere in the form of aďsence seiǌures͘ dhe epilim ǁas stopped recently 
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as she had ďeen seiǌure-fee for a feǁ years͘ � recurrence of seiǌures has ďeen noted since͘ 

'loďal developmental delay ǁas noted - she ǁalŬed at ϯϬ months and her Įrst ǁords came 

at ϰ years͘ She ǁas aďle to use the maŬaton ďefore that prior to speech development͘ She 

has a hypernasal Ƌuality to her voice and has some sounds missing͘ She has ďeen reported to 

have moderate intellectual disaďility͘ She ǁas diagnosed ǁith autism at the age of ϴ years͘ ,er 

ďehaviour can ďe very challenging and has ďeen descriďed as Pathological �emand �voidance͘ 

Physical eǆamination shoǁed ďrachycephaly͕  plagiocephaly͕  very curly hair͕  a prominent nose 

ǁith Ňared nostrils͕ hirsuite ďacŬ͕ scoliosis and pes cavus͘ SŬull X-rays shoǁed ǁormian ďones͘ 

DZ/ ďrain and spine ǁere reported to ďe normal͘ Previous investigations including microarrays 

and ďasic metaďolic screen ǁere normal͘

&emale 9 ;��C/P,�Z /� ϮϲϳϰϮϳͿ is the only child of nonconsanguineous parents of U< 

ancestry͘ &amily history noted a male Įrst cousin ;the childrens͛ fathers are ďrothersͿ ǁith 

a laryngeal aďnormality͕  congenital heart disease and preaǆial polydactyly͘ Pregnancy ǁas 

complicated ďy polyhydramnios and serology positive for doǆoplasmosis at the time of ďirth͘ 

�ntenatal ultrasound had revealed enlarged cereďral ventricles͘ She ǁas ďorn aŌer ϯϲ ǁeeŬs 

of gestation ǁith a ďirth ǁeight of ϮϲϬϬ gram ;ϱϬйͿ͕ ďy emergency Caesarean section aŌer 

premature rupture of the memďranes ǁith meconium stained liƋuor͘  She reƋuired ventilatory 

support at ďirth and ǁas noted to have ďilateral choanal atresia ǁhich ǁas surgically repaired͘ 

� suďgloƫc stenosis ǁas suďseƋuently noted͘ �dditional proďlems in the neonatal period 

ǁere a small �S� ǁhich closed spontaneously͕  peripheral cataracts and an anteriorly placed 

anus ;ǁhich did not reƋuire interventionͿ͘ Zenal ultrasound ǁas normal͘ /n infancy there 

ǁere consideraďle feeding proďlems ǁith reŇuǆ and repeated episodes of aspiration and 

recurrent chest infections͘ � gastrostomy ǁas placed until the age of ϳ years͘ She has had 

recurrent episodes of ďlepharitis and ǁas noted to have astigmatism͘ Conductive hearing 

loss ǁas noted due to recurrent middle ear infections͘ �evelopmental milestones ǁere 

delayed͘ �t age ϳ years she aƩends special school͕ she is aďle to talŬ in simple sentences and 

demonstrates simple understanding͘ She has liƩle aďstract thinŬing and poor aƩention͘ ,er 

motor sŬills remain delayed and she is still hypotonic͘ She has mirror movements͘ Physical 

eǆamination at the age of ϳ years and ϳ months shoǁed a height of ϭϭ9͘ϲ cm ;ϭϬ-ϮϱйͿ and 

a head circumference of ϱϬ cm ;ϮйͿ͘ &acial features include a ďroad nose ǁith a depressed͕ 

grooved nasal tip͘  She has mildly posteriorly rotated ears ǁith aďsent loďes͘ She has small 

hands and feet ǁith tapering Įngers and poorly opposaďle thumďs͘ She has recently ďeen 

noted to have some missing secondary dentition and deĮcient enamel͘ She ǁas noted to 

have a narroǁ chest and asymmetry of gait and posture͘ dhere is generaliǌed ũoint laǆity͘ Limď 

length discrepancy has ďeen documented and a mild scoliosis conveǆ to the right ǁith apeǆ at 
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LϮ has ďeen radiologically oďserved͕ hypoplasia of clavicles ǁas noted͘ ,er leŌ side is ǁeaŬer 

than right including a mild facial nerve ǁeaŬness and there is asymmetry of hair groǁth ǁith 

sparser hair on the leŌ side͘ She has mild sŬin streaŬing along �laschŬo lines visiďle mostly on 

limďs͘ �rain DZ/ shoǁed non-speciĮc underdevelopment of ǁhite maƩer ǁith a slightly larger 

lateral ventricle on the leŌ ǁith focal dilation and gliosis around the leŌ frontal horn͘ Previous 

investigations consisting of a Eimďlegen ϭϯϱ< ,'ϭϴ t' C', v͘ ϯ͘ϭ ǁhich documented a ϰϯϬ 

<ď copy numďer gain at ϭϯƋϭϰ͘ϭϭ shared ǁith her normal father and other paternal relatives͘ 

Sanger seƋuencing of C,�ϳ shoǁs a change cϴϯϯ9C>d ;p �laϮϳϴϬsalͿ ǁhich is also shared 

ǁith her normal father and other relatives in his family͘ SŬin chromosomes ǁere normal ϰϲXX͘

&emale ϭϬ ;��C/P,�Z /� ϮϴϭϱϴϲͿ is the second of tǁo children of nonconsanguineous 

parents of miǆed :amaican ͬ thite �ritish ancestry͘ ,er older sister had hydronephrosis in 

infancy ǁhich resolved͕ and an autistic spectrum diagnosis made in her teens͘ dhe patient 

also inherited &amilial ,ypercholesterolaemia from her father͘  dhere is no other family history 

of structural anomalies͘ � right multicystic dysplastic Ŭidney and leŌ hydronephrosis ǁere 

detected at ϮϬ ǁeeŬs͘ She ǁas felt to ďe a large ďaďy so delivered ďy elective section at term 

ǁeighing ϯϱϬϬg͘ dhere ǁas aďdominal distension ǁith ďilious aspirates and pylostomy ǁas 

reƋuired at ďirth͕ and later douďle : stenting͘ Eo other anomalies ǁere detected at ďirth͘ 

�arly developmental milestones ǁere all mildly delayed͕ and she ǁas monitored in the 

Child �evelopment Centre͘ She moved from mainstream school to special school for her 

secondary education͘ �t around ϱ years of age during investigations for persistent cough͕ 

loǁer thoracic scoliosis ǁas noted͕ and found to ďe related to a hemiverteďra at dϭϬ͕ reƋuiring 

hemiverteďrectomy at age ϴ͘ She has ϭϯ pairs of riďs͘ dhere is also a suspicion of a leg length 

discrepancy due to a pelvic tilt͘ dhe scoliosis has continued to ǁorsen ďeloǁ the operated area͕ 

reƋuiring a ďrace and a second operation ǁill ďe necessary͘ She has reƋuired investigation 

and monitoring for persistent neutropaenia͕ including ďone marroǁ aspirate ǁhich ǁas mildly 

hypocellular͕  ďut no clear cause has ďeen identiĮed͘ She reƋuires tonsillectomy and grommet 

insertion for glue ear͘  Proďlems ǁith freƋuent gall stones ǁere present͘ �t ϴ years ďreast and 

puďic hair development led to investigations͘ dhe uterus ǁas found to ďe aďsent on DZ/͕ ďut 

ďoth ovaries are present͘ �one age ǁas advanced at ϭϭ͘ϱyears at 9y chronological age͘ She 

has a persistently high &ree dϰ ǁith normal dS,͕ ǁithout thyroid symptoms͘ Kn eǆamination 

in the genetics clinic she ǁas also found to have a shortening of the ϰth metacarpals͕ most 

pronounced on the right͘ dhere are only ϯ loǁer incisors͕ and the teeth are of poor Ƌuality and 

piƩed͘ dhere are areas of hyperpigmentation on the sŬin͕ not typical of CafĠ-au-lait patches͘ 

�ye eǆamination ǁas unremarŬaďle͘ Dicroarray analysis ǁas also normal͘

&emale ϭϭ ;��C/P,�Z /� ϮϳϭϮϰ9Ϳ is the Įrst child of non-consanguineous parents of 
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�nglish ancestry͘ She has an older healthy maternal half-sister͘  dhere is no signiĮcant family 

history͘ She ǁas ďorn aŌer ϯ9 ǁeeŬs of gestation ǁith a ďirth ǁeight of Ϯϴϳϳg ;-Ϭ͘9 S�Ϳ͘ She ǁas 

ǁell at ďirth͘ Prenatal ultrasound shoǁed unilateral hydronephrosis͘ &etal echocardiography 

ǁas normal͘ �t ďirth she ǁas noted to have ďilateral post-aǆial polydactyly of the hands and 

congenital dislocation of the hips͘ She fed ǁell͘ She had motor and speech developmental 

delay͘ She ǁalŬed ũust ďefore Ϯ years͘ ,er Įrst ǁords ǁere from ϯ years͘ She had recurrent 

urinary tract infections and had a pyeloplasty aged ϯ years͘ �t ϲ years she ǁas diagnosed 

ǁith a suďmucous cleŌ palate and ďiĮd uvula͘ She has amylopia͕ astigmatism and ďilateral 

cortical cataracts ǁere diagnosed at ϳ years͘ �ďdominal ultrasounds shoǁs a ďicornuate 

uterus͘ She is entering puďerty at ϭϭ͘ϱ years͘ She has a school educational statement͘ &acial 

dysmorphism͕ includes loǁ posteriorly rotated dysplastic ears͘ ,er earloďes are aƩached͘ ,igh 

nasal ďridge ǁith hypoplastic nasal alae͕ an overhanging colomella and smooth philtrum͘ ,er 

right eyeďroǁ is interrupted͘ She has ǁiry hair ǁhich is considered familial͘ She holds her ϱth 

Įngers in aďduction at the DCP ũoint͘ She has ǁasting of the muscles of the hands and legs 

distally͕  ǁith high arches to her feet͘ dhere is ďilateral halluǆ valgus͘ She has faint streaŬs of 

hypopigmentation folloǁing the lines of �laschŬo over her trunŬ and arms͘ Spine DZ/ scan ǁas 

normal͘ Previous investigations consisted of a normal Ϭ͘ϱDď ��C array ;ϮϬϬϳͿ͕ normal ďlood 

and sŬin ;ǁrist͕ anŬle͕ groin samplesͿ Ŭaryotype analysis͘

&emale ϭϮ ;��C/P,�Z /� ϮϱϴϲϭϳͿis the Įrst child of non consanguineous parents of 

Diddle �astͬDaltese and ǁhite U< ancestry͘ dhe family history ǁas non-contriďutory͘ ,er ďirth 

ǁas induced ďecause of prolonged rupture of memďrane and decreased fetal movements͘ dhe 

proďand ǁas ďorn ďy normal vaginal delivery at ϯϲ ǁeeŬs of pregnancy ǁith a ďirth ǁeight of 

ϮϮϲϬ gram ;-ϭ to -Ϯ S�Ϳ and a head circumference of ϯϮcm ;Ϭ S�Ϳ͘ She ǁas in good condition 

and did not reƋuire resuscitation͘ She ǁas self-ventilating in air and estaďlished ďoƩle feeding͘ 

Postnatally she ǁas noted to have ďilateral postaǆial polydactyly of the hands and an anteriorly 

placed anus͘ Kther congenital aďnormalities included leŌ choanal atresia and right choanal 

stenosis͘ � moderate patent ductus arteriosis͕ patent foramen ovale͕ tricuspid regurgitation 

and aortic regurgitation detected early on have resolved and she has reƋuired spinal ďracing 

ďecause of a marŬed thoracic scoliosis͘ She suīered ǁith recurrent upper respiratory tract and 

middle ear infections͘ She had grommets and noǁ ǁears hearing aids ďecause of moderate 

conductive hearing loss͘ She had leŌ sided straďismus͕ a pinpoint anterior suďcapsular lens 

opacity on the leŌ side and peripheral retinal pigment epithelial pigment changes ďilaterally͕  

and she has glasses ďecause of mild myopia͘ Dore recently treatment has ďeen reƋuired for 

hypertension of unŬnoǁn cause͘ �evelopmentally she has severe intellectual disaďility ǁith 

motor and speech delay͘ She had ϯ ǁords ďy the age of Ϯ Ъ years and at the age of ϳ years 
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she is aďle to speaŬ in short phrases͕ hoǁever her speech can ďe diĸcult to understand͘ She 

also points and uses some DaŬaton signs͘ She has hypotonia and moďilises on her Ŭnees or 

hopping using her hands and Ŭnees͘ She can stand ǁith support ǁith her Ŭnees Ňeǆed͘ Physical 

eǆamination at the age of ϳ years and ϰ months shoǁed a height of ϭϬ9 cm ;-ϯ S�Ϳ͕ a ǁeight 

of Ϯϱ͘ϱ Ŭg ;Ϭ S�Ϳ and a head circumference of ϰ9͘9 cm ;-ϯ S�Ϳ͘ &acial dysmorphism͕ including a 

ǁidoǁs peaŬ͕ posteriorly rotated͕ dysplastic ears͕ arched eyeďroǁs͕ a ďroad nasal ďridge ǁith 

a ŇaƩened nasal tip and a midline tongue depression ǁere noted͘ � sacral dimple ǁas present͘ 

She had hypertrichosis of her arms and ďacŬ and patchy pigmentation over her ďacŬ and the 

right side of her chest͘ � ďrain DZ/ shoǁed a �andy ǁalŬer compleǆ ǁith a partially developed 

cereďellar vermis and a communication ďetǁeen the ϰth ventricle and the cisterna magna͕ 

and a small posterior fossa ǁith a hypoplastic cereďellum͘ � renal ultrasound scan ǁas normal͘ 

Previous investigations included ďlood and sŬin Ŭaryotyping͕ ϮϮƋϭϭ͘Ϯ &/S,͕ Sanger seƋuencing 

of C,�ϳ and microarray analysis͘ �ndocrinology assessment ǁas normal͘

&emale ϭϯ ;��C/P,�Z /� ϮϲϭϴϰϳͿis the Įrst of tǁo children of nonconsanguineous 

�ritish parents ǁith no family history of relevance͘ She ǁas ďorn at ϯ9 ǁeeŬs gestation ďy 

normal delivery ǁeighing Ϯ͘ϲϱŬg͘ She had surfactant deĮciency and ǁas ventilated for Ϯ days͘ 

�t ďirth she ǁas in an eǆtended ďreech position͕ and hip and Ŭnee aďnormalities ǁere noted͘ 

She had a dislocated right hip and suďluǆed leŌ hip͘ dhere ǁas ďilateral aďsence of patellae 

ǁith Ŭnee suďluǆation͘ ,er feet ǁere held in Įǆed Ňeǆion͘ She had torticollis ǁith narroǁ 

sloping shoulders ďut other ũoints ǁere hypermoďile͘ /n her early years she had hypotelorism 

ǁith a ďulďous nasal tip͕ pronounced nasolaďial fold͕ slightly sagging cheeŬs and small ũaǁ͘ 

,er dental eruption paƩern ǁas unusual and she has gingival hyperplasia͘ She had a streaŬ 

of increased pigmentation on her inner leŌ calf͘  /nvestigations included a normal cranial DZ/ 

scan and spinal X-rays͘ She has a normal metaďolic screen and chromosome array͘ ,er early 

�D' suggested mild aǆonal loss ďut she suďseƋuently noǁ has normal poǁer and reŇeǆes͘ 

She has a mild intellectual disaďility and is emotionally immature͘ &emale ϭϰ is the younger of 

tǁo children of non-consanguineous parents͘ ,er older ďrother is healthy͘ dhere ǁas no family 

history of developmental delay͘ She ǁas ďorn aŌer ϯϱ ǁeeŬs of gestation ǁith a ďirth ǁeight 

of ϮϱϭϬ gram ;нϬ͘ϱ S�Ϳ͘ �uring the last ǁeeŬs of pregnancy a polyhydramnion ǁas noted͘ 

�elivery ǁas uncomplicated͘ Physical eǆamination aŌer ďirth revealed several aďnormalities͗ 

a large anterior fontanel͕ ďilateral choanal atresia ;neonatal surgically corrected neonatallyͿ͕ 

a rectovaginal Įstula ǁith anus perinealis ;corrected at the age of ϱ monthsͿ͕ sacral dimple͕ 

short clavicles and leŌ-sided post-aǆial polydactyly ;ǁithout osseous structuresͿ͘ �oth motor 

and language development ǁere delayed ǁith ǁalŬing ǁithout support at the age of ϮЪ years͘ 

dhere ǁas a history of ďalance proďlems͕ for ǁhich no cause could ďe found ;normal Cd mastoid 
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and normal electronystagmogramͿ͘ Psychological assessment ǁhen she ǁas a teenager 

shoǁed a loǁ- normal /Y of ϴϱ͘ /n childhood she developed a progressive scoliosis due to 

asymmetry of her legs͘ She had mild conductive hearing loss caused ďy recurrent middle ear 

infections and tympanic memďrane defects͘ Puďerty development ǁas normal ǁith menarche 

at the age of ϭϭ years͘ ,oǁever͕  she had a remarŬaďle asymmetric groǁth of her ďreasts͘ She 

ǁas referred to the clinical genetics department for reevaluation at the age of ϭϲ years͘ �s part 

of the ǁorŬ-up a large �S� ǁas found and surgically closed͘ �t the age of ϭ9 she underǁent a 

ďilateral cataract surgery͘ �t the age of ϮϮ years she ǁas diagnosed ǁith an osteosarcoma in 

her distal right femur͘  �Ōer surgery and chemotherapy͕  she is noǁ ǁithout relapse for ϭ year͘  

Physical eǆamination at the age of ϭϲ years shoǁed a height of ϭϱϴ͘ϲ cm ;-ϭ͘ϱ S�͕ target height 

ϭϳϭ͘ϲ cmͿ and a head circumference of ϱϱ cm ;Ϭ S�Ϳ͘ She had an asymmetric face ǁith short 

palpeďral Įssures͕ loǁ-set and dysplastic ears͕ ďroad nasal ďridge͕ ďulďous tip of the nose 

and a thin upper lip͘ dhe leŌ ďreast ǁas smaller than the right ďreast͘ She had Simian creases 

on ďoth hands ǁith short ϰth and ϱth metacarpals͘ She had a scoliosis and her legs ǁere 

asymmetric in length͘ /nspection of the sŬin revealed �laschŬo lines͘ � ďrain DZ/ at the age 

of ϲ months shoǁed slightly enlarged ventricles͕ a thin corpus callosum and a variant �andy 

talŬer malformation͘ Previous genetic investigations͕ consisting of ϭϬϱŬ oligo-array ;�gilent 

�D��/�-nr͘  Ϭϭ9ϬϭϱͿ on �E� eǆtracted from ďlood and Įďroďlasts͕ and C,�ϳ analysis ǁere 

normal͘ Using ǁhole eǆome seƋuencing a de novo mutation in USP9X ǁas identiĮed͗ USP9X͖ 

ChrX;'ZChϯϳͿ͗g͘ϰϭϬϰϳϮϲ9del͖ EDͺϬϬϭϬϯ9ϱ9Ϭ͘Ϯ͗c͘ϯϳϬ9del;p͘;CysϭϮϯϳfsͿͿ

&emale ϭϱ is the ϰth child of ϰ children of nonconsanguineous parents͘ dhere ǁas no 

family history of developmental delay͘ dhe Įrst child ǁas ďorn hydropic and died postnatally 

due to intrauterine infections͘ dhe proďand ǁas ďorn aŌer ϯ9 ǁeeŬs of gestation ǁith a ďirth 

ǁeight of ϮϲϭϬ gram ;-Ϯ S�Ϳ͘ �elivery ǁas uncomplicated͘ �Ōer ďirth͕ several congenital 

aďnormalities ǁere noticed͕ including ďilateral choanal atresia͕ anorectal malformation͕ post-

aǆial polydactyly͕  single umďilical artery͕  a ďiĮd uvula ǁith suďmucosal cleŌ palate͘ Later on a 

hip dysplasia ǁas noted͘ �oth motor and language development ǁere delayed͘ Psychological 

assessment at the age of ϱ͕ϱ years shoǁed mild intellectual disaďility ǁith an /Y of ϲϱ͘ /n 

childhood she developed progressive scoliosis and hypodontia͘ She had mild sensorineural 

hearing loss and hypermetropia ;нϮ͕Ϯϱ� K�ͬнϯ͕ϳϱ� KSͿ͘ Physical eǆamination at the age of ϭϲ 

years shoǁed a height of ϭϱϮ cm ;-ϯ S�Ϳ͕ a ǁeight of ϱϬ Ŭg ;Ϭ S�Ϳ and a head circumference 

of ϱϮ cm ;- Ϯ S�Ϳ͘ /nspection of the sŬin revealed �laschŬo lines͘ She had facial dysmorphic 

features͕ including a ďitemporal narroǁ face͕ loǁ set ears͕ short palpeďral Įssures͕ doǁn slant 

eyes and a ďulďous nasal tip͘ ,er legs ǁere asymmetric in length͘ She had short clavicles 

and no aǆillary hair and amastia͘ Previous investigations consisting of chromosome analysis 
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and oligo array ;ϭϬϱ<Ϳ ǁere normal͘ Cd ďrain ;at age of Ϯ daysͿ shoǁed no aďnormalities͘ 

Using CEs analysis on eǆome data͕ a de novo intragenic deletion in USP9X ǁas identiĮed and 

conĮrmed ǁith array͗ Xpϭϭ͘ϰ;ϰϭ͕ϬϬϭ͕ϰϯϭ-ϰϭ͕Ϭϱ9͕ϱϭϲͿǆϭ͘

&emale ϭϲ presented ǁith /U'Z and maternal hypertension͘ She ǁas ďorn ďy caesarian 

section in the ϯϲth ǁeeŬ of gestation ǁith a ďirth ǁeight of ϮϮϬϱ grams͕ as Įrst child of 

healthy unrelated �utch parents͘ �t ďirth a ďilateral postaǆial polydactyly ;post-minimumͿ͕ 

open ductus arteriosus and dysmorphic features ǁere present͗ ďroad nasal ďridge͕ loǁ set 

ears ǁith over folded heliǆ͕ high palate͕ prominent heels and small laďia maũora͘ ,earing tests 

shoǁed ďilateral miǆed conductive and sensorineural deafness and small ear meatus͘ She 

ǁas temporarily treated ǁith thyroid hormone ďecause of high dS, titers͘ dhe psychomotor 

development is delayed͗ she ǁalŬed unassisted at the age of ϱ years͕ the speech is very nasal 

and limited to single ǁords͘ �t the age of ϲ years she developed aďsences and short focal 

seiǌures͕ reƋuiring treatment ǁith levetiracetam͘ dhe ��' shoǁed multifocal generaliǌed peaŬ-

ǁaves aďnormalities͘ ,eight and head circumference folloǁ the -ϭͬ-ϭ͘ϱ S� line͘ She never ǁas 

toilet trained͘ �t the age of ϲ years she presented ǁith short palpeďral Įssures͕ periorďital 

fullness͕ ďroad high forehead͕ ďroad and ŇaƩened nose ďridge and nose tip͕ small nostrils͕ 

short columella͕ prognathism͕ rotated ears and underdeveloped ear loďes͘ dhe shoulders 

are hanging͕ the necŬ and distance ďetǁeen nipples is ďroad͖ the sternum is short͘ dhere is 

ďrachydactyly of the Įngers ǁith a ďilateral cutaneous syndactyly of digits //-s͘  dhe toes are 

short ǁith cutaneous syndactyly of digits //-///͘ She has Ňat feet and ǁalŬs ǁith ďoǁed Ŭnees͕ 

ďut she cannot run͕ the tendon reŇeǆes are ďrisŬ͘ �t the age of ϳ years she suīered from a 

maũor head trauma aŌer falling from the stairs͕ ǁhich ǁorsened her motor impairment͘ �rain 

DZ/ shoǁed hypoplasia of the anterior cereďellar vermis and leŌ cereďellar hemisphere͕ large 

retrocereďellar cyst͕ enlarged cistern magna͕ ventricular enlargement͕ mild hypoplasia of pons 

and ďrain stem͕ irregular gyri of the cereďral corteǆ ǁith irregular depth of the sulci in frontal 

and perisylvian areas͕ small heterotopic nodule of grey maƩer and thin and hypoplastic corpus 

callosum ;ďoth rostrum and spleniumͿ͘

&emale ϭϳ is the one of ϯ children of non-consanguineous parents͘ dhere ǁas no family 

history of developmental delay͘ �elivery ǁas possiďly complicated ǁith hypoǆia͘ Physical 

eǆamination aŌer ďirth revealed ďilateral post-aǆial polydactyly and anal atresia ǁith Įstula 

reƋuiring surgery at later age͘ Doreover͕  she had ďrachycephaly͕  general hypotonia and 

facial dysmorphisms͕ ďy the clinical geneticist suspicious found for <aufman-Dc<usicŬ͕ ďut 

no deĮnitive diagnosis could ďe made͘ ,er development ǁas delayed ǁith ďoth motor and 

language delay͘ She ǁalŬed her Įrst steps at the age of Ϯ͘ϱ years and her speech started at 

normal age ďut developed sloǁ͘ She folloǁed special education͘ Psychological assessment 
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shoǁed mild to moderate /� ǁith an /Y of ϱϬ͘ dhe Įrst four years of life͕ she had freƋuent 

respiratory infections͘ Small auditory canals ǁere present͘ �t later age͕ she ǁas again referred 

to the pediatrician for the development of hirsutism͕ mainly at the ďacŬ͕ chest and face͘ ,er 

mensis started normal at the age of ϭϮ years͕ ďut ǁas irregular͘  She had severe pedes planus 

and shortening of ďoth �chilles tendons͕ reƋuiring surgery͘ dhere ǁas general hypotonia 

present͘ Until adolescence͕ her groǁth ǁas normal͕ ďut from the age of ϭϮ she ǁas shorter 

than eǆpected͘ Physical eǆamination at the age of ϭϲ years shoǁed a height of ϭϱϲ cm ;-Ϯ S�Ϳ 

ǁith target height of ϭϳϱ cm ;нϭ S�Ϳ͕ ǁeight of ϱ9͘ϴ Ŭg ;нϮ S�Ϳ and head circumference of ϱϱ cm 

;Ϭ S�Ϳ͘ She had some facial dysmorphisms including narroǁ palpeďral Įssures͕ hypotelorism͕ 

ďilateral ptosis and eǆtra canine tooth͘ ,er chest ǁas ďroad and shoǁed hirsutism͕ as ǁell as 

her ďacŬ͘ �oth hands and feet ǁere short ǁith shortening of the fourth digit and Simean crease 

of the right hand͘ She had a sandal gap at her leŌ foot͘ dhere ǁas hyperlaǆity of her ǁrists 

and Įngers͕ ďut no general hyperlaǆity͘ �valuation of her sŬin revealed �laschŬo lines at ďoth 

arms͘ Previous SEP array revealed no aďnormalities͘ �Ōer identiĮcation of the Įrst females 

she ǁas͕ ďased on her phenotype͕ found suspicious to have a USP9X mutations or deletion͘ 

Sanger seƋuencing shoǁed no aďnormalities͕ ďut re-evaluation of the SEP array data shoǁed 

three negative proďes in the USP9X region͘ dhe deletion Xpϭϭ͘ϰ;ϰϭ͕ϬϯϮ͕ϰ9ϭ-ϰϭ͕Ϭϱ9͕ϱϭϲͿǆϭ 

ǁas conĮrmed ǁith CytoScan ,� array͕  ǁhich had ďeƩer coverage of the X-chromosome͘
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Figure S1

Figure S1: USP9X expression is depleted in female cell lines harbouring loss of functi on alleles.
&iďroďlast and LCL cell lines from control female and male individuals͕ and females ǁith heteroǌygous loss 
of functi on USP9X alleles ǁere derived and cultured under estaďlished conditi ons͘ϭ͖ Ϯ/solati on of mZE�͕ 
and protein ǁas conducted as previously descriďed͘ ϯ
;�Ϳ Zelati ve ƋPCZ analysis of USP9X mZE� in individual Į ďroďlast cell lines͘ c�E� synthesis͕ ƋPCZ 

conditi ons and �CdE� primers ǁere as previously descriďed͘ϭ͖ ϰ USP9X primers used ǁere &͗ 
dd'd'��CdCd'dCC�'�'' and Z͗ 'ddC�dCd''�'C�dCdd''͘

;�Ϳ /mmunoďlot analysis of USP9X protein levels in Į ďroďlast cell lines͘ S�S-P�'� and immunoďlots 
ǁere performed as previously descriďed͘ϱ �ach panel represents a replicate eǆperiment͘

;CͿ Yuanti Į cati on of immunoďlots in � using /mage: soŌ ǁare ;E/,Ϳ͘
;�Ϳ /mmunoďlot analysis of USP9X protein levels in LCL cell lines͘ �ach panel represents a replicate 

eǆperiment͘ΎpфϬ͘Ϭϱ ďy Student s͛ t-test͘
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Figure S2: Decreased levels of USP9X in response to siRNA knock down
;�Ϳ /mmunoŇuorescence imaging of control Įďroďlasts transfected ǁith either Sϴϭϯ non-targeting 

siZE� or USP9X siZE�
;�Ϳ testern ďloƫng of control Įďroďlasts demonstrating a decrease in USP9X protein levels in response 

to ϯ diīerent USP9X targeting siZE�s ǁhen compared ǁith the control Sϴϭϯ nontargeting siZE�͘ 
Scale ďars represent ϭϬ ђm͘
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Figure S3: Ciliary architecture and ciliary trafficking are normal in affected female fibroblasts
;�Ϳ /mmunoŇuorescence imaging of control Įďroďlasts and USP9X female Įďroďlasts͘ do induce 
ciliogenesis͕ Įďroďlasts ǁere starved for ϰϴ hours prior to immunoŇuorescence laďeling͘ ��P/ is used 
for nuclear staining and is shoǁn in ďlue͕ ZP'Z/PϭL denotes the ciliary transition ǌone at the ďase of the 
cilium and is shoǁn in pinŬ͕ acetylated alpha-tuďulin marŬs the primary cilium and is shoǁn in red͕ and 
t�Zϭ9͕ used as a /&d-� marŬer͕  is shoǁn in green and ;�Ϳ /&dϴϴ͕ used as a /&d-� marŬer͕  is shoǁn in green͘ 
Scale ďars represent ϭϬ ђm͘ 
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Table S1: Mutations in USP9X

Female Deletion 
breakpoints 
(Hg19)

Nucleotide change
(NM_001039590.2)

Amino acid change Mosaic 
in blood

1 - c.2554C>T p.(Arg852*) no
2 - c.3804T>A p.(Tyr1268*) Yesa

3 - c.3028-2A>G p.(?) no
4 - c.2644_2645insA p.(Arg882Glnfs*3) no
5 Minimum: 

ChrX:41082619-
41090198; 
Maximum: 
ChrX:41082474-
41092226

- - no

6 ChrX: 40926769-
41148506

- - no

7 - c.1986-1G>T p.(?) no
8 - c.5078T>G p.(Leu1693Trp) no
9 - c.4082delTinsTGG p. (Ser1363Glyfs*18) no

10 - c.7492_7507delCAAGATGC
TCCAGATGinsC

p.(Asp2499_Glu2503del) no

11 - c.3763C>T p.(Gln1255*) no

12 - c.1111C>T p.(Arg371*) no

13 - c.1154_1155delGAinsG p.(Met386Trp
fs*13)

no

14 - c.3709del p.(Cys1237Valfs*2) no
15 ChrX: 40998091-

41057271
- - no

16 - c.4055dup p.(Phe1353Leufs*18) no
17 ChrX: 41032491-

41059516
- - no

a Visualization of Sanger sequencing results on next page
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Table S3: X-inactivation in fibroblasts or LCL of USP9X affected females

Female Mutation Cell line Type Skewing Test
1 c.2554C>T (p.Arg852*) Fibroblast 52.7% FRAXA
3 c.3028-2A>G Fibroblast 92.9% AR
6 ChrX:40926769-41148506 del LCL 96.6% FRAXA
14 c.3709del (p.Cys1237fs) Fibroblast 68,4% FRAXA
15 ChrX:40998091-41057271 del Fibroblast 93.6% AR

Abbreviation: LCL = lymphoblastoid cell line
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ABSTRACT
USP9X is an X-linŬed deuďiƋuitinase essential for neural development in humans and mice͘ 

/n female patients͕ heteroǌygous USP9X loss-of-function ;LK&Ϳ mutations present ǁith a 

stereotypical ďrain phenotype characteriǌed ďy enlarged asymmetrical ventricles͕ agenesis 

of the corpus callosum͕ and variaďle manifestation of �andy talŬer malformation͘ dhis 

neural phenotype closely resemďles those oďserved in neuronal ciliopathies͘ do understand 

the tissue-speciĮc role of USP9X in cilia and ďrain development͕ ǁe studied the eīects of 

LK& patient mutations on early stages of neurogenesis͘ Eeural roseƩes are a morphologically 

identiĮaďle niche for neural progenitor cells that can ďe produced in vitro and recapitulate 

early neural tuďe formation in Ϯ�͘ te oďserved that during early diīerentiation circa day ϲ͕ 

cilia are uďiƋuitously found on most cell types throughout the Ϯ� culture͕ and ďy day ϭϬ of 

diīerentiation͕ cells display a polariǌed morphology and cilia are primarily localiǌed to the 

apical lumens at the center of the neural roseƩes͘ Using a segmentation analysis protocol for 

analyǌing ϯ� organelle structures͕ ǁe found that the roseƩes of the USP9Xdel individual had 

volumetrically larger cilia than control roseƩes͘ ϯ� rendering of the lumenal cilia demonstrated 

that the lumenal cilia in the USP9Xdel line ǁere more disperse and loosely pacŬed͕ ǁhile the 

counts and surface area of the lumenal cilia are comparaďle͘ �dditionally͕  eǆtra-lumenal cilia͕ 

deĮned as cilia outside the lumen of the roseƩes͕ diīered signiĮcantly in numďer and surface 

area͘ SpeciĮcally͕  USP9Xdel roseƩes have signiĮcantly larger͕  longer and more eǆtra-luminal 

cilia as compared to the control͘ dhis phenotype oďserved in the USP9Xdel line is reminiscent 

of the ciliary distriďution oďserved in early roseƩes͘ Kur results indicate that LK& mutations in 

USP9X potentially aīect neural development via the disruption of ciliary architecture͘
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INTRODUCTION
dhere is accumulating evidence that the uďiƋuitin machinery͕  involved in ďoth uďiƋuitination 

and de-uďiƋuitination͕ plays an important role in the structure and function of the primary 

cilium͘ dhis is an antenna-liŬe͕ sensory organelle that proũects from the cell surface and plays 

an indispensaďle role in organogenesis via its role in cellular signaling͘ USP9X͕ an X-linŬed 

uďiƋuitin speciĮc protease͕ has ďeen descriďed to play a role in ciliary and centrosomal ďiology 
ϭ͕Ϯ and is involved in a myriad of cellular functions from chromatin reprograming ϯ to riďosomal 

stalling ϰ and post-translation regulation of the uďiƋuitin precursors U��ϱϮ͕ U��ϴϬ͕ U�� and 

U�C ϱ͘ /n the ďrain͕ USP9X is indispensaďle for proper development and cortical architecture 
ϲʹϴ͘ Dissense mutations in USP9X are associated ǁith intellectual disaďility in males and LK& 

mutations lead to a ciliopathy-liŬe syndrome in females 9͕ϭϬ͘ LK& mutations in USP9X manifest 

as a severe heterogeneous congenital disorder that aīects multiorgan systems and results in a 

stereotypical ďrain phenotype characteriǌed ďy enlarged asymmetrical ventricles͕ agenesis of 

the corpus callosum͕ and �andy talŬer malformation in approǆimately a third of individuals͕ 
9͕ϭϬ all of ǁhich are symptoms oďserved in neuronal ciliopathies ϭϭʹϭϰ͘ 

Characteriǌing ciliary aďnormalities in ciliopathies is oŌen hindered ďy access to proper 

cell- and tissue types and analysis plaƞorms͘ �iīerentiation protocols that give rise to neural 

progenitor and neuronal cell types are invaluaďle system for modeling ďrain development in 

ciliopathies that cannot ďe comprehensively assessed in other commonly used cell types such 

as patient-derived Įďroďlasts and immortaliǌed cell lines͘ dhree-dimensional segmentation 

analysis alloǁs the visualiǌation of organelle structure and localiǌation͘ Dorphological and 

positional changes in organelles can occur in response to for instance cell cycle state͕ nutrient 

deprivation Ϯϳ͕Ϯϴ and disease-associated mutations Ϯ9͘ /nduciďle pluripotent stem cells ;iPS cellsͿ 

alloǁ researchers to model these eīects in human cell types͕ such as neurons or neuronal 

progenitors͘ dhese polariǌed cell types contain compleǆ and dynamic suďdomains͕ that can 

reƋuire resolutions ďeyond the capacity of classical confocal microscopy for comprehensive 

analysis͘ 

dhe use of in vitro modeling systems to investigate neural development͕ evolution͕ 

and disease has ďeen a ďreaŬthrough for understanding the human ďrain͘ Ϯ� and ϯ� culture 

systems can ďe used to model inherited and acƋuired diseases of the ďrain and understanding 

the spatial coordination of cellular processes that drive these traũectories represents a 

fundamental goal in ďiology͘ �dvances in in vitro modeling systems that alloǁ for the study 

of neuronal development and maturation further the need for tools to visualiǌe and Ƌuantify 

dynamic changes in intracellular structures͘ /ntracellular structure and localiǌation paƩerns 

of organelles can ďe roďustly assessed and ďiologically characteriǌed using automated 
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segmentation analysis͘ ,erein ǁe assess cilia in neural roseƩes ǁith a segmentation analysis 

protocol previously validated in the assessment of mitochondria in neurons ϭϱ͘ �ue to the 

similarities in the overall shape and structure of cilia and mitochondria͕ ǁe found that the 

translational segmentation plaƞorm could ďe used to assess ďoth organelle types͘

Eeural roseƩes are a morphologically identiĮaďle͕ polariǌed epithelial niche for neural 

progenitor cells that can ďe generated in vitro via the dual SD�� inhiďition neural induction 

protocol ϭϲʹϭ9͘ Cilia͕ found in the central lumen͕ play a fundamental role in coordinating 

cellular responses to diīerentiation cues͘ �ual SD�� inhiďition͕ involving the inhiďition of 

�DP and d'&β signaling pathǁays using Eoggin or dorsomorphin and S�ϰϯϭϱϰϮ respectively͘ 

/nhiďition of �DP and d'&β signaling inhiďits the formation of the endodermal and mesodermal 

germ layers͕ thereďy alloǁing for neuroectoderm diīerentiation͘ �uring early diīerentiation͕ 

neuroectoderm gives rise to neuroepithelium as seen in emďryogenesis during neurulation͕ 

ǁhen the neural plate closes to form the neural tuďe ϭϲ͘

�uring diīerentiation neuronal cell type speciĮcation is dependent on signal transduction 

via the primary cilium ϮϬ͘ Cilia are enriched in multiple signaling receptors that transduce a 

variety of eǆtracellular cues essential for cellular diīerentiation͘ �uring emďryogenesis the 

cilium plays an indispensaďle role in neuroepithelial formation and paƩerning ϮϭʹϮϱ Cilia are 

essential transducers of hedgehog ;,hͿ and tnt signaling͕ ǁhich plays an indispensaďle role 

in ventral and dorsal paƩerning respectively in the neural tuďe Ϯϭ͕Ϯϯ͕Ϯϲ͘

solumetric analysis of cilia in neuroepithelial roseƩes has the potential to provide 

insight into ciliary formation paƩerns and organiǌation͘ �dvances in imaging methods such 

as �iryscan confocal imaging or super resolution stochastic optical reconstruction microscopy 

;SdKZDͿ͕ provide ǁays of visualiǌing the tiniest of structures ǁith increasing detail Ϯ9ʹϯϭ͘ dhis 

creates a need for automated analysis- and ƋuantiĮcation methods͕ that are open source 

for use and community scrutiny and improvement͘ Current protocols aimed at analyǌing 

Ňuorescent imaging data͕ for instance speciĮcally for mitochondria ϯϮʹϯϰ͕ are more oŌen suited 

for larger͕  Ňat cell types ;i͘e͘ ĮďroďlastsͿ͘ /n these cases͕ medium-to-high-throughput image 

analysis is either incomplete͕ in case of Ϯ� images resulting from maǆimum proũections͕ or 

time-consuming͕ ǁhen using image stacŬs͘ SpeciĮcally͕  our goal is to provide a simple-to-

use protocol for automated medium-to-high throughput analysis of tuďularͬround organelle 

morphology and organiǌation over multiple image stacŬs͕ ǁhich can ďe applied or adapted to 

any structural imaging eǆperiment͘ te use this protocol to characteriǌe the eīects of USP9X

loss-of-function mutations 9 on the polariǌation of neuroepithelial roseƩes͕ as ǁell as defects 

in ciliary volume͕ surface area͕ and position͘ 
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RESULTS
Ciliary structure and function are interdependent͕ and the architecture and numďer of cilia 

found in various tissues aīects their capacity to transduce signal ϯϱ͘ do determine potential 

ciliary defects͕ ǁe analyǌed neuroepithelial roseƩes from various time points during neuronal 

diīerentiation and assessed lumenal and eǆtra-lumenal cilia that form in neural roseƩe 

structures͘ �ecause LK& mutations in USP9X cause severe congenital malformation of the 

ďrain reminiscent of defects oďserved in neuronal ciliopathies͕ ǁe utiliǌed iPSCs derived from 

an individual female patient ǁith a large chromosomal deletion in USP9X ;ChrX ϰϬ99ϴϬ9ϭ-

ϰϭϬϱϳϮϳϭͿ 9 ;hereaŌer referred to as USP9XdelͿ to characteriǌe the aďsence of USP9X on cilia͘ 

Eo DZ/ data ǁas availaďle for the USP9Xdel individual͕ hoǁever they presented ǁith mild 

intellectual disaďility ;/Y of ϲϱͿ͕ motor and speech delay͕  mild sensorineural hearing loss͕ and 

multiple congential aďnormalities including ďilateral choanal atresia͕ anorectal malformation͕ 

post aǆial polydactyly͕  and a ďiĮd uvula ǁith suďmucosal cleŌ palate 9͘

te generated neural roseƩes using a dual SD�� inhiďition protocol ϭϴ starting from 

USP9Xdel- and control-derived /PSCs͘ dhe control used for all eǆperiments ǁas an age and 

gender matched healthy individual͘ dhis protocol ϭϴ employs the inhiďition of �DP and d'&-

ďeta signaling pathǁays using dorsomorphin and S�ϰϯϭϱϰϮ respectively ;&/'UZ� ϭ�Ϳ͘ &or 

protocol validation͕ ǁe assessed the eǆpression of various neurogenesis marŬers in control 

roseƩes on day Ϯϰ͘ �ay Ϯϰ ǁas choose as it corresponded passage ϭ in cell culture ǁhere 

the neuroepithelial roseƩes should eǆpress marŬers of neural progenitor cells and early ďorn 

neurons͘ Kur analytical approach reƋuires high aǆial resolution involving large ǌ stacŬs ǁith 

small inter-plane intervals͕ therefore ǁe imaged ϯ� stacŬs using the �iryscan confocal͘ do 

process the large amount of resulting image data͕ ǁe used a custom D�dL�� image analysis 

algorithm for medium-to-high throughput automatic analysis͕ limiting the ďias inherent to 

manual analysis ϭϱ͘ dhe eǆpression of P�Xϲ and Cd/PϮ͕ Eestin and '&�P͕  and SKXϮ and �ZLϭϯ� 

;&/'UZ� ϭ�Ϳ ǁere conĮrmed via immunoŇuorescent analysis of roseƩes͕ demonstrating the 

presence of neuroepithelium ;Eestin͕ SKXϮͿ͕ radial glial-liŬe progenitors ;P�Xϲ͕ SKXϮ͕ '&�P͕  

EestinͿ͕ and early ďorn͕ post mitotic neurons ;Cd/PϮͿ͘ � time course analysis over the Įrst ϭϲ 

days of diīerentiation using ƋPCZ demonstrated that transcripts associated ǁith pluripotency 

ǁere doǁn regulated upon diīerentiation and neuroepithelium ͬ radial glial associated 

transcripts such as P�Xϲ ǁere upregulated visiďly ďy day ϴ ;&/'UZ� ϭCͿ͘ dhe eǆpression 

and eĸciency of induction ǁas correlated ǁith the degree of cell conŇuence at the time of 

induction ;&/'UZ� ϭCͿ͘ �ue to eǆpression proĮles of neuroepithelial marŬers and paƩerns of 

cilia dispersion ;&/'UZ� ϭ�-�Ϳ͕ days ϯϭ and ϰϯ ǁere selected for further analysis͘ 
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◀FIGURE 1: Neural rosettes induction ;�Ϳ neural roseƩes can ďe produced via the dual SD�� inhiďition 
neural induction protocol shoǁn here schematically͘ ;�Ϳ͘ ZoseƩes ;�/sϮϰͿ are positive for in vivo marŬers 
of neurogenesis͕ including P�Xϲ͕ SKXϮ͕ nestin͕ '&�P͕  and Cd/PϮ͘ Scale ďar top roǁ͗ ϮϬ mm͕ all other scale 
ďars͗ ϱϬ mm͘ ;CͿ ƋPCZ analysis of samples collected during pre- and post-neural induction at days ϴ͕ 
ϭϬ͕ ϭϮ͕ ϭϰ͕ and ϭϲ͘ dhe minus sign indicates the iPSCs ǁere plated at suďconŇuent levels at the time of 
induction͘ dhe plus sign indicates that the iPSCs ǁere at ϭϬϬй conŇuence at the time of neural induction͘ 
Zs is Zevita Cell ;rocŬ inhiďitorͿ͘ Performed in technical triplicate͘ Eсϭ ;�Ϳ dhe lumens of each roseƩe 
;�/sϮϰͿ are ciliated͕ recapitulating the architecture of the neural tuďe͕ shoǁn here ǁith �ZLϭϯ� ;redͿ͘ 
Lumenal cilia can ďe assess in ϯ� via segmentation analysis͕ shoǁn here as a compressed ǌ-stacŬ ;middle 
panelͿ͘ ϯ� ;topͿ compression and Ϯ� ;ďoƩomͿ single plane analysis of the right panel shoǁs the automated 
segmentation assessment of ciliary shape and positioning͕ outlined in green͘ Scale ďars are ϮϬ microns in 
the leŌ and middle panel͕ and ϱ microns in the Ϯ� and ϯ� compression analysis͘

�uring early diīerentiation at day ϲ and day ϭϬ͕ cilia are uďiƋuitously found on most 

cell types through the Ϯ� culture ;&igure ϭ�͕ Supplemental Įgure ϮͿ͘ �y day ϭϬ͕ in control 

conditions͕ the cilia͕ though present on other cells͕ are primarily localiǌed to the lumenal center 

of the neural roseƩes ǁhere they protrude into the lumen ;Supplemental Įgure ϮͿ͘ Kver the 

course of diīerentiation͕ oďservaďle on days Ϯϰ͕ ϯϭ͕ and ϰϯ͕ there is a loss of polariǌation in 

neural epithelial roseƩes͕ demonstrated ďy the decrease in numďer of apical cilia and the 

rounded nuclei ;&igure ϭ�͕ Supplemental Įgure ϯͿ͘

te generated ϯ� imaging stacŬs at high magniĮcation͕ using a �eiss confocal microscope 

ǁith �iryscan module ;Supplemental Įgure ϰ�-�Ϳ͘ dhe �iryscan detector on the LSDϴϴϬ is 

aďle to deliver increased resolution and signal to noise ratio ďy utiliǌing a ϯϮ-channel 'a�sP 

photomultiplier tuďe ;PDdͿ array detector comďined ǁith linear devolution thereďy achieving 

a resolution of ϭϮϬ nm laterally ;XzͿ and ϯϱϬ nm aǆially ;�Ϳ ;Supplemental Įgure ϯ�Ϳ͘

Utiliǌing this automated segmentation analysis͕ day ϯϭ and ϰϯ neuroepithelial cells from 

control and the USP9Xdel individual ǁere Įǆed and analyǌed for ciliary aďnormalities͘ Lumenal 

and eǆtra-lumenal ciliary ǁere assessed for ciliary numďer͕  volume͕ shape͕ and distriďution͘ 

do derive analytical data points from ϯ� �-stacŬs of the cilia in neuroepthelial roseƩes͕ 

Įrst a median Įlter is applied to the � plane images of the stacŬs͕ folloǁed ďy ďacŬground 

suďtraction of the ϯ� rendering to determine ǁhich voǆels represent cilia͘ �Ōer ďacŬground 

suďtraction͕ a gloďal masŬ ǁas deĮned via thresholding͘ /n addition to the gloďal masŬ͕ a local 

masŬ ǁas deĮned via a diīerence of 'aussians͕ and suďseƋuent thresholding͘ &or computing 

the diīerence of 'aussians͕ the local ďacŬground image ǁas deĮned ďy convolution of the 

median Įltered �ZLϭϯ� channel ǁith a 'aussian Įlter of siǌe ϭϭ and standard deviation ϭ͘Ϯϱ͘ 

dhis local ďacŬground image ǁas suďtracted from a foreground image deĮned ďy convolution 

of the median Įltered mitochondrial channel ǁith a 'aussian Ŭernel of siǌe ϭϭ and standard 

deviation ϭ͘ dhe local �ZLϭϯ� masŬ ǁas deĮned ďy thresholding of the diīerence of 'aussians 

;>ϰͿ͘ dhe Įnal �ZLϭϯ� masŬ ǁas deĮned ďy �oolean �E� operation on the local and gloďal 

mitochondrial masŬs and suďseƋuent removal of oďũects ǁith less than ϳ piǆels ;Supplemental 

Įgure ϰ�-CͿ͘
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FIGURE 2͗ The effects of LOF mutations in USP9X on neuroepithelial lumenal cilia morphology and 
organization. ;�Ϳ Schematic representation of the area selected for lumenal ciliary analysis͘ ;�Ϳ tide Įeld 
vieǁ of cilia ǁithin control and USP9X roseƩes͘ SpeciĮcally indicated are the lumenal cilia recogniǌed for 
segmentation analysis ;outlined in greenͿ at day ϯϭ and day ϰϯ in control versus USP9Xdel roseƩes͘ Scale 
ďar indicates ϱ microns͘ ;CͿ YuantiĮcation of the diīerences in dϯϭ lumenal cilia ;Control n с ϯ͖ USP9Xdel 
n с ϯͿ͘ ;�Ϳ YuantiĮcation of the diīerences in day ϰϯ lumenal cilia ;Control n с ϯ͖ USP9Xdel n с ϯͿ͘ EDD is 
neural maintenance medium ǁithout the groǁth factors necessary to maintain the cells in a primate state 
;�Ϳ ϯ� rendering of �ZLϭϯ� stained lumenal cilia in the control line roseƩe on day ϯϭ͘ ;&Ϳ ϯ� rendering 
of �ZLϭϯ� stained lumenal cilia in the USP9Xdel line roseƩe on day ϯϭ͘ ηPϬ͘ϭ-Ϭ͘Ϭϱ͕ ΎPфϬ͘Ϭϱ͕ ΎΎPфϬ͘Ϭϭ͕ 
ΎΎΎPфϬ͘ϬϬϭ͕ ΎΎΎΎPфϬ͘ϬϬϬϭ͕ a tǁo-tailed student s͛ d-test͘
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FIGURE 3͗ The effects of LOF mutations in USP9X on neuroepithelial extra lumenal cilia morphology and 
organization during differentiation. ;�Ϳ Schematic representation of the area selected for eǆtra lumenal 
ciliary analysis͘ dhe lumenal cilia count is suďtracted from the selected area to oďtain the eǆtra-lumenal 
cilia count͘ ;�Ϳ tide Įeld vieǁ of cilia ǁithin control and USP9X roseƩes͘ SpeciĮcally indicated are the 
eǆtra-lumenal cilia recogniǌed for segmentation analysis ;outlined in greenͿ at day ϯϭ and day ϰϯ in control 
versus USP9Xdel roseƩes͘ Scale ďars are eƋual to ϱ mincrons͘ ;CͿ YuantiĮcation of the diīerences in day ϯϭ 
and day ϰϯ eǆtra-lumenal cilia ;Control n с ϯ͖ USP9Xdel n с ϯͿ͘ ηPϬ͘ϭ-Ϭ͘Ϭϱ͕ ΎPфϬ͘Ϭϱ͕ ΎΎPфϬ͘Ϭϭ͕ ΎΎΎPфϬ͘ϬϬϭ͕ 
ΎΎΎΎPфϬ͘ϬϬϬϭ͕ a tǁo-tailed student s͛ d-test͘
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�t day ϯϭ͕ the mean volume of lumenal cilia ;&/'UZ� Ϯ�-�Ϳ ǁas found to ďe signiĮcantly 

greater in the USP9Xdel individual as compared to the control͕ indicating that the roseƩes 

of the USP9Xdel individual had volumetrically larger cilia than the control ;&/'UZ� ϮCͿ͘ ϯ� 

rendering of the lumenal cilia found in ďoth the control ;&/'UZ� Ϯ�Ϳ and USP9Xdel lines͕ 

demonstrated that at day ϯϭ͕ the lumenal cilia in the USP9Xdel line are more disperse and 

loosely pacŬed͘ thile the counts and surface area of the lumenal cilia are comparaďle͕ the 

volumetric diīerence at this time point could ďe due to aďnormalities in ciliary traĸcŬing͕ 

ǁhen proteins cannot ďe traĸcŬed out of the cilium͕ they ďulge due to protein retention͘ 

dhis results in the aďrogation of necessary signaling pathǁays and aďnormal development͘ Eo 

signiĮcant diīerence ǁas oďserved at day ϰϯ in the volume͕ area͕ or count of cilia͘

�dditionally͕  at day ϯϭ͕ eǆtra lumenal cilia ;&/'UZ� ϯ�-�Ϳ diīered signiĮcantly in numďer 

and area͕ ǁith USP9Xdel roseƩes have larger and more eǆtra-luminal cilia͘ /nterestingly͕  the 

USP9X patient cells maintain an eǆtra lumenal ciliary distriďution of early roseƩes ϯϲ longer 

than the control ;&/'UZ� Ϯ�͖ &igure ϯ�͕ CͿ͘ dhis suggests that at earlier time points USP9Xdel 

progenitor cells may ďe delayed in diīerentiating͘ Kn day ϯϱ͕ the cells are transitioned to neural 

maintenance medium ;EDDͿ lacŬing the necessary groǁth factors͕ speciĮcally �'& and &'&͕  

to maintain them in a primitive state͘ dhis supports the cells to diīerentiate into more mature͕ 

D�PϮ eǆpressing cells͘ �t day ϰϯ͕ ciliary volume ǁas found to ďe comparaďle ďetǁeen patient 

and control suggesting that at later timepoints USP9Xdel cells may diīerentiate more rapidly 

and thereďy reduce the diīerence ďetǁeen the control and USP9Xdel individual ;&/'UZ� Ϯ�Ϳ͘ 

DISCUSSION
,ere ǁe report on an automated method for the segmentation and ƋuantiĮcation of 

intracellular tuďular-shaped structures͕ ǁhich ǁe employed to ďegin to gain insight into 

changes that occur in organelle structure and localiǌation in response to genetic perturďation͘ 

te used this method to Ƌuantify the eīects of a LK& mutation aīecting USP9X on cilia in neural 

roseƩes͘ Kur results demonstrate that ϯ� segmentation analysis is a poǁerful tool to assist 

in the elucidation of ciliary localiǌation paƩerns͕ count and siǌe during neural induction and 

maturation in health and disease͘ Utiliǌing unďiased analysis ǁill alloǁ for the investigation of 

ciliary associated structural and spatial dynamics that contriďute to neuronal function͕ neural 

diīerentiation͕ neural progenitor proliferation͕ and neuroepithelial cell cycling͘ 

Dutations in USP9X manifest as a severe heterogeneous congenital ciliopathy-liŬe 

disorder that aīects multiorgan systems͕ and in particular the ďrain 9͕ϭϬ͘ Previous ǁorŬ 

demonstrates this protein localiǌes to the cilium 9 and centrioles Ϯ ǁhere it plays a role in 

the regulation of ciliogenesis and centriole duplication ϭ͕Ϯ͘ thile no gross aďnormalities in 
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ciliogenesis or ciliary architecture ǁere oďserved in USP9X patient derived Įďroďlasts 9͕ ǁe 

aimed to develop tools to ascertain ciliary aďnormalities in the ďrain͘ do gain insight into 

the role of USP9X during neurodevelopment ǁe Ƌuantitatively assessed the primary cilia in 

neuroepithelial roseƩes͘ 

�uring emďryogenesis͕ USP9X is essential for cell fate decisions in the central nervous 

system ϯϳ͕ neuronal outgroǁth and cortical architecture ϲ͕ϯϴ͘ USP9X has a vast array of 

suďstrates and interacting partners ;revieǁed in ϴͿ that have ďeen descriďed to ďe involved 

in signal transduction pathǁays including ,edgehog signaling ϯ9͕ mdKZ ϰϬ͕ϰϭ and tEd ϰϮ͕ all 

of ǁhich play a role in early neural development͘ /n mammals͕ neurogenesis ďegins ǁith the 

formation of neuroectoderm͘ Eeuroectoderm gives rise to neuroepithelial progenitors that 

propagate neurogenesis in the neural tuďe͘ Eeuroepithelial progenitors give rise to glial and 

ďasal progenitor cells͘ In vivo and in vitro neural roseƩes form via apical constriction ǁhich 

involves the narroǁing of the apical domain of apicoďasal polariǌed cells ;revieǁed in ϰϯͿ͘ dhe 

apically located primary cilia of the neuroepithelium eǆtend into lumen of the neuroepithelia 

roseƩe͕ mimicŬing the in vivo development of the neural tuďe͘ /t has previously ďeen descriďed 

that in vitro͕ early stage roseƩes do not have cilia that localiǌe to the lumen and instead have 

them dispersed throughout the neuroepithelial structure ϯϲ͘ �ccordingly͕  a hallmarŬ sign of 

roseƩe maturation is the appearance of primary cilia in the lumenal space͘ dhis previous ǁorŬ 
ϯϲ suggests that͕ in light of the increased levels of eǆtra-lumenal cilia in the USP9Xdel roseƩes 

oďserved at and prior to day ϯϭ͕ USP9Xdel cells may initially eǆhiďit impaired diīerentiation as 

compared to control cells ďut ǁith time are aďle to catch up in their maturation traũectory as 

deĮned ďy the localiǌation of the primary cilium͘ 

Previous ǁorŬ has demonstrated the Usp9ǆ deletion in the mouse ďrain causes 

premature diīerentiation of cortical progenitors ϰϮ and that ESC self-reneǁal and neurogenesis 

is impaired ϰϰ͘ �uring murine neural development͕ the aďsence of USP9X has ďeen correlated 

ǁith a disruption in cell cycle and premature paƩern of neural progenitor cells ϲ͘ dhis potential 

divergence in results could ďe eǆplained ďy species-speciĮc diīerences͕ e͘g͘ in mice͕ Usp9x

does not escape ǆ-inactivation ϰϱ ǁhile in human it has ďeen descriďed to ϰϲ͘ Premature 

diīerentiation of EPCs is oŌen associated ǁith microcephaly due to dysregulation of the 

EPC pool ϰϳ͕ hoǁever females ǁith LK& mutations in USP9X did not eǆhiďit symptoms of 

microcephaly͘ /nstead͕ tǁo of ϭϳ cases descriďed display macrocephaly 9͕ and macrocephaly 

has ďeen previously associated ǁith impaired diīerentiation ϰϴ͘ �lternatively͕  Usp9ǆ plays an 

important role in polariǌation͕ and disruption of polariǌation genes also results in premature 

diīerentiational of EPCs ϰ9͘ /t is therefore possiďle that the eǆtra lumenal cilia ǁe oďserve at 

day ϯϭ do not result from delayed maturation͕ ďut instead from disorganiǌed polariǌation of 
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USP9Xdel neuroepithelium͘ &urther eǆperiments are necessary to determine the ďiological 

underpinnings of USP9Xdel on neuroepithelial diīerentiation͘ 

MATERIALS & METHODS
Microscopy
Confocal �-series stacŬs ;acƋuired at Ϭ͘ϭϴ um intervalsͿ of ciliary structures ǁere collected on 

the �eiss LSDϴϴϬ confocal laser scanning microscope ;ϰϬϱnm and ϱϲϭnm diode lasers͕ argon 

;ϰϱϴ͕ ϰϴϴ͕ ϱϭϰnmͿ and a ϲϯϯnm laserͿ eƋuipped ǁith the �iryscan detector͕  using the ϲϯǆ 

Plan-�pochromat ϭ͘ϰE� �/C oil immersion oďũective ;�eissͿ and the ϱϲϭ nm laser line͘ �en Ϯ͘ϯ 

;ďlacŬ editionͿ soŌǁare ǁas used for �iryscan processing͘

Image analysis
/mage analysis ǁas implemented using D�dL�� ϮϬϭϴď͘ dhe raǁ tuďular organelle analysis 

channel ǁas median Įltered using a ϯǆϯǆϯ neighďorhood͘ Eeǆt͕ a 'aussian Įlter of siǌe ϱ and 

standard deviation Ϯ ǁas applied͘ �Ōer ďacŬground suďtraction͕ a gloďal masŬ ǁas deĮned 

ďy thresholding͘ /n addition to the gloďal masŬ͕ a local masŬ ǁas deĮned via a diīerence 

of 'aussians͕ and suďseƋuent thresholding͘ &or computing the diīerence of 'aussians͕ the 

local ďacŬground image ǁas deĮned ďy convolution of the median Įltered mitochondrial 

channel ǁith a 'aussian Įlter of siǌe ϭϭ and standard deviation ϭ͘Ϯϱ͘ dhis local ďacŬground 

image ǁas suďtracted from a foreground image deĮned ďy convolution of the median Įltered 

mitochondrial channel ǁith a 'aussian Ŭernel of siǌe ϭϭ and standard deviation ϭ͘ dhe local 

mitochondrial masŬ ǁas deĮned ďy thresholding of the diīerence of 'aussians ;>ϰͿ͘ dhe 

Įnal mitochondrial masŬ ǁas deĮned ďy �oolean �E� operation on the local and gloďal 

mitochondrial masŬs and suďseƋuent removal of oďũects ǁith less than ϳ piǆels͘ &or single 

cell analysis͕ this automated segmentation ǁas comďined ǁith a manual segmentation of 

single cells using the D�dL�� function roipoly͘ /n contrast to this segmentation strategy͕  the 

eǆtracted features ǁere already previously descriďed ϭϱ͘ 

iPS cell generation and culture
dhe iPSCs and iEeurons ǁere generated as previously descriďed ϱϬ͘ Control and UPS9X 

patient derived Įďroďlasts ǁere reprogrammed to iPSCs through retroviral transduction of 

the zamanaŬa factors Kctϰ͕ c-Dyc͕ SoǆϮ͕ and <lfϰ ϱϭ͘ USP9X patient and control iPSCs ǁere 

maintained on Datrigel ;stZ ϯϱϲϮϯ9Ϳ͕ in �ϴ Ňeǆ medium ;dhermo &isher ScientiĮc �ϮϴϱϴϱϬϭͿ 
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supplemented ǁith primocin ;Ϭ͘ϭ ђgͬml͕ /nvivogen ant-pm-ϭͿ͕ and incuďated at ϯϳΣCͬϱйCKϮ͕ 

ǁith medium changes every Ϯ-ϯ days͕ and passages ϭ-Ϯ times per ǁeeŬ using ZeLeSZ ;Stem 

Cell dechnologiesͿ͘ &or a more detailed description͕ see ϱϬ͘ 

Neuronal differentiation
Eeuroepithelial roseƩes ǁere generated as previously descriďed ϭ9 using the dual SD�� 

inhiďition protocol͘ in ďrief cells ǁere dissociated using accutase and plated as single cells 

in �ϴ &leǆ medium supplemented ǁith ZevitaCell ;dhermo&isher ScientiĮc �ϮϲϰϰϱϬϭͿ in a 

ϭϮ ǁell plate coated ǁith Datrigel͘ Knce cells reached 9ϱй conŇuence͕ they ǁere sǁitched 

to neural induction medium containing a ϭ͗ϭ miǆture of EϮ and �Ϯϳ medium ;called neural 

maintenance medium EDD supplemented ǁith ϭ μD dorsomorphin ;SellecŬChem ηSϳϯϬϲͿ 

and ϭϬ μD S�ϰϯϭϱϰϮ ;called neural induction medium E/DͿ͘ EϮ medium is made up of 

�D�Dͬ&ϭϮ͕ EϮ ;'/�CK ηϭϳϱϬϮ-ϬϰϴͿ͕ ϱ μgͬml /nsulin ;'/�CK ηϭϯϭϬϱϬϬϮͿ͕ ϮmD 'lutaD�X 

;'/�CK ηϯϱϬϱϬϬϯϴͿ͕ ϭϬϬ μD non-essential amino acids ;Sigma-�ldrich ηDϳϭϰϱͿ͕ ϭϬϬ μD 

Ϯ-mercaptoethanol ;'/�CK ηϮϭ9ϴϱϬϮϯͿ͕ primocin ;/nvivogen ηant-pm-ϮͿ͖ �Ϯϳ medium͗ 

Eeuroďasal ;/nvitrogenͿ͕ �Ϯϳ ;'/�CK ηϬϬϴϬϬϴϱ-S�Ϳ͕ ϮmD 'lutaD�X͕ and primocin͘ Dedium 

ǁas changed every day for the Įrst ϭϬ ʹ ϭϮ days ǁhile ďeing monitored for neuroepithelial 

induction ďased on change in morphology͕  cells ǁere then split using ZeLeSZ to detach them 

in ďulŬ from the Datrigel coated plate and then transferred onto PLKͬlaminin coated plates͘ 

Upon spliƫng͕ cells ǁere Ŭept for Ϯϰ hours in E/D and then sǁitched to EDD supplemented 

ǁith ϭϬ ngͬ mL �'& ;Preprodech η�&-ϭϬϬ-ϭϴ�Ϳ and ϭϬ ngͬmL &'& ;Preprodech η�&-ϭϬϬ-ϭϴ�Ϳ͘ 

�Ōer PϬ split onto laminin͕ EDD ǁas changed every other day͘

Immunofluorescence
do visualiǌe the cilia͕ neuroepithelial cells ǁere split onto nitric-acid treated coverslips coated 

ǁith ϱϬђgͬmL poly-L-ornithine hydroďromide ;PLK͖ Sigma-�ldrich ηPϯϲϱϱ-ϭϬD'Ϳ and ϱ ђgͬ

mL human recomďinant laminin ϱϮϭ ;�ioLamina ηLEϱϮϭ-ϬϮͿ͘ �t �/s ϲ͕ ϭϬ͕ Ϯϰ͕ ϯϭ͕ and ϰϮ 

cells ǁere Įǆed using ϰй P&�ͬSucrose͘ Cells ǁere imaged using a �eiss LSDϴϴϬ ǁith �iryscan 

module͕ laser scanning microscope͕ eƋuipped ǁith ϰϬϱnm and ϱϲϭnm diode lasers͕ argon 

;ϰϱϴ͕ ϰϴϴ͕ ϱϭϰnmͿ and a ϲϯϯnm laser͕  at ϲϯX magniĮcation ;ǁith oilͿ͘ 
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Primary 
antibodies

Use Host Dilution Manufacturer cat #

�ZLϭϯ� Ciliary 
memďrane 
marŬer

Douse ϭ͗ϯϬϬ EeuroDaď ηϳϱ-Ϯϴϳ

Cd/PϮ Eeuronal Rat ϭ͗ϮϬϬ �ďcam �ďϭϴϰϲϱ

D�PϮ Eeuronal marŬer Douse ϭ͗ϭϬϬϬ Sigma ηaďϭϲϲϲϳ

SoǆϮ EPC marŬer Rabbit ϭ͗ϯϬϬ �ďcam ηaď9ϳ9ϱ9

Eestin EPC marŬer Douse ϭ͗ϮϬϬ dhermo ScientiĮc ηD�ϭ-ϭϭϬ

Paǆϲ EPC marŬer Rabbit ϭ͗ϯϬϬ Covance ηPZ�-ϮϳϴP

Secondary antibodies Dilution Manufacturer Prod. NO.

'oat anti-Zaďďit �leǆa &luor ϰϴϴ ϭ͗ϯϬϬ /nvitrogen η�ϭϭϬϯϰ

'oat anti-Douse �leǆa &luor ϱϴϲ ϭ͗ϯϬϬ /nvitrogen η�ϭϭϬϯϭ

'oat anti-Douse �leǆa &luor ϲϰϳ ϭ͗ϯϬϬ /nvitrogen η�ϮϭϮϰϱ

goat anti-guin͘pig aleǆa &luor ϲϰϳ ϭ͗ϯϬϬ /nvitrogen η�ϮϭϰϱϬ

STATISTICAL ANALYSIS 
�ata are eǆpressed as mean н standard error of the mean ;S�DͿ͘ �nalysis ǁas done using 

one-ǁay analysis of variance ǁith �onferroni post hoc correction͕ or tǁo-tailed student s͛ 

t-test͕ using 'raphPad Prism ϲ ;'raphPad SoŌǁareͿ͘ P-values of P<Ϭ͘Ϭϱ and smaller͕  ǁere 

deemed signiĮcant͘ Sample siǌes ǁere ďased on our previous eǆperiences in the calculation 

of eǆperimental variaďility͕  and are descriďed͕ per eǆperiment͕ in the corresponding Įgure 

legends͘ 
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SUPPLEMENTAL FIGURES

Supplemental FIGURE 1. Schematic representation of the biochemical processing pipeline, and visual 
representation of the staining strategy͘ ;�Ϳ in vitro schematic of the variation oďserved in ciliated lumens 
of neuroepithelial roseƩes͘ Samples are imaged at a high magniĮcation and resolution ;in this case͕ 
confocal microscopy using an �iryscan module for increased resolution at high magniĮcationͿ͘ ;�Ϳ /n vitro 
samples are immunohistochemically stained and assessed using the �eiss confocal eƋuipped ǁith airyscan 
processing͘ 
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Supplemental figure 2͗ Cilia localization across differentiating cultures as indicated by ARL13B staining 
on days 6 and 10 post dual SMAD inhibition treatment. /mages are compressed �-stacŬs͘ Scale ďars are 
ϱϬ microns͘
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Supplemental figure 3: time course differentiation of neuroepithelium. Ciliary localiǌation ǁith ��P/ 
;grayͿ across diīerentiating cultures as indicated ďy �ZLϭϯ� ;redͿ staining on days Ϯϰ͕ ϯϭ and ϰϯ post dual 
SD�� inhiďition induction͘ Ciliated lumens are indicated ǁith a dashed ǁhite circle͘ /mages are a single � 
plane͘ Scale ďars are ϮϬ microns͘
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◀Supplemental FIGURE 4. Schematic representation of the separate processing steps included in the 
custom MATLAB protocol. ;�Ϳ �y using �eiss �iryscan module͕ ǁe image the densely pacŬed neuronal 
soma at higher resolution than possiďle ǁith standard confocal microscopy͘ ;�Ϳ do retain the ϯ� structure͕ 
ǁe acƋuire several images in a ǌ-aǆis orientation͕ starting and Įnishing ͞outside͟ of the neuron͘ ;CͿ dhe 
images contained in the stacŬ are suďũected to several processing steps͘ � median Įlter is applied͕ folloǁed 
ďy ďacŬground suďtraction to determine ǁhich signal represents mitochondrial signal͘ �Ōer ďacŬground 
suďtraction͕ a gloďal masŬ ǁas deĮned ďy thresholding͘ /n addition to the gloďal masŬ͕ a local masŬ ǁas 
deĮned via a diīerence of 'aussians͕ and suďseƋuent thresholding͘ &or computing the diīerence of 
'aussians͕ the local ďacŬground image ǁas deĮned ďy convolution of the median Įltered mitochondrial 
channel ǁith a 'aussian Įlter of siǌe ϭϭ and standard deviation ϭ͘Ϯϱ͘ dhis local ďacŬground image ǁas 
suďtracted from a foreground image deĮned ďy convolution of the median Įltered mitochondrial channel 
ǁith a 'aussian Ŭernel of siǌe ϭϭ and standard deviation ϭ͘ dhe local mitochondrial masŬ ǁas deĮned ďy 
thresholding of the diīerence of 'aussians ;хϰͿ͘ dhe Įnal mitochondrial masŬ ǁas deĮned ďy �oolean 
�E� operation on the local and gloďal mitochondrial masŬs and suďseƋuent removal of oďũects ǁith less 
than ϳ piǆels͘
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GENERAL DISCUSSION
Ciliopathies are a heterogenous group of genetic disorders that manifest as a result of defects 

in the function or ďiogenesis of primary cilia͘ �dvances in genetic diagnosis coupled ǁith 

functional studies on proteomics datasets has furthered our understanding of the role of speciĮc 

proteins in various structural domains of the cilium and hoǁ disruptions in these domains lead 

to disease in various tissue types͘ �espite this forǁard momentum͕ an understanding of hoǁ 

these neuronal disorders aīect neural processes͕ such as ďrain development and function͕ 

remains poorly understood͘

/n this ǁorŬ / aimed to investigate ďiological mechanisms associated ǁith genetic 

disorders that arise from primary cilium dysfunction͘ The research described in this thesis has 

led to the characteriǌation of novel centrosomalͬaǆonemal-͕ uďiƋuitin-proteasome system-͕ 

and microtuďule-associated- ciliary proteins that ǁhen disrupted͕ result in disease͘ ,erein͕ 

a variety of approaches ǁere used to identify and characteriǌe disease genes͘ /n Chapter Ϯ͕ 

ARMC9 ǁas discovered as a potential :ouďert Syndrome ;:�dSͿ candidate gene via ǁhole-

eǆome seƋuencing of the University of tashington ;UtͿ :ouďert Syndrome Zesearch Program 

cohort͘ �ssessment of protein localiǌation in ZP�ϭ cells and analysis of ARMC9 patient-derived 

Įďroďlasts demonstrated that �ZDC9 localiǌed to the ďasal ďody of the primary cilia and 

transcripts of �ZDC9 ǁere upregulated during ciliogenesis͘ /n Chapter ϯ͕ proteins interacting 

ǁith �ZDC9 ǁere identiĮed using tandem aĸnity puriĮcation and yeast tǁo-hyďrid screening͘ 

dhis proteomics-ďased approach enaďled the identiĮcation of a neǁ ciliopathy associated gene͕ 

dK'�Z�Dϭ͕ and aided in elucidating aīected signaling pathǁays͘ dK'�Z�Dϭ͕ a dK' array 

protein͕ plays an essential role in modulating microtuďule dynamics in the ciliary compartment͕ 

and :�dS-associated variants in ďoth �ZDC9 and dK'�Z�Dϭ resulted in decreased levels of 

the post translational modiĮcations͕ speciĮcally acetylation and glutamylation͕ of the ciliary 

aǆoneme͘ /n addition to its association ǁith �ZDC9͕ dK'�Z�Dϭ ǁas found to interact ǁith 

CC�Cϲϲ and the :�dS-associated proteins C�PϭϬϰ and CSPPϭ͘ Clinical assessment͕ functional 

analysis͕ and ǌeďraĮsh modeling revealed that mutations in ďoth ARMC9 ;Chapter ϮͿ and 

TOGARAM1 ;Chapter ϯͿ give rise to :�dS͘ 

/n Chapter ϰ͕ / descriďe loss-of-function ;LK&Ϳ mutations in USP9X that lead to a female 

speciĮc͕ multi-systems disorder͘  �īected females present ǁith intellectual disaďility and 

stereotyped ďrain malformations reminiscent of ciliopathy-associated anatomical ďrain defects͕ 

such as malformation of aǆonal tracts including agenesis of the corpus callosum͕ asymmetrical 

ventricle formation and �andy-talŬer malformation͘ USP9X localiǌes to the ciliary aǆoneme 

hoǁever͕  in the functional characteriǌation of Įďroďlasts derived from USP9X aīected 

females͕ it ďecame apparent that a relevant neuron-speciĮc model ǁas liŬely necessary to 
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unveil a tissue-speciĮc phenotype͘ /n Chapter ϱ͕ using iPSCs derived from Įďroďlasts oďtained 

from the USP9X aīected individuals descriďed in Chapter ϰ͕ / set out to estaďlish a model 

system for assessing USP9X speciĮc mutations on cilia during neuronal development͘ thile in 

its early stages͕ the ǁorŬ in Chapter ϱ suggests segmentation analysis of the cilia present on 

neural progenitor cell ;EPCͿ and other early neural cell types may indicate diīerences in ciliary 

phenotypes during neurogenesis͘

CILIARY POST TRANSLATIONAL MODIFICATIONS
dhe genes ǁe identiĮed in our investigations all encode proteins that are reƋuired for 

cilium function͘ /nterestingly͕  they are all͕ at least in part͕ reƋuired for proper coordination 

of post translational modiĮcation ;PdDͿ of ciliary proteins͕ either via the regulation of 

polyglutamylation and acetylation of tuďulin ;�ZDC9 and dK'�Z�Dϭ in Chapters Ϯ and ϯͿ 

or uďiƋuitination ;USP9X in Chapters ϰ and ϱͿ͘ PdD of proteins involves a range of regulatory 

ďiological mechanisms that Įne tune the functional capacity of the proteome ďy altering 

the interactome͕ localiǌation͕ function͕ andͬor staďility of the modiĮed proteins͘ �lmost all 

euŬaryotic proteins are post translationally modiĮed and in humans͕ PdDs form interconnected 

netǁorŬs of >ϱϬ͕ϬϬϬ residues in aďout ϲ͕ϬϬϬ proteins ϭ͘ 

2.1 Post translational modifications regulate microtubule dynamics
Dicrotuďules ;DdsͿ are tuďular͕  cytosŬeletal components consisting of αβ tuďulin heterodimers 

organiǌed in a head-to-toe͕ or plus- to minus-end fashion͕ to form protoĮlaments͘ dhese 

protoĮlaments associate laterally to form a holloǁ tuďular structure alloǁing for dynamic 

changes in length and structure͘ Dds play an essential role in intracellular traĸcŬing and cell 

division͘ Dd assemďly or polymeriǌation occurs at the plus-end͘ Dds are dynamic structures 

that can respond to cellular factors ďy alternating ďetǁeen phases of groǁth͕ pause͕ and 

shrinŬage͘ Dd catastrophe or depolymeriǌation occurs at increasing freƋuency ǁith age ďut 

can also ďe induced ďy cellular factors such as Ňuctuations in the siǌe and density of the 

protective 'dP Dd cap͘ �dditionally ďlocŬing the Dd protoĮlament at the groǁing end of the 

Dd can induce catastrophe͘

PdD function to generate a ͞ tuďulin code͟ to diversify the function͕ staďility͕  and ďinding 

of a myriad of proteins that localiǌe to Dd͘  dhe euŬaryotic cytosŬeleton undergoes a variety of 

PdD that aid in cell cycle progression Ϯ͕ cell type diīerentiation ϯ͕ and intracellular traĸcŬing 

along microtuďule netǁorŬs ϰʹϲ͘ PdD of tuďulin are indispensaďle for proper Dd function͕ 

including tuďulin staďiliǌation ϳ͕ϴ and disassemďly 9͕ and serve to inŇuence local traĸcŬing͕ 
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motility͕  and interactions ϭϬ͕ϭϭ͘ �isruptions in the paƩern͕ level͕ and distriďution of Dd PdDs 

disturď homeostasis ǁithin the ciliary compartment͘ 

2.1.1 Defective tubulin glutamylation and acetylation in Joubert 
syndrome
'lutamylation occurs ǁhen the amino group of a free glutamate amino acid is conũugated to 

the carďoǆyl group of a glutamate side chain ǁithin a target protein and it occurs on tuďulin via 

the action of a family of tuďulin tyrosine ligase liŬe ;ddLLͿ proteins͘ Polyglutamylation decorates 

the aǆoneme and plays an important role in microtuďule severing 9͕ /&d activity͕  and protein 

ďinding ϲ͕ϭϮ͘ Several :�dS-associated proteins including �ZDC9 and dK'�Z�Dϭ ;Chapters Ϯ 

and ϯͿ have ďeen shoǁn to aīect the PdD of microtuďules ϭϯ͘ &or eǆample͕ polyglutamylation 

of the ciliary aǆoneme is in part regulated ďy the :�dS associated proteins �ZLϭϯ� and C�Pϰϭ 
ϭϰ͕ϭϱ͘ dhis is important for proper ciliary function as polyglutamylation levels act as a rheostat 
9 that is Įne tuned to maintain ciliary eƋuiliďrium͘ Changes in glutamylation that result from 

disruptions in ciliary glutamylases lead to hyperglutamylation͕ ǁhich reduce tuďulin staďility 

and result in premature ciliary disassemďly due to an increase in the level of the severing 

enǌyme͕ spastin 9͘ �ecreased levels of polyglutamylation result in decreased Ŭinesin-Ϯ 

mediated anterograde transport and thereďy result in defective traĸcŬing and hedgehog 

signaling ϲ͘ SpeciĮcally͕  decreased levels of aǆonemal glutamylation inhiďit hedgehog signaling 

via aďerrant localiǌation of SDK and 'L/ϯ͕ ǁhich is potentially a result of defective anterograde 

transport ϲ͕ as this mislocaliǌation of SDK and 'L/ϯ appears to ďe independent of defective 

</&ϳ targeting ϭϲ͘ 

�dditionally͕  acetylation of the cilium is important for motor protein ďinding and 

movement͕ staďility͕  and ciliary disassemďly ϭϭ and aďerrancies in acetylation can result in 

microtuďule instaďility as oďserved ǁith dysregulation of the :�dS associated proteins </&ϳ 
ϭϳ͕ϭϴ and /EPPϱ�ϱ ϭ9͘ /mportantly͕  mutations in </&ϳ ϭϳ͕ϮϬ͕Ϯϭ and /EPPϱ� ϮϮ͕Ϯϯ result in aďnormal 

hedgehog signaling͘ 

Zecently͕  a genome-ǁide screen of hedgehog signaling components in mouse Įďroďlasts 

found that more than Ϯϱ :�dS-associated genes modulate ,h signaling and additionally 

identiĮed �ZDC9 as a positive regulator of this signaling cascade Ϯϰ͘ dhat study also 

demonstrated that ectopically eǆpressed �ZDC9 translocates from the proǆimal end of the 

cilium to the ciliary tip upon the induction of ,edgehog signaling͕ thereďy suggesting �ZDC9 

may possiďly play a role in the traĸcŬing and retention of 'li proteins Ϯϰ͘ Doreover͕  in the 

aďsence of �ZDC9͕ they found that cilia ǁere shorter͕  and decreased levels of acetylation and 

glutamylation ǁere oďserved͕ consistent ǁith our Įndings ;Chapter ϯͿ͘ �ll �ZDC9-dK'�Z�Dϭ 
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compleǆ memďers have ďoth ciliary ďase and ciliary tip locations ϮϱʹϮ9 indicating dynamic 

localiǌation and potentially dynamic protein partnerships at each location͘ dhis suggests that 

a proper temporal spatial distriďution is reƋuired for proper ciliary structure maintenance and 

function͘

Figure 1: Post translational modifications of the ciliary axoneme. dhe ciliary aǆoneme under goes a 
variety of post translational modiĮcations including acetylation ǁithin the microtuďule lumen ;shoǁn 
in ďlueͿ and glutamylation ;shoǁn in redͿ͘ �isruptions in these post translational modiĮcations result in 
aďerrancies in ciliary architecture and signal transduction͘
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Figure 2: Fragements of TOGARAM1 have diff erent binding affi  niti es to the microtubule latti  ce.
dK'�Z�Dϭ ;redͿ͕ �ZLϭϯ� ;greenͿ͕ scale ďar ϭϬ microns͘

2.1.2 TOG-array domains regulate microtubule dynamics and 
stability
dK'�Z�Dϭ͕ also Ŭnoǁn as Crescerinϭ for the lati n crescere meaning to groǁ͕ is a dK' array 

containing protein that regulates microtuďule structure ǁithin the cilium Ϯϴ͘ dK' domains ǁere 

Į rst pinpointed in cytosŬeleton-associated protein ϱ ;C<�PϱͿ͕ a Dd polymerase then Ŭnoǁn 

as ch-dog ;clonic and hepati c tumor overeǆpressed geneͿ ϯϬ or XD�PϮϭϱ ϯϭ͕ ǁhich accumulates 

at Dd plus ends ϯϮ͘ dK'�Z�Dϭ has four dK' domains ǁhich functi on in concert to regulate 

microtuďule dynamics͘ �omains dK'Ϯ and dK'ϰ act to potenti ate tuďulin polymeriǌati on 

ǁhile dK'ϯ and dK'ϰ are essenti al for microtuďule associati on and laƫ  ce ďinding acti vity 
Ϯϴ͘ Kur studies assessing dK'�Z�Dϭ fragments and their capacity to localiǌe to the cilium 

suggest that an intact dK'ϯ and dK'ϰ domain are reƋuired for ciliary formati on͕ microtuďule 

ďinding͕ and enrichment of dK'�Z�Dϭ at the ti p͕ ďase͕ and along the ciliary aǆoneme͘ 

te found that transfecti on in hd�Zd-ZP�ϭ cells ǁith a fragment containing dK'ϭ and 

dK'Ϯ alone ;fragment ϭ͖ Į gure ϮͿ did not disrupt ciliary formati on ďut the mZ&P-tagged 

fragment could not enter the cilium͕ instead it appeared to collect at the ciliary ďase and did 

not shoǁ overt indicators of microtuďule laƫ  ce ďinding ;such as co-localiǌati on ǁith a-tuďulinͿ͘ 

�n intact dK'Ϯ domain appears to ďe dispensaďle for ciliary formati on and microtuďule 

ďinding͕ ďut important for ciliary homeostasis͘ torŬ from �as et al͘ has demonstrated that 

the dK'�Z�Dϭ fragment containing amino acids ϱϳϳ-ϭϳϳϲ ;consisti ng of the linŬer region 
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and dK' domains ϯ and ϰͿ shoǁs laƫce ďinding activity at a freƋuency of approǆimately ϱϲй 

and the degree of laƫce ďinding is unchanged ǁith full length dK'�Z�Dϭ containing an 

zϯϲϰ� mutation͕ located ǁithin dK'Ϯ Ϯϴ͘ te found similar results and the capacity for cilium 

formation ǁith dK'�Z�Dϭ :�dS-variants Zϯϲϴt and LϯϳϱP ;Chapter ϯͿ suggesting ǁe might 

see comparaďle aīects ǁith a fragment lacŬing dK'ϭ and dK'Ϯ͕ hoǁever further ǁorŬ is 

needed to conĮrm this͘ &ragment Ϯ ;Įgure ϮͿ containing dK'Ϯ͕ the linŬer region͕ and dK'ϯ 

and ϰ shoǁs seemingly normal ciliary formation͕ microtuďule ďinding͕ and localiǌation to the 

tip and ďase of the cilium͘

� fragment containing dK'Ϯ͕ the linŬer region and dK'ϯ ;fragment ϯ͖ Įgure ϮͿ alloǁs 

for cilium formation ďut shoǁs an enrichment of the fragment at the ďase and only loǁ levels 

of localiǌation along the aǆoneme͕ and limited microtuďule ďinding ǁas oďserved ǁith this 

fragment͘ � fragment containing only dK'ϯ and dK'ϰ ǁithout the linŬer region shoǁed 

aďrogated cilium formation͕ focal enrichment͕ and no microtuďule ďinding capacity͘ /n chapter 

ϯ͕ ǁe see that patient variants in the dK'Ϯ domain result in an aďsence of �ZDC9 ďinding 

ďut no apparent disruption in ciliary structure͕ ǁhile the patient variant in the dK'ϯ domain 

result in severely stunted cilia͘ Eonetheless ǁe found the td and all ϯ patient variants ǁere 

still aďle to ďind microtuďules ;Įgure ϮͿ͘ /nterestingly ǁhile </&ϳ did not appear in any of our 

proteomics data͕ preliminary ǁorŬ suggested a decrease in </&ϳ localiǌation at the ciliary tip in 

unstimulated hd�Zd-ZP�ϭ TOGARAM1 mutant cells lines ;Įgure ϯͿ͘

te shoǁ that �ZDC9 directly interacts ǁith the dK'Ϯ domain of dK'�Z�Dϭ͕ and :d�S-

associated variants in ďoth genes lead to an aƩenuation of ciliary microtuďule post translational 

modiĮcations and a diīerential eīect on microtuďule staďility ;Chapter ϯͿ͘ torŬ done in 

various model organisms and mammalian cells has shoǁn that a ǁide variety of microtuďule 

ďinding proteins function in concert to coordinate͕ maintain͕ and polymeriǌe microtuďules 
ϭϭ͕Ϯ9͕ϯϱ͕ϯϲ͘ Proteins containing tandem dK' domain repeats function to positively regulate 

microtuďule groǁth and staďility͘ Dicrotuďule ďinding protein dysfunction can give rise to 

ciliary tip instaďility͕  resulting in aďerrant microtuďule dynamics and aďnormal ciliary structure 
ϯϳ͘ dhis aīects cilium homeostasis͕ causing aďrogated signal transduction and disease͘
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Figure 3: WT and mutant TOGARAM1 binds microtubules. dK'�Z�Dϭ ;redͿ͕ alpha-tuďulin ;greenͿ 
dhe ciliary tip compartment is essential for ,h signalling as important factors and mediators are 
seƋuestered there during diīerent stages of pathǁay activation͘ </&ϳ acts to organiǌe the ciliary tip ϯϯ͘ 
te found that disruptions of dK'�Z�Dϭ resulted in decreased SDK translocation to the ciliary tip͕ ǁhile 
SDK has ďeen proposed to enter the cilium via lateral memďrane diīusion and to a limited eǆtent /&d-
associated traĸcŬing ϯϰ͕ the aƩenuated translocation liŬely results in aďnormal ,h signaling͘ 



General Discussion

Ϯϭϭ   

6

Ove
rla

y

ARL13
B

KIF7
RPGRIP1L

hT
ER

T-
R

PE
1 

co
nt

ro
l

hT
ER

T-
R

PE
1 

TO
G

A
R

A
M

1 
m

ut
 1

hT
ER

T-
R

PE
1 

TO
G

A
R

A
M

1 
m

ut
 2

Figure 4: Decreased KIF7 localization in the ciliary tip in TOGARAM1 mut lines. ZP'Z/PϭL ;ǁhiteͿ͕ </&ϳ 
;redͿ͕ �ZLϭϯ� ;greenͿ͕ scale ďar Ϯ microns

dK'�Z�Dϭ ;C,�-ϭϮͿ and �ZDC9 have ďeen shoǁn to͕ respectively͕  positively and 

negatively regulate the eǆtension of � tuďules in the ciliary tip of Tetrahymena thermophila͕ 

hoǁever loss of either dK'�Z�Dϭ or �ZDC9 resulted in signiĮcantly shortened cilia͘ te 

shoǁed that the interaction ďetǁeen �ZDC9 and dK'�Z�Dϭ is contingent upon dK'�Z�Dϭ 

possessing an intact dK'Ϯ domain ;Chapter ϯͿ͘ dhe structure of dK' domains is highly 

conserved for microtuďule ďinding͕ ǁhere the intra-,��d loop ǁithin the discontinuous dK' 

domain ďinds tuďulin͘ Previously͕  it ǁas descriďed that dK' domains function to positively 

regulate microtuďule groǁth and dynamics Ϯϴ͘ /nterestingly͕  ǁe found that overeǆpression of 

ǁild type dK'�Z�Dϭ results in increased ciliary length͘ /t has previously ďeen shoǁn that 
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diīerent dK' domains in dK'�Z�Dϭ have diīerential microtuďule ďinding capacity and 

liŬely function in concert to coordinate microtuďule polymeriǌation ǁith the C-term dK' 

domains dK'ϯ and dK'ϰ ǁorŬing to promote microtuďule laƫce ďinding Ϯϴ͘ /n hd�Zd-ZP�ϭ 

cells͕ overeǆpression of the variants �rgϯϲϴdrp and LeuϯϳϱPro͕ occurring in dK'Ϯ͕ results in a 

dissociation of dK'�Z�Dϭ from �ZDC9͕ hoǁever protein localiǌation and ciliary architecture 

remain intact ǁhen compared to ǁild type cells͘ sariant �rgϭϯϭϭCys͕ ǁhich occurs in dK'ϯ͕ 

maintains its interaction ǁith �ZDC9 ďut produces severely stunted cilia͕ suggesting that 

mutant dK'�Z�Dϭ is no longer aďle to support ciliary eǆtension eīectively͘ Concurrently͕  

if �ZDC9 functions as a negative regulator of microtuďule groǁth in mammalian primary 

cilia as previously oďserved in detrahymena ϭ9͕ this could in part͕ eǆplain the resulting ciliary 

architecture oďserved ǁith overeǆpression of the �rgϭϯϭϭCys variant and its diīerence ǁith 

the fragments ǁith a disrupted dK'Ϯ domain͘

Zelatively liƩle is Ŭnoǁn aďout the ďiological function of �ZDC9͕ hoǁever͕  �resloǁ et al͘ 

provided evidence to suggest it plays a role in modulation of ,h signaling͘ �ZDC9 translocates 

to the ciliary tip shortly aŌer ,h ligand ďinding͕ and in the aďsence of �ZDC9͕ ,h stimulation 

results in decreased translocation of ďoth 'L/Ϯ and 'L/ϯ to the ciliary tip͘ �s no eīect ǁas 

oďserved on translocation of SDK͕ the authors conclude that �ZDC9 participates in traĸcŬing 

andͬor retention of 'li proteins at the ciliary tip͘ �s �ZDC9 localiǌation at the tip is transient͕ 

and relatively shortly aŌer stimulation ;present at ϰ hours post stimulation and aďsent aŌer 

ϯϬ hoursͿ Ϯϰ͕ it ǁould ďe interesting to investigate if �ZDC9 plays a role in tip structural 

organiǌation͕ for eǆample through its Lis, �omain͕ as oppose to ;or in addition toͿ compleǆing 

ǁith ,h related proteins͘ dhe fact that ǁe did not Įnd ,h signaling components in our d�P 

dataset ǁould ďe in line ǁith this hypothesis͕ although many methodological eǆplanations 

such as eǆpression levels in ,�<Ϯ9ϯd cells͕ or lacŬ of ,h signaling responsiveness͕ could also 

eǆplain this aďsence͘ zamaǌoe et al͕͘ ϮϬϮϬ ϯϴ recently demonstrated that the dK' domain in 

C�PϭϬϰ is essential for the entry of SDK and the eǆit of 'ZPϭϲϭ upon ,h activation͕ indicating 

that C�PϭϬϰ plays an important role in cilium elongation and ,h signaling͘

dhe importance of proper ciliary structure for intact ciliary function has ďeen studied 

in detail Ϯϰ͕ϯϳ͕ϯ9ʹϰϰ͘ Kur ǁorŬ ;Chapter ϯͿ and that of others suggest that aǆonemal staďility is 

foundational for proper ciliary function and dysregulation of post translational modiĮcations 

of microtuďules can compromise microtuďule staďility͘ �ďrogated or aďnormally enriched 

post translational modiĮcations result in disruptions in protein ďinding ϲ͕ϭϮ and dysregulation 

of the ciliary proteome͘ Changes in the capacity to interact ǁith motor proteins can result 

in mislocaliǌation of ciliary proteins ǁhich suďseƋuently interferes ǁith normal signal 

transduction͘ dherefore͕ manipulation of post translation modiĮcations of microtuďules and 
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analyǌing suďseƋuent changes in protein traĸcŬing and signal transduction͕ could provide 

important insight into the mechanism of :d�S and our fundamental understanding of the 

proteome of the cilium in general ďut also of its suďdomains͘

2.2 UBIQUITINATION 
UďiƋuitin͕ a post translational modifying protein͕ most ǁell characteriǌed for its role in protein 

degradation͕ is emerging as an essential component of ciliary ďiology ϰϱ͘ dhe post translational 

modiĮcation uďiƋuitination is a highly compleǆ regulatory code that orchestrates a variety 

of cellular processes ϰϱ͘ UďiƋuitin acts in dynamic protein tagging to control an essential 

array of ďiological processes including protein turnover͕  transcription͕ �E� damage repair͕  

endocytosis͕ autophagy͕  and immune homeostasis ϰϱ-ϰϲ͘ dhe fate of uďiƋuitinated suďstrates 

is determined ďy chain topology and speciĮc enǌymatic interaction partners͘ /n addition to 

its role in protein turnover͕  the ϳϲ amino acid͕ ϴ͕ϱ Ŭ�a protein is aƩached to target suďstrate 

lysines to orchestrate essential cellular processes such transcription͕ endosomal sorting͕ 

autophagy͕  cell cycle͕ chromatin structure͕ and emďryonic development͘ UďiƋuitination is the 

process ďy ǁhich an eǆposed C-terminal end of uďiƋuitin is covalently linŬed to lysine residues 

in target suďstrates via a multi-enǌymatic process ǁith the aid of �dP in three essential steps͗ 

activation͕ conũugation͕ and ligation͘ dhese steps are orchestrated ďy an �ϭ activating enǌyme͕ 

an �Ϯ conũugating enǌyme͕ and an �ϯ ligase͘ dhe diverse functional capacity of uďiƋuitination 

is due in part to the vast array of diīerential chain topologies that can ďe generated͘ UďiƋuitin 

conũugates can eǆist as a single moiety͕  Ŭnoǁn as monouďiƋuitin͕ or polyuďiƋuitin chain as the 

seven internal lysines and E-termini methionine can form diīerent isopeptide linŬages types 

ǁith diīering three-dimensional structures ;<ϲ͕ <ϭϭ͕ <Ϯϳ͕ <Ϯ9͕ <ϯϯ͕ <ϰϴ͕ <ϲϯ͕ and DetϭͿ͘ 

dhe speciĮc �Ϯ and �ϯ enǌymes recruited to the target suďstrate dictate the design of these 

chains ;revieǁed in ϰϳͿ͘ UďiƋuitin chain topology is liŬely a Ŭey factor in diīerential targeting of 

proteins to one of the three maũor degradation pathǁays in mammalian cells͗ the proteasome͕ 

the lysosome͕ or the autophagosome͘ UďiƋuitin marŬs receptors to ďe endocytosed to 

the lysosome and organelles for disposal via autophagocytosis ;revieǁed in ϰϴͿ͘ dransient 

interactions are formed ďetǁeen specialiǌed uďiƋuitin ďinding domains and uďiƋuitin moieties 

and these interactions regulate the aforementioned processes͘ �efects in the uďiƋuitin 

systems lead to a variety of pathologies such as autoimmune diseases͕ neurodegenerative 

conditions and cancer ;revieǁed in ϰϲͿ͘
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2.3 UBIQUITINATION OF CILIARY PROTEINS
Kver the past decade the components of the uďiƋuitin proteasome system ;UPSͿ have ďeen 

recogniǌed to play an indispensaďle role in the fate and function of target protein and forms 

an active regulatory component of ciliary signal transduction processes͘ UďiƋuitin plays an 

essential role in Ňagellar disassemďly͘ dhe uďiƋuitin proteasome system ;UPSͿ coordinates 

Ňagellar aďsorption prior to cell cycle re-entry͘ Using Ňagella isolated from the green algae 

Chlamydomonas reinhardtii͕ ,uang et al͕͘ demonstrated that these organelles contain a fully 

functional uďiƋuitin system͕ including ďoth free uďiƋuitin and the enǌymes necessary for 

activation͕ conũugation͕ and ligation ϰ9͘ 

2.3.1 Defective ubiquitination in ciliopathies
�side from the essential role of proteasomal degradation in ciliary maintenance and 

disassemďly͕  mutations in a numďer of �ϯ ligases͕ the enǌymes that catalyǌes the aƩachment of 

uďiƋuitin to target lysines͕ result in ciliopathies͘ �ǆamples of these mutated �ϯ ligases include 

dKPKZS in retinal degeneration ϱϬ͕ ps,L in s,L syndrome a disorder characteriǌed ďy cysts in 

the Ŭidneys͕ pancreas͕ and genital tract ϱϭ͕ and <L,Lϳ͕ ǁhich is found in compleǆ ǁith Cullin �ϯ 

ligases͕ in retinitis pigmentosa ϱϮʹϱϰ͘ Polycystin-Ϯ͕ the protein encoded ďy PKD2 that is mutated 

in the renal ciliopathy �utosomal �ominant Polycystic <idney �isease͕ ;��P<�Ϳ reƋuires a 

proper ďalance ďetǁeen the serineͬthreonine Ŭinase ;E/D�-Zelated <inase ϭͿ E�<ϭ and the 

�ϯ uďiƋuitin ligase d�� the proper protein maintenance reƋuired for normal ciliogenesis ϱϱ͘ 

UďiƋuitin in the ciliary compartment has further ďeen characteriǌe as essential for traĸcŬing 

activated 'PCZ͕ including SSdZϯ and 'PZϭϲϭ͕ out of the cilium͘ �esai et al͘ and Shinde et al 

shoǁ that SDK translocation in to the ciliary compartment is actively traĸcŬed out ďy the 

��Some compleǆ upon <ϲϯ uďiƋuitination ϱϲ͕ϱϳ͘ SDK accumulates in the cilium in the aďsence 

of ligand in the aďsence of uďiƋutination as it cannot ďe traĸcŬed out ďy the ��Some compleǆ͘ 

�guether and colleagues descriďe a role for CzL� in ciliogenesis ϱϴ͘ CzL� is a �U� Ŭnoǁn 

to speciĮcally catalyǌes the removal of <ϲϯ and linear chains ϱ9͕ ǁhich is especially interesting 

in light of the recent Įndings that the cilium is enriched ǁith <ϲϯ uďiƋuitin chains ϱϳ͘ �escriďed 

mutations in the catalytic domain of CzL� result in appendage tumors Ŭnoǁn as cylindromas 
ϲϬ͘ CzL� localiǌes to the centrosome and ďasal ďody in non-cycling cells via its interaction ǁith 

the centrosomal protein C�PϯϱϬ͘ Zesearchers saǁ that multi-ciliated cells did not readily form 

cilia in the presence of catalytically inactive CzL� hoǁever they found that in the complete 

aďsence of CzL�͕ cells ǁere aďle to undergo ciliogenesis ϱϴ͘ � potential mechanisms for this 

is that in the aďsence of CzL�͕ another �U� is aďle to coordinate the activity necessary for 
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normal ciliogenesis hoǁever in the presence of the catalytically inactive form of CzL�͕ the 

mutated �U� acts as a dominant negative͕ thereďy resulting in ďinding ǁhich ďlocŬs the 

removal of <ϲϯ andͬor linear uďiƋuitin chains from ciliary proteins͘ 

CzL� uďiƋutination CepϳϬ and inactivates the enǌyme ,istone deacetylase ϲ ;,��CϲͿ 

to aid in primary cilium formation͘ ,��Cϲ͕ aside from acting as a histone deacetylase to alter 

chromatin structure also͕ plays a role in the aggresome-autophagy pathǁay͕  ǁhich mediates 

destruction of damaged organelles and protein aggregates to prevent proteotoǆic congestion 

of cellular compartments ϳϱ͕ and as previously mentioned͕ acts in ciliary disassemďly ϱϬ͘ CzL� 

ŬnocŬout mice manifest ǁith symptoms of polydactyly͕  impaired sperm production͕ and 

decreased numďer and length of cilia as ǁell as disorganiǌation of the ciliary aǆoneme in the 

sŬin͕ tracheal epithelium͕ and Ŭidney tissue ǁhen compared to ǁild type mice͘ dhe ciliary 

shortening defect ǁas partially rescued ǁith administration of ,��Cϲ inhiďitors ϳϲ͘ siZE� 

depletion of CzL� in ZP�ϭ cells resulted in decreased levels of centrosomal CepϳϬ ǁhich 

could account in part for the impairment in cilium formation ϳϲ͘ ,oǁever it is interesting 

that �ugether et al͘ found no ciliary defect in the aďsence of CzL� ǁhile zang et al͘ found a 

phenotype reminiscent of ciliopathies in ďoth the mouse model and in vitro culturing system͘ 

�uring aǆoneme eǆtension͕ the <Cd�ϭϳ͕ a suďstrate adaptor͕  acting in concert ǁith the Culϯ 

�ϯ ligases degrades the negative regulator͕  trichoplein͕ leading to inactivation of �urora � 

Ŭinase͕ and cilium elongation Ϯϭ͘ drichoplein is located at the suďdistalͬmedial ǌone of the 

mother centriole͕ and upon serum starvation͕ trichoplein is degraded via the proteasome͘ 

Utiliǌing a tǁo-step �ϯ ligase screening techniƋue <asahara and colleagues identiĮed <Cd�ϭϳ 

as the suďstrate adaptor for the Culϯ-Z/E' �ϯ enǌymes that poly-uďiƋuitination trichoplein 

leading to its proteasome mediated destruction͘ �ďerrant activity of the trichoplein-�urora � 

Ŭinase aǆis results in the aďsence of <Cd�ϭϳ͕ thereďy inhiďiting cilium formation͘ Ciliogenesis 

perturďation results in response to proteasome inhiďitor D'ϭϯϮ͘ /ndeed͕ <asahara and 

colleagues shoǁ that cilium formation is almost completely aďrogated in response to D'ϭϯϮ 

treatment͕ and they are aďle to aƩriďute this dysfunction of the staďiliǌation of trichoplein Ϯϭ͘ 

Ciliogenesis is intricately linŬed ǁith the cell cycle and the cell cycle ǁith its regulatory 

uďiƋuitin machinery͘ Ciliary assemďly ďegins during the 'ϭͬ' phase of the cell cycle and 

disassemďly is initiated as the cell enters S phase ;revieǁed in ϲϭͿ͘ dhe anaphase promoting 

compleǆ ;�PCͿ͕ ǁhich regulates the onset of anaphase and alloǁs for sister chromatid 

separation͕ acts to destaďiliǌe microtuďules in the cilium͕ thereďy aiding in its deconstruction͘ 

�PC achieves this ďy targeting the ciliary Ŭinase EeŬϭ for degradation ϲϮ͘ tang et al have shoǁn 

in their recent ǁorŬ on the role of �PC in Ƌuiescent cilated cells͕ that the �PC coactivator cdcϮϬ͕ 

shoǁn to localiǌe to the ďasal ďody͕  plays an important role in ciliary disassemďly͘ /nhiďition 
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of the �PC-cdcϮϬ compleǆ results in elongated cilia ǁhile overeǆpression of cdcϮϬ decreases 

ciliary formation ϱϮ͕ϱϯ͘ Several mitotic regulators have ďeen implicated in ciliogenesis including 

Aurora A kinase ϲϯ and the E/D�-related Ŭinases such as EeŬϭ ϲϰʹϲϲ͘ tang et al suggest that the 

�Ϯ conũugating enǌyme UďeϮs is reƋuire in conũunction ǁith �PC-cdcϮϬ for ciliary shortening ϲϳ͘ 

dhese data suggest important co-factors involved in cell cycle regulation also play an important 

role in ciliary construction and deconstruction͘ 

/mmunoŇuorescence studies have ďeen used to visualiǌe the suďcellular localiǌation 

of proteasomal components and demonstrate an enrichment of proteasomal machinery 

near the mammalian centrosome ϲϴʹϳϭ͘ torŬ from 'erhardt and colleagues implicated 

Zpgripϭl as an interactor of the ϭ9S proteasomal suďunit PsmdϮ͕ and demonstrated that it 

regulates proteasomal activity at the ďasal ďody via this interaction͘ Zpgripϭl deĮcient mice 

demonstrate severely disturďed ciliary signal transduction ǁhich ǁas linŬed to a decrease in 

proteasomal activity due to the aďsence of the interaction ďetǁeen Zpgripϭl and PsmdϮ ϳϮ͘ Lui 

et al͕͘ shoǁed that loss of ciliopathy associated proteins ��Sϰ or oral-facial-digital syndrome ϭ 

;K&�ϭͿ͕ intracellularly located at the centrosomal satellites͕ leads to accumulation of signaling 

mediators that are normally targeted to the proteasome for degradation͘ /n normal conditions 

��Sϰ and K&�ϭ associate ǁith suďunits of the proteasome and in conditions ǁhere ��Sϰ and 

K&�ϭ are functionally impaired͕ multiple proteasomal suďunits that normally localiǌed to the 

centrosome are aďsent ϲϭ͕ϳϯʹϳϱ͘

2.3.2 USP9X, a deubiquitinating protein at the nexus of ciliary and 
neuronal processes
dhe removal of uďiƋuitin is mediated ďy isopeptidases Ŭnoǁn as deuďiƋuitinating enǌymes 

;�U�sͿ͘ dhese enǌymes act to hydrolyǌe the isopeptide linŬages that conũugates uďiƋuitin to 

its suďstrate lysine or E-termini and in that ǁay counteract the activity of �ϯ ligases͘ dhere 

are predicted to ďe approǆimately 9ϱ �U�s encoded for ďy the human genome ϳϲ͕ and 

theses enǌymes display a high degrees of speciĮcity due to multiple layers of regulation that 

modulate their activity͘ UďiƋuitin homeostasis is maintained through the action of �U�s as 

they coordinate the eǆtent of suďstrate uďiƋuitination and the availaďility of free uďiƋuitin͘ 

SpeciĮc �U�s are responsiďle for post-translational processing of the uďiƋuitin precursor 

proteins U��ϱϮ and ZPSϮϳ� ϳϳ͘ �U�s are capaďle of not only removing chains from target 

suďstrate ďut also editing chain topology͕  thereďy rescuing a suďstrate from proteasome 

degradation͕ altering protein - protein interaction͕ or alloǁing a suďstrate to ďe modiĮed ďy 

an additional post translational modiĮer such as a phosphate group͘ 
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USP9X encodes an X-linŬed �U� that plays a pleiotropic role in a variety of cellular 

processes and appears to ďe essential for Įne tuning protein localiǌation and signal 

transduction͘ Since the Įrst male patients ǁith USP9X mutations ǁere characteriǌed in ϮϬϭϰ 

ďy ,oman et al͘ ϳϴ and female patients ;Chapter ϰͿ in ϮϬϭϲ ϳ9͕ eǆtensive research has ďeen 

done to unravel the role of USP9X in centrosomal and ciliary ďiology and understand its eīect 

on neural development in humans͘ USP9X localiǌes to the centrosome and cilium and has 

ďeen linŬed to numerous ciliopathy associated proteins in proteomic studies ϴϬ͘ dhe suďcellular 

localiǌation of USP9X is dynamic and dependent upon cell type and cell cycle phase͘ USP9X 

and USP7 are essential for proper chromosomal alignment at spindle poles and accurate 

division during anaphase, and play an important role in the spindle assembly check point. 

USP9X associates strongly ǁith the centrosomes during S and 'Ϯ phases͕ ďut declines in 'ϭ͘ 

/t is largely aďsent from the centrosomes during metaphase ϴϭ͘ �uring S phase͕ S&ϭϭ acts 

to localiǌe USP9X to the centrosome ǁhere it acts to deuďiƋuitinate and staďiliǌe Sd/L and 

promote centriole duplication ϴϮ͘ �uring 'Ϭ͕ 'ϭ͕ and S phase͕ EP,Pϱ recruits a portion of the 

cytoplasmic pool of USP9X to the centrosome ǁhere the �U� acts to protect EP,Pϱ from 

thereďy supporting ciliary assemďly͘ �eginning in the 'Ϯ and eǆtending into the D phase of the 

cell cycle͕ USP9X is translocated aǁay from the centrosome͕ thereďy alloǁing ��SϭϭͬdZ/DϯϮ 

to uďiƋuitinate EP,Pϱ via <ϲϯ chains resulting in its removal from the centrosome and ciliary 

disassemďly ϴϯ͘ 

USP9X plays an essential role in cell cycle progression and centrosome duplication ϴϭ͘ 

�uring the ' and S phase transition the single 'ϭ centrosome ďegins its duplication process 

ǁhich is completed during S phase such that tǁo centrosomes are present in 'Ϯ thereďy 

acting to facilitate ďipolar spindle formation during metaphase͘ �uring cytoŬinesis͕ the tǁo 

centrosomes are segregated ǁith one ďeing designated into each daughter cell͘ �n essential 

feature of centrosome replication is centriole duplication ǁhich occurs as the pre-eǆisting 

mother centriole͕ that nucleated the cilium during 'Ϭ and 'ϭ͕ duplicates itself and forms a 

daughter centriole͘ dhis process is regulated in part ďy the Ŭinase PL<ϰ and tǁo SC& uďiƋuitin 

�ϯ ligases ǁhich act to ensure that only a single replication event occurs per cycle͘ dhe loss 

of USP9X impairs centrosome duplication and gain-of-function or overeǆpression results in 

centrosome ampliĮcation and chromosome instaďility͘ ϴϭ

torŬ over the past decade has conĮrmed the essential role of USP9X in ďrain development 

and function͘ USP9X is highly eǆpressed in neural progenitor cells ;EPCsͿ during mouse ϴϰ and 

ǌeďraĮsh ϴϱ emďryogenesis͘ thile overall eǆpression levels are reduced in adulthood͕ they are 

maintained in the adult neural progenitor niches ϴϲ͘ USP9X is essential for EPC polariǌation 

and organiǌation during nervous system development and suďseƋuent cortical architecture͘ 
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Loss of USP9X results in the disorganiǌation of the ventricular͕  suďventricular and cortical plate 

architecture during early ďrain development͘ �dditionally speciĮc deletion of USP9X from the 

dorsal telencephalon resulted in a reduction or complete loss of the corpus callosum and a 

decrease in hippocampal siǌe ϴϳ͘ 

USP9X regulates primitive identity in progenitor cell types ϴϲ as ǁell as the development 

and function of post-mitotic mature neurons͘ USP9X interacts ǁith �nŬyrin-'͕ a scaīolding 

protein that linŬs the plasma memďrane to the actin ͬ ďeta-spectrin cytosŬeleton͕ to 

regulate dendritic spine development and in the aďsence of USP9X synaptic aďnormalities 

result͕ including decreased cortical spine density and siǌe͘ dhe impairment results from a 

transient depletion of �nŬyrin-' that leads to a persistent neuronal structural defects as ǁell 

a ďehavioral issues ϴϴ͘ �eletion of USP9X results in reduced hippocampal neuron outgroǁth 

due to deregulation of d'&β signaling͘ USP9X ďoth positively and negatively regulates d'&β

signaling͘ /t functions to promote d'&β signaling via the deuďiƋutination and staďiliǌation 

of Smadϰ͘ �euďiƋutination alloǁs Smadϰ to form a compleǆ ǁith phosphorylated receptor 

Smads͕ translocate to the nucleus͕ and modulate transcriptional responses to d'&β family 

ligands ϴ9͘ Douse neurons lacŬing USP9X are unresponsive to d'&β signaling activation ϴϳ͘ 

Conversely USP9X suppresses d'&β signaling ďy the staďiliǌation of the �ϯ ligase SDUZ&ϭ͕ 

ǁhich promotes the degradation of d'&β receptors 9Ϭ͕9ϭ͘ /nterestingly d'&β signaling directly 

regulates the function of USP9X in dendritic development via the serineͬthreonine Ŭinase 

phosphorylation activity of the d'&-ďeta receptor / and // 9Ϯ ďy enhancing its the interaction 

ďetǁeen USP9X and �nŬyrin-' 9ϯ͕ this activity is independent of the aďility of USP9X to 

modulate d'&β signaling ϴ9͘

The drosophila fat facets ;fafͿ͕ the USP9X homologue͕ ǁas Įrst identiĮed in a mutagenesis 

screen as an essential protein in the development of the syncytial stage of emďryogenesis 

and in photoreceptor fate determination ϴϰ͘ Kvereǆpression of faf disrupts synaptic outgroǁth 

ďy increasing the numďer of synaptic ďoutons͕ synaptic ďranching͕ and aƩenuated synaptic 

transmission at the neuromuscular ũunctions͘ /nterestingly͕  dysregulated endocytosis may 

ďe a causative feature in the altered synaptic groǁth 9ϰ͘ Conversely͕  in a separate study the 

overeǆpression of faf lead to a loss of synaptic ďoutons due to a resultant Parϭ overeǆpression͕ 

faf acts to deuďiƋuitinate phosphorylated Parϭ enhancing its activity͕  &af overeǆpression 

rescued the defect 9ϱ͘ 
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2.4 CROSS TALK BETWEEN UBIQUITINATION AND 
PHOSPHORYLATION IN MTOR SIGNALING
te found that female patients ǁith loss of function mutations in USP9X present ǁith ďrain 

aďnormalities including intellectual disaďility͕  agenesis of the corpus callosum͕ �andy-talŬer 

malformation͕ and asymmetric enlargement of the lateral ventricles ;ventriculomegalyͿ 

;Chapter ϰͿ ϳ9͘ Dale patients also present ǁith CES disturďances including ǁhite maƩer 

aďnormalities͕ thinning of the corpus callosum͕ ǁidened ventricles and gloďal delay 9ϲ͘ 

sentricular morphogenesis is a compleǆ process that relies on proper microtuďule regulation͕ 

ciliary formation͕ and properly tuned mdKZCϭ signaling 9ϳ͘ 

dhe mammalianͬmechanistic target of rapamycin ;mdKZͿ is a serine-threonine Ŭinase 

that is a Ŭey modulator of metaďolism in euŬaryotic organisms͘ /t functions to modulates 

a variety of cellular processes including protein translation and degradation͕ metaďolism 

and cytosŬeleton dynamics͘ /n mammals mdKZ functions via tǁo distinct compleǆes mdKZ 

compleǆ ϭ ;mdKZCϭͿ and mdKZ compleǆ Ϯ ;mdKZCϮͿ͘ Cilia play a role in restricting mdKZCϭ 

signaling ǁhich is essential for cellular Ƌuiescence͘

/t is possiďle that LK& mutations in USP9X result in disruptions in mdKZCϭ signaling via the 

primary cilium and thereďy cause ventriculomegaly͘ sentricular morphogenesis is disrupted in 

mutant Z' cells that lacŬ a primary cilium due to the aďsence of IFT88 or KIF3A. Cilia regulate 

the siǌe of the ventricular apical domain of radial glia cells via mdKZCϭ modulation͘ /n the 

aďsence of the primary cilium͕ the orientation of the mitotic spindle is disrupted and there is 

an increase in ďasal progenitor numďer and a decreased numďer of cortical neurons at later 

stages͘ �nlarged apical domains of radial glia cells results in dilation of the ventricles͘ 9ϴ USP9X 

liŬely plays a compleǆ role in the modulation of mdKZ signaling ǁhich may ďe cell type and 

developmental phase dependent͘ ,oǁever͕  ǁe found assessing mdKZ in sŬin Įďroďlasts to 

ďe a precarious undertaŬing͘ dhe variaďility in results and the changes over time lead us to 

venture toǁards a more relevant cell types and disease model for neuronal ciliopathies and 

ǁhile the aďnormalities ǁe oďserve in individuals ǁith LK& mutations in USP9X could indeed 

ďe linŬed to aďnormalities in mdKZ signaling via the primary cilium and further ǁorŬ is need 

to understand the oďserved defects in aǆonal tract formation͘ 
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Figure 5: mTORC1 signaling in the presence and absence of USP9X.
mdKZ associated proteins that localiǌe to the ciliary compartment include liver Ŭinase �ϭ ;L<�ϭͿ͕ �DP-
activated protein Ŭinase ;�DP<Ϳ͕ and polycystin-ϭ ;P<�ϭͿ and Ϯ ;P<�ϮͿ͘ Several tumor suppressors and 
oncoproteins mediate mdKZCϭ signaling͕ a Ŭey regulatory compleǆ consists of dSCϭ and dSCϮ ǁhich act to 
inhiďit mdKZCϭ ďy activating at the '�P compleǆ for the 'dPase Zheď͘ /n the aďsence of groǁth factors͕ 
L�<ϭ activity leads to the activation of �DP< ǁhich in term phosphorylates dSCϮ leading to the inhiďition 
of Zheď thereďy decreasing signaling via mdKZCϭ͘ 

Duch liŬe its relationship ǁith USP9X͕ mdKZ signaling and the primary cilium have a 

compleǆ and seemingly contradictory relationship͘ /t has ďeen shoǁn that ďoth dSCϭ and dSCϮ 

deĮcient cells possess longer cilia 99͕ϭϬϬ hoǁever other studies have found shorter cilia in dSCϮ 

deĮcient cells ϭϬϬ͘ �dditionally mdKZCϭ activation via Zheď overeǆpression leads to longer cilia 
ϭϬϭ͘ �nd the induction of autophagy has ďeen shoǁn to ďoth increase ϭϬϮ and decrease ciliary 

length ϭϬϯ͘ /t is of course possiďle that mdKZCϭ activation must ďe titrated to either increase 

or decrease ciliary length͕ the increase in mdKZCϭ may provide the protein ďuilding ďlocŬs for 

elongations of the primary cilium thereďy indirectly promoting ciliary lengthening ǁhereas 

autophagy may act directly to support ciliary formation and elongation and the inhiďition of 

this decreases ciliogenesis͘ dhese eīects may ďe tissue͕ cell type͕ and stage of development 

dependent͘

USP9X has ďeen shoǁn to ďe a regulator of mdKZ via multiple aǆes͕ USP9X acts as 

a Ŭey regulator of �DP<-related Ŭinase activation via the removal of uďiƋuitin chains to 

alloǁ for L�<ϭ phosphorylation of EU�<ϭ and D�Z<ϰ ;polarity proteinsͿ leading to their 

suďseƋuent activation ;&igure ϰͿ͘ &urthermore͕ USP9X plays a compleǆ and dynamic role in 

mdKZ signaling͕ it has ďeen shoǁn to directly interact ǁith mdKZ͕ Z�PdKZ͕ and Z/CdKZ͕ 

suggesting a role in the modulation of ďoth mdKZCϭ and mdKZCϮ signaling͘ USP9X can eǆert 

inŇuence over multiple points of mdKZ signal transduction͘ dheoretically its role as a �DP<-

liŬe Ŭinase interactor͕  speciĮcally ǁith D�Z<ϰ and EU�<ϭ ϭϬϰ͕ results in mdKZ repression͘ sia 

its role as an interactor of ďoth Z�PdKZ ;mdKZCϭͿ ϭϬϱ and Z/CdKZ ;mdKZCϮͿ ϭϬϲ USP9X ǁould 



General Discussion

ϮϮϭ   

6

theoretically serve to activate mdKZ signaling͘ /n its association ǁith Z�PdKZ͕ USP9X rescues 

Z�PdKZ from proteasomal degradation ϭϬϱ͘ sia its interaction ǁith Z/CdKZ͕ USP9X enaďles 

the interaction ďetǁeen Z/CdKZ and mdKZ͕ thereďy playing an essential role in the formation 

of the mdKZCϮ compleǆ ϭϬϲ͘ Eot surprisingly seemingly conŇicting data of the role of USP9X 

has emerged overtime͕ hoǁever due to the compleǆ interplay ďetǁeen USP9X ǁhere it acts 

as ďoth a positive and negative regulator͕  coupled ǁith diīerential needs of mdKZ signaling 

in varying cell types gives rise to the possiďility that USP9X has diīering roles in modulating 

mdKZ signaling in diīerent cell types͕ during diīerent stages of development͘ thile ďoth 

mdKZ and USP9X have ďeen shoǁn to ďe indispensaďle for proper neuronal development and 

plasticity͕  it ǁould ďe interesting to assess the divergence ďetǁeen their mechanism of action͘ 

SpeciĮcally͕  mdKZ has also ďeen shoǁn to play an important role in cytosŬeletal plasticity via 

its regulation of actin dynamics͘ �ndreǁs et al͕͘ demonstrated that mdKZ signaling regulates 

the architecture of the neocorteǆ ďy curating the organiǌation͕ morphology͕  and mitotic 

ďehavior of oZ' cells and the radial scaīold͘ mdKZ acts to change the actin cytosŬeleton via 

the activity of the Zho-'dPase C�CϰϮ͘ 
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STATEMENT ON FAIR RESEARCH DATA MANAGEMENT
dhe data generated in the studies performed during my Ph� ǁere in accordance ǁith the 

principles of the �eclaration of ,elsinŬi͘ dhe data is archived according to the &inaďle͕ 

�ccessiďle͕ /nteroperaďle͕ and Zeusaďle ;&�/ZͿ principles͘ �ǆperimental data oďtained 

during my Ph� at the Zadďoud university medical center ;ZadďoudumcͿ ǁere documented 

in validated͕ securely archived laď-ũournals or͕  in case of digital data͕ stored on secure data 

storage drives of the Zadďoudumc͕ �epartment of ,uman 'enetics͘ �ll data is accessiďle ďy 

the associated authoriǌed scientiĮc staī memďers͘ �ata͕ including eǆome seƋuencing data͕ in 

the puďlished articles are availaďle from the associated corresponding authors upon reƋuest͘ 

�ll ǌeďraĮsh eǆperiments ǁere performed in accordance ǁith local laǁs on animal protection 

of the associated collaďoration institutes͘ �ll patient information and materials used for the 

studies in chapter Ϯ͕ ϯ͕ ϰ͕ and ϱ provided informed consent to their respective clinicians͘ 
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CURRICULUM VITAE
Kriginally from Los �ngeles͕ California͕ �rooŬe Latour performed her undergraduate studies 

at Kďerlin College in Khio and oďtained a ďachelor s͛ degree in ďiology͘ �Ōer graduation͕ 

she ǁent on to ǁorŬ as a staī research scientist in the laď of �r �ruce talŬer at the Zagon 

/nstitute of D',͕ D/d͕  and ,arvard in �oston͘ dhere she ǁas involved in research aimed at 

understanding the immune systems response to the human immunodeĮciency virus ;,/sͿ in 

an eīort to facilitate ,/s vaccine design͘ &rom there she moved ďacŬ to Los �ngeles to do 

research at the University of California͕ Los �ngeles ;UCL�Ϳ͕ and it ǁas here that she Įrst 

realiǌed her passion for developmental ďiology͘ �t UCL�͕ under the supervision of �r �enis 

�vseenŬo and �r 'ay CrooŬs͕ she studied mechanisms of ďlood development ;hematopoiesisͿ 

and the hematopoietic stem cell niche͘ SpeciĮcally͕  this research focused on estaďlishing a 

sustainaďle system for groǁing and supporting ďone marroǁ eǆ vivo͕ ǁhich could ďe used for 

life-saving transplantation in patients ǁith in-ďorn ďlood diseases or cancer͘  

/n ϮϬϭϮ͕ she moved to the Eetherlands͕ ǁhere she aƩended a ďiomedical sciences 

Daster s͛ ;DScͿ program in immunology and virology at the University of Utrecht͘ �uring her 

DSc studies she tooŬ a particular interest in genetic diseases and understanding hoǁ they 

aīect organ formation͘ &olloǁing her DSc degree͕ she pursued a Ph� in the group of �r 

Zonald Zoepman͕ studying the role of cilia in ďrain development͘ Cilia are highly specialiǌed 

antenna-liŬe structure that protrudes from the surface of most cell types in the human ďody 

and genetic disruptions in ciliary genes result in perturďed organogenesis͘ /t ǁas during her 

Ph� that she Įrst ďegan ǁorŬing ǁith �r Eael Eadif <asri to understand hoǁ particular genetic 

variants result in changes in early ďrain development͘ She ďegan her postdoctoral ǁorŬ in 

ϮϬϭ9 ǁith �r Eadif <asri͕ ǁhere she set up a protocol to generate cereďral organoids ;ďrains-

in-a-dishͿ in an eīort to learn more aďout Ŭey aspects of ďrain development and elucidate 

the neurodevelopmental mechanisms that gives rise to <oolen de sries Syndrome ;<dsSͿ͘
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