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CHAPTER 1: GENERAL INTRODUCTION OUTLINE

he primary cilium and rain development

he cilium  structure and function

igure  he cilium

edgehog signaling and neural speci cation

eurulation

igure  edgehog Signaling

igure  eural tu e development

eurogenesis

igure  rain development

euronal migration

onal tract formation and connectivity

Cere ellar development

evelopmental a normalities of the C S as a core feature of ciliopathies

ims and outline of this thesis

eferences

a le  euronal ciliopathies

a le  ouse models of rain development and stage speci c necessities for speci c 

ciliopathy genes



eneral introduction

   

11. THE PRIMARY CILIUM AND BRAIN DEVELOPMENT
rain development is a comple  and dynamic process that re uires ne-tuned regulation 

of neural progenitor speci cation  neurogenesis  neuronal migration  and neuronal iring 

to form comple  neural net or s and higher-order cognition  t a volumetric si e of a out 

 cu ic centimeters  the human rain contains appro imately  illion neurons   of 

hich lie ithin the cere ral corte  ach of these cortical neurons forms an average of  

synaptic connections to other neurons  resulting in roughly  trillion synapses and more 

than  m of myelinated nerve er  uring the process of corticogenesis  an e ective 

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

and spatial events that underlie the formation of the cere ral corte  

amed for its eyelash-li e appearance  the cilium  or plural cilia  is a microtu ule ased  

mother centriole derived  antenna-li e structure that protrudes from the surface of most 

verte rate cell types  Primary cilia are cellular signaling hu s  highly enriched ith receptors  

ion channels  and e ector proteins  hey e ectively decode a variety of e tracellular cues 

including sensory stimuli such as light  sound  odor  chemical and signaling ligands  igure  

to facilitate appropriate cellular responses  he primary cilium is essential for integration and 

transmission of signal transduction and due to the comple ities in their architecture  multiple 

independent regulatory mechanisms and signaling cascades are a le to e ectively coincide  

edgehog  nt  otch 9  m   and β  signaling have all een associated ith the 

primary cilium  

ue to their function as a signaling hu  primary cilia play a uni ue and essential role in 

central nervous system pa erning via progenitor cell speci cation  neuronal migration  

and neuronal circuitry formation  eurons  in addition to their comple  e  of a ons and 

dendrites  rely on primary cilia to sense and respond to their environment  he importance 

of primary cilia in rain development and neuronal net or  formation is highlighted y 

the vast array of neurodevelopmental disorders  including neural tu e defects  cortical and 

cere ellar malformation  and intellectual disa ilities  that result from genetic disruption of 

ciliary architecture and or function  enetic disorders that result from dysfunction of the 

cilium are no n as ciliopathies   large su set of ciliopathy-associated genes are lin ed to 

neurological defects  indicating that impaired ciliary function impacts rain development

1.1. The cilium: structure and function
here are t o types of cilia  motile and immotile primary  cilia  also no n as sensory cilia 

igure  he microtu ules of the eu aryotic primary ciliary a oneme are typically structured 
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in a 9  fashion revie ed in  igure  and motile cilia have a core of 9   microtu ule 

dou let structure ith nine radially arranged microtu ule dou lets centering around a pair of 

singlets igure  no n as the central pair  otile cilia propel uid  there y controlling uid 

and particle o  over epithelium as seen in air ays  fallopian tu es  and rain ventricles 

 he ependymal cilia that line the ventricles of the rain possess mechanoreceptive and 

chemoreceptive properties and are essential for directional cere rospinal uid o  CS  and 

proper ventricular development  Primary cilia e ist in solitude and ere long elieved to 

e vestigial remnants of their motile counterpart  o ever  research over the past several 

decades has demonstrated that this highly structured  polari ed cellular organelle plays 

a critical part in neuronal development  tumorigenesis 9 and cellular homeostasis  as 

mutations in genes encoding ciliary proteins cause defects in these processes

he cilium is composed of several su domains that function together to regulate proper 

signal integration and transduction from the e tracellular to intracellular space  Ciliogenesis 

is cell cycle dependent and re uires cellular uiescence  he centrosome  made up of the 

mother and daughter arrel shaped centrioles and surrounded y pericentriolar material 

PC  acts as the main microtu ule organi er of the cell  s the centrosome does not have 

a no n function during interphase  it can repurpose its microtu ule organi ing potential 

at the cell surface to generate a cilium  he cilium is nucleated y microtu ules e tending 

from the asal ody  a modi ed mother centriole igure  he ciliary a oneme is made 

up of αβ tu ulin heterodimers that are post-translationally modi ed for mechanical sta ility 

 igure  he mother centriole doc s at the plasma mem rane via rous distal and 

su distal appendages and matures into the asal ody  he asal ody is a g-tu ulin ased  

cart heel-li e structure formed from a core of nine triplets of -  -  and C-tu ules  t the 

distal end of the asal ody  the region here the centriolar microtu ule triplets change to the 

microtu ule dou lets of the ciliary a oneme is called the transition one  he transition 

ers s  also called distal appendages  hich serve to mount the asal ody to the plasma 

mem rane  are a vesicle doc ing site here olgi derived vesicles containing mem rane 

lipids and transmem rane proteins are processed for ciliary entry  igure  Collectively 

the s and the  form the ciliary gate  a speciali ed permea ility arrier et een the ciliary 

compartment and the cytosol  igure  

he cilium relies on intra agellar transport  for formation  maintenance and function 
9   particles  and  are iochemically distinct comple es that participate in retrograde 

and anterograde transport respectively  igure  -  and the molecular motor protein 

inesin-  are re uired for transport from the ciliary ase to the tip  mutations in -  comple  

mem ers  such as  or inesin-  components  such as  result in a sent or acutely 

stunted cilia and severely a enuated intracellular signaling  -  and the cytoplasmic motor 
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1protein dynein mediate transport from the ciliary tip to the cell  n the a sence of proper  

function  signal transduction path ays essential for tissue development and homeostasis are 

disrupted  utations in components of -  or dynein result in a normal ciliary morphology 

due to the accumulation of proteins ithin the tip of the cilium  his accumulation can 

result in a loc ade of signal transduction or cause ectopic activation of signaling path ays

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

tu e is coordinated in a temporal spatial fashion y ciliary speci c signal transduction 9  

ne of the principal ays in hich the cilium shapes em ryonic development is via its role in 

organi ing hedgehog signaling  edgehog h  signaling regulates a diverse array of cellular 

processes from tissue pa erning during em ryogenesis to adult tissue homeostasis and repair 

 rroneous activity associated ith a errant activation or inhi ition of h signaling results 

in a variety of congenital malformations  defects in neuronal pa erning 9  as ell as 

tumorigenesis  Speci cally  h signaling is essential for proper dorsoventral pa erning of the 

central nervous system  h signaling propagates via the cilium  and all core components 

of the transduction path ay locali e dynamically to the cilium upon path ay activation 

igure  n the a sence of ligand  the mem rane associated Patched P C  receptor acts 

as a repressor of Smoothened S  y inhi iting its locali ation to the cilium  Upon ligand 

inding  the receptor ligand-comple  is removed from the cilium and the co-receptor S  

moves into the cilium  allo ing for do nstream transcription of L  dependent target genes 

via a comple  interplay of post-translational modi cations and protein translocations  

here are three mammalian h proteins that act as ligands to P C  Sonic edgehog 

S  ndian edgehog  and esert edgehog  S  and  have several  

sometimes overlapping  functions in multiple tissues  S  is essential in nervous system 

development and speci cation 9   plays an important role in endochondral ossi cation and 

other aspects of s eletal development  and  is restricted to the granulose cells of ovaries 

and Sertoli cells of testis 

he primary function of P C  is to inhi it the activity of S  and maintain path ay 

inactivation  ithout S  activation  the L  transcriptional regulators are proteolytically 

cleaved into their repressive forms preventing transcription of h target genes  Proteolytic 

processing of L  and L  is contingent upon c P-dependent P  activation  hich is 

controlled y the h negative regulating PC  P  dditionally  in the a sence of ligand  

L  and L  are se uestered y the Suppressor of used SU U  ithin the cilium and in the 

cytosol  



Chapter   

A
nt

ro
gr

ad
e 

in
tr

af
la

ge
lla

r t
ra

ns
po

rt
R

etrograde intraflagellar transport

Ectos ome

Golg i

TZ

Y -li nk s

N ex i n li nk

Outer 
d yneni n arm

Inner 
d yneni n arm

Rad i al s p ok e

C entral 
p ai r

A tub ule
B tub ule

C arg o

IFT p arti cle

Ki nes i n

D ynei n

C arg o

IFT p arti cle

Ki nes i n

D ynei n

GPR16 1

PTC H

GPC R
( e. g .  S S TR3)

S MO

Bas al b od y

C i li ary
p ock et

D aug hter
centri ole

Protof i lament

tub uli n

α
β

Acetylati onal

Glutamylati on

he formati on of oth acti vated and repressive forms of the L  transcripti on factors 

re uires tra   c ing into and out of the cilium  Upon inducti on   loc s SU U resulti ng in 

the dissociati on of the SU U L  comple  and allo ing for the inducti on of L  acti vati on  

ia acti vati on  the h path ay potenti ates transcripti on of negati ve regulators such as P C  
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1◀Figure 1: The cilium. he cilium is a microtu ule  ased structure that e tends from the asal 
ody  hich is doc ed at the plasma mem rane via transition ers s   he transition one  is 

the intervening compartment et een the asal ody and the cilium proper  t is characteri ed y -lin s 
hich anchor the  to the ciliary mem rane  he  acts to regulate the ingress and egress of proteins to 

the cilium  he ciliary poc et is an endocytic vesicle tra c ing mem rane domain contiguous ith the cell 
mem rane and found at the ase of the cilium  he ciliary mem rane is enriched ith ion channels and 
receptors concordant ith the role of cilia in transducing signaling cascades  otile and primary cilia di er 
in their core distri ution of a onemal microtu ules  he microtu ules of the primary ciliary a oneme are 
typically structured in a 9  fashion and motile cilia have a core of 9   microtu ule dou let structure 

ith nine radially arranged microtu ule dou lets centering around a pair of singlets no n as the central 
pair  otile cilia utili e Pase dependent dynein motors to generate sliding motions et een the  in 
order to eat   are tu ular  cytos eletal components consisting of α  tu ulin heterodimers organi ed 
in a plus to minus end fashion to form proto laments  hese proto laments associate laterally to form 
a hollo  tu ular structure hich have the capacity for dynamic changes in length and architecture  he 
radial dou lets are formed from a complete  tu ule  made up of  proto laments  and an incomplete 

 tu ule  made up of  proto laments  he asal ody and ciliary microtu ules undergo a variety of 
highly conserved post-translational modi cations  including acetylation and glutamylation  that function 
in a variety of processes including signal transduction  ciliary sta ility  and length regulation 
ntra agellar transport  involves the idirectional movement of various proteins along microtu ules 

via protein comple es termed  particles or trains  -  mediates retrograde transport via dynein 
motors and -  mediates anterograde transport via inesin motor proteins   functions in organi ing 
e ector proteins for signal transduction  ciliary assem le  disassem ly and maintenance  n instances 

here activated -protein coupled receptor PC  cannot e it the cilium via  ectocytosis at the ciliary 
tip a enuates signaling via the release of activated CP  in e tracellular vesicles called ectosomes  

for proper SU U- L  regulation  utations in  disrupt h signaling via the impaired L  

processing and su se uent dysregulation of L  target genes  resulting in fetal hydrolethalus 

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

suggesting an important role in neuronal tract formation

tensive research over the past decades has sho n that h signaling is essential for 

regulating the development  pa erning  and positioning of neural cell types in the central 

nervous system C S  during oth early and late stages of em ryogenesis 9

1.3. Neurulation
uring em ryogenesis  follo ing speci cation of the germ layers  neural fate is induced in 

the ectoderm y the underlying notochord  giving rise to the neural plate  a uniform sheet 

of neuroepithelium  eurulation  the rst step in human rain development  su se uently 

follo s and results in the folding of the neural plate into the neural tu e  he verte rate 

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

along the rostral caudal edge of the ody a is  he opposing neural folds are comprised of 

neuroepithelium eneath non-neural  surface ectoderm  oth the neuroepithelium and 

surface ectoderm play an essential role in  closure  he surface ectoderm  made up of 

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

proteins Ps   that regulate ending of the  in the lo er spinal region and mediate 
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1contact et een the neural folds at the mid-hind rain and spinal region  he neural tu e 

is a hollo  structure that gives rise to the entirety of the central nervous system  the anterior 

portion of hich e pands and gives rise to the telencephalon  

 pa erning and speci cation occurs via progressive su divisions along the 

dorsoventral and rostro caudal a es governed y multiple signaling cascades associated 

ith the primary cilium 9  he apically located  primary cilia of the neuroepithelium e tend 

into the luminal space of the  and coordinates responses to pa erning factors associated 

ith various signaling path ays including edgehog h  ingless-related integration site 

nt  and mechanistic target of rapamycin m  he notochord induces the formation of 

the oor plate and speci es neural su populations via secretion of h ligand  Speci cation 

depends on ligand concentration and the duration of e posure time  ue to their pro imity 

to the notochord  the ventral cells at the midline are e posed to the highest concentration of 

h and speci ed as the oor plate and p  domain  hich gives rise to  interneurons  he 

oor plate is a ey organi ing center in the morphogenesis of the neural tu e as it provides 

positional cues that instruct neural fate  a onal guidance and connectivity  d acent to the 

oor plate and p  domain  the formation of the p  p  p  and p  domains hich give 

rise to motor neurons and dorsal   and  interneurons respectively  are speci ed 

y intermediate and lo er levels of h igure  h also serves to inhi it dorsal cell type 

speci cation and identity 9  he h gradient serves to oth activate and repress L  family 

transcription  n the neural tu e  L  acts as the primary activator and L  as the ma or 

repressor of transcriptional activity  he ciliary compartment is essential for the formation 

of the L  activator and repressor forms and there y acts to maintain the alance et een 

these t o opposing pa erning factors  enetic studies in mice have demonstrated that the 

noc out of ciliary  and if a  hich results in the a sence of cilia  gives rise to pa erning 

defects due to altered li  processing  

he  is made up of pseudostrati ed neuroepithelial cells Cs  Cs display 

apico asal polarity and e tend ipolar processes to span the epithelium  their apical and asal 

endfeet a aching to the ventricular surface and pial laminin respectively  Cs proliferate 

at the luminal surface of the neural tu e  Cs divide symmetrically  ith their cleavage plane 

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

to all su se uent neurons and later glial cells  uring proliferation  Cs retract their asal 

processes and oth daughter cells regro  a ne  process follo ing cyto inesis  he proper 

esta lishment of this initial apico asal polarity in Cs is essential for the development of 

distinctive strati cation and proper organi ation of the cere ral corte  Stage speci c 

disruption of rl  encoding a mem rane associated ciliary speci c Pase  in the early 
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neuroepithelium of the developing mouse em ryo results in a normal pa erning of the 

telencephalon due to the inversion of apico asal polarity of radial progenitors  

1.4. Neurogenesis
t the onset of neurogenesis  Cs give rise to radial glial cells Cs  Polari ed Cs have 

a pear-shaped soma that locali es ithin the ventricular one  here they are anchored y a 

short apical process to the ventricular surface and a long asal process that e tends to the pial 

surface transversing the cere ral all  ith the appearance of apical radial glial cells a Cs  

also called ventricular Cs v Cs  the neural progenitor pool s itches from symmetrical 

autoreplicative division to asymmetrical neurogenic cell division igure   Cs are capa le 

of self-rene al via symmetrical division ho ever they primarily undergo neurogenic cell 

division giving rise to a neuron direct neurogenesis  or an intermediate progenitors PCs  

indirect neurogenesis  and a C to sustain the progenitor pool 9

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

di erentiation of s  emporal regulation of symmetrical to asymmetrical cell division is 

essential for alancing neuron production ith progenitor maintenance  he orientation of 

the mitotic spindle is predictive of hether a cell division ill e symmetrical or asymmetrical 

revie ed in  this di erence as a function of orientation is hypothesi ed to result from 

di erences in the distri ution of cell fate determinants to the resulting daughter cells during 

cell division  noc do n of u r   if  and mem  in em ryonic mice as sho n 

to result in decreased a Cs and asal PCs proliferation suggesting that these ciliopathy-

associated genes contri ute to the modulation of progenitor cell proliferation and there y 

a ect cortical formation  a Cs undergo an overall increase in cell cycle length  due to an 

e tended  phase  ust prior to neuronal di erentiation  he length of the  phase is a 

determining factor in proliferative division versus neurogenic di erentiation and manipulation 

of nearly all  regulators have een sho n to a ect neurogenesis in some ay  uring 

early corticogenesis a shortened  phase results in an increase in autoreplicative self-rene al 

leading to an e pansion of the progenitor population at the e pense of di erentiation  Ciliary 

insta ility or factors that favor ciliary rea sorption can result in a shortened  phases  

lation of ciliary structure via the disruption of  in neural progenitors  results in 

the e pansion of progenitor cells and a decrease in neuron production  n if a murine 

mutants  the increased proliferation o served in the C population results from defects in 

L  processing  s an intact cilium is re uired for the conversion of full length L  into its 

repressor form  therefore in the a sence of the ciliary compartment there is an e pansion of 

neural progenitor cells  eciprocally  an arrest in  induces cell cycle e it and di erentiation  
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1elayed ciliary disassem ly results in a stall in the  to S phase transition causing premature 

di erentiation of neural progenitor cells and microcephaly  

Figure 3: Cilia orchestrate neural tube development. Primary cilia are located at the apical side of the 
neuroepithelial layer lining the neural tu e  hey pro ect into the luminal space and coordinates responses 
to pa erning factors such as hedgehog  nt  and P signaling molecules  he notochord  induces the 
formation of the oor plate P  and speci es neural su populations via a of h gradient  he ectoderm 
and neural tu e roof plate P  secrete P and nt ligands  hich directly oppose the ventrally secreted 
Shh from the notochord and oor plate P  he opposing gradient of P and Shh esta lishes the 
dorsal ventral a is and speci es neuron populations along the a is of the neural tu e



Chapter   

Ve
nt

ric
le

N
E

C
 /

ra
di

al
gl

ia IP M
ig

ra
tin

g
ne

ur
on

A
st

ro
cy

te

D
ee

p 
la

ye
r

ne
ur

on

U
pp

er
 

la
ye

r 
ne

ur
on

O
ut

er
ra

di
al

 
gl

ia

Ve
nt

ric
ul

ar
 

zo
ne

S
ub

ve
nt

ric
ul

ar
 

zo
ne

In
te

rm
ed

ia
te

zo
ne

C
or

tic
al

 
pl

at
e

D
ee

p 
la

ye
r

U
pp

er
 la

ye
r

S
P

M
Z



eneral introduction

   

1
Fi

gu
re

 4
: B

ra
in

 d
ev

el
op

m
en

t. 
Co

rti
co

ge
ne

sis
 is

 a
 p

ro
tr

ac
te

d 
pr

oc
es

s t
ha

t o
cc

ur
s v

ia
 a

 se
rie

s o
f d

isc
re

te
 st

ep
s t

ha
t c

ul
m

in
at

e 
in

 th
e 

fu
lly

 fo
rm

ed
 c

er
e

ra
l c

or
te

 
he

 
m

a
or

 d
ev

el
op

m
en

ta
l s

te
ps

 in
 th

is 
pr

oc
es

s r
el

y 
on

 si
gn

al
in

g 
vi

a 
th

e 
pr

im
ar

y 
ci

liu
m

 a
nd

 d
ue

 to
 th

e 
le

ng
th

 o
f d

ev
el

op
m

en
t a

nd
 it

s m
eti

cu
lo

us
 re

gu
la

tio
n

 th
e 

hu
m

an
 

ra
in

 is
 p

ar
tic

ul
ar

ly
 v

ul
ne

ra
le

 to
 m

in
ut

e 
di

sr
up

tio
ns

 th
at

 ca
n 

re
su

lt 
in

 n
eu

ro
lo

gi
ca

l d
isr

up
tio

ns
 

ys
fu

nc
tio

n 
in

 c
ili

ar
y 

tr
a

c
in

g 
 

 c
en

tr
os

om
al

 fu
nc

tio
n 

 
U

 
so

m
e 

fo
rm

ati
on

 
S

 
S

 
S

 
S9

 
S

 
S

 
S

 a
nd

 
h 

sig
na

lin
g 

L
 

 le
ad

s t
o 

de
fe

ct
s i

n 
th

e 
m

ai
nt

en
an

ce
 o

f t
he

 
 sc

a
ol

d 
an

d 
ne

ur
op

ro
ge

ni
to

r p
ro

lif
er

ati
on

 
isr

up
tio

n 
 sc

a
ol

di
ng

 m
ai

nt
en

an
ce

 a
nd

 si
gn

al
 tr

an
sd

uc
tio

n 
le

ad
s t

o 
a

er
ra

nt
 n

eu
ro

na
l m

ig
ra

tio
n 

an
d 

la
m

in
ati

on
 

de
fe

ct
s

 
eu

rit
e 

ou
tg

ro
th

 o
cc

ur
s 

in
 p

os
t-m

ito
tic

 n
eu

ro
ns

 t
o 

ge
ne

ra
te

 n
eu

ra
l c

irc
ui

tr
y 

de
fe

ct
s 

in
 c

ili
ar

y 
sig

na
lin

g 
re

sc
ue

 in
 a

n 
a

ro
ga

te
d 

re
sp

on
se

 t
o 

m
id

lin
e 

st
ru

ct
ur

e 
gu

id
an

ce
 c

ue
s n

ec
es

sa
ry

 fo
r g

ui
di

ng
 a

on
al

 tr
ac

ts
 a

nd
 c

or
pu

s c
al

lo
su

m
 fo

rm
ati

on
 

he
re

 a
re

 t
o 

m
ol

ec
ul

ar
ly

 d
isti

nc
t t

yp
es

 o
f n

eu
ra

l p
ro

ge
ni

to
r c

el
ls 

th
at

 
gi

ve
 ri

se
 to

 th
e 

en
tir

et
y 

of
 th

e 
ne

ur
on

s 
an

d 
gl

ia
 c

el
ls 

in
 th

e 
ra

in
 a

nd
 th

es
e 

ar
e

 th
e 

ve
nt

ric
ul

ar
 ra

di
al

 g
lia

 a
nd

 th
e 

ou
te

r r
ad

ia
l g

lia
 

he
 a

 a
re

 
ip

ol
ar

 c
el

ls 
th

at
 

fo
rm

ed
 d

ire
ct

ed
 fr

om
 th

e 
st

ra
ti

ed
 

Cs
 in

 th
e 

ne
ur

al
 tu

e
 

hi
le

 th
e 

o
 a

re
 u

ni
po

la
r c

el
ls 

th
at

 fo
rm

 e
ar

ly
 in

 th
e 

se
co

nd
 tr

im
es

te
r o

f e
m

ry
on

ic
 d

ev
el

op
m

en
t 

ur
in

g 
ea

rly
 s

ta
ge

s 
of

 e
m

ry
og

en
es

is
 t

he
 n

eu
ra

l t
u

e 
is 

m
ad

e 
up

 o
f 

st
ra

ti
ed

 
C

 
Cs

 p
ro

lif
er

at
e 

at
 t

he
 lu

m
in

al
 s

ur
fa

ce
 o

f 
th

e 
ne

ur
al

 t
u

e
 

eu
ro

ge
ne

sis
 

eg
in

s 
he

n 
Cs

 tr
an

siti
on

 to
 

 n
eu

ra
l p

ro
ge

ni
to

r c
el

ls
 

Cs
 d

iv
id

e 
sy

m
m

et
ric

al
ly

 
ith

 th
ei

r c
le

av
ag

e 
pl

an
e 

pe
rp

en
di

cu
la

r t
o 

th
e 

ve
nt

ric
ul

ar
 s

ur
fa

ce
 to

 fo
rm

 
th

e 
co

rti
ca

l p
ro

ge
ni

to
r p

oo
l t

ha
t g

iv
es

 ri
se

 to
 a

ll 
su

se
ue

nt
 n

eu
ro

ns
 a

nd
 la

te
r g

lia
l c

el
ls

 P
ro

pe
r r

eg
ul

ati
on

 o
f t

he
 s

itc
h 

fr
om

 s
ym

m
et

ric
al

 to
 a

sy
m

m
et

ric
al

 c
el

l 
di

vi
sio

n 
is 

es
se

nti
al

 fo
r 

al
an

ci
ng

 n
eu

ro
n 

pr
od

uc
tio

n 
ith

 p
ro

ge
ni

to
r m

ai
nt

en
an

ce
 

ur
in

g 
sy

m
m

et
ric

al
 d

iv
isi

on
 

 ce
lls

 d
iv

id
e 

to
 fo

rm
 id

en
tic

al
 d

au
gh

te
r s

te
m

 ce
lls

 
du

rin
g 

as
ym

m
et

ric
al

 d
iv

isi
on

 
 c

el
ls 

gi
ve

 ri
se

 to
 o

ne
 d

au
gh

te
r s

te
m

 c
el

l a
nd

 o
ne

 c
el

l c
om

m
i

ed
 to

 a
 m

or
e 

di
er

en
tia

te
d 

fa
te

 
hi

ch
 ca

n 
ei

th
er

 
e 

an
 in

te
rm

ed
ia

te
 

pr
og

en
ito

r o
r a

 n
eu

ro
n

 
eu

ro
ge

ni
c p

ro
ge

ni
to

rs
 m

ig
ra

te
 a

lo
ng

 th
e 

 sc
a

ol
d 

to
 th

e 
ne

ly
 fo

rm
ed

 S
 

y 
th

e 
se

co
nd

 tr
im

es
te

r 
th

e 
S

 fo
rm

ed
 o

f t
he

 in
te

rm
ed

ia
te

 
pr

og
en

ito
r c

el
ls 

an
d 

o
 is

 th
e 

m
a

or
 p

ro
lif

er
ati

ve
 o

ne
 in

 th
e 

de
ve

lo
pi

ng
 

ra
in

 
ot

h 
P 

an
d 

o
 a

re
 ca

pa
le

 o
f s

el
f-r

en
e

al
 a

nd
 g

en
er

ati
ng

 te
rm

in
al

ly
 d

i
er

en
tia

te
d 

ne
ur

on
s

 
e

ly
 

or
n 

ne
ur

on
s 

m
ig

ra
te

 o
ut

 o
f t

he
 

 a
nd

 S
 a

lo
ng

 th
e 

 s
ca

ol
d 

to
 th

e 
tr

an
sie

nt
 s

tr
uc

tu
re

 
no

n 
as

 th
e 

PP
 

he
 P

P 
is 

di
vi

de
d 

in
to

 th
e 

 a
nd

 
th

e 
SP

 a
nd

 
et

ee
n 

th
es

e 
t

o 
la

ye
rs

 th
e 

CP
 fo

rm
s 

vi
a 

th
e 

se
ue

nti
al

 n
eu

ro
ge

ni
c 

av
es

 o
f m

ig
ra

tin
g 

ne
ur

on
s 

th
at

 
ui

ld
 u

p 
th

e 
co

rt
e

 in
 a

n 
in

sid
e 

ou
t 

fa
sh

io
n

 
ith

 th
e 

ne
ur

on
s 

th
at

 a
re

 g
en

er
at

ed
 

rs
t f

or
m

in
g 

th
e 

de
ep

es
t c

or
tic

al
 la

ye
rs

 fo
llo

ed
 

y 
la

te
r 

or
n 

ne
ur

on
s 

fo
rm

in
g 

th
e 

m
or

e 
su

pe
r

ci
al

 la
ye

rs
 

ad
ia

l g
lia

 
 

su
ve

nt
ric

ul
ar

 
on

e 
S

 e
nti

rc
ul

ar
 

on
e 

 in
te

rm
ed

ia
te

 p
ro

ge
ni

to
r 

P
 n

eu
ro

ep
ith

el
ia

l c
el

l 
C

 p
re

-p
la

te
 P

P
 m

ar
gi

na
l 

on
e 

 s
u

pl
at

e 
SP

 c
or

tic
al

 
pl

at
e 

CP



Chapter 1  

Centrosomal proteins are essential regulators of ciliary length and resorption  isruption 

of centrosomal-P -associated protein CP P  a negative regulator of ciliary length  leads 

to delayed cell cycle re-entry and premature di erentiation of human iPSC derived PCs  

C speci c deletion of Cenp  encoding another centrosomal protein involved in centriolar 

iogenesis and ciliary disassem ly  results in incomplete cell division  a enuated proliferation  

apoptosis  and microcephaly  

he rain forms around the cere ral spinal uid lled ventricular cavity  entricular 

morphogenesis is governed in part y m  signaling via the cilium  he cilium determines 

the si e of the apical domain of neuroprogenitor cells via m C  signaling  n C mutations 

ithout a cilium due to conditional a lation of  or if a in proliferating radial glial cells  the 

orientation of the mitotic spindle is disrupted and results in an increase in asal progenitor cells  

an enlarged apical endfeet of Cs  and enlarged ventricles ventriculomegaly   ypermorphic 

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

in ciliogenesis and nt signaling resulting in migration and cortical lamination defects 

n analysis of cilia positioning in the em ryonic mouse rain illustrated the presence 

of a asolateral cilium on asal progenitor cells in the telencephalon upon apical detachment 

and di erentiating cells in the hind rain 9  uring asymmetrical cell division in the ventricular 

one  the cilium is not completely disassem led and the cilium remnant is inherited y the 

neural progenitor cell 9  the di erentiating cell retracts its apical process anchoring it to the 

neuroepithelium and reesta lishes a cilium on their asolateral mem rane  his relocali ation 

of the cilium li ely results in coordinated e posure to di ering e trinsic environmental cues 

then their more primitive sister cell 9  his change results in cell fate and delamination  

lternatively  delamination can occur via a scission of the apical endfoot  Prior to a scission 

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

centrosome and the shedding of the apical  ciliary mem rane 9  his results in the loss of 

apical polarity  cell cycle e it  and di erentiation 9

elamination of neural progenitor cells from the apical adherens unction elt of the 

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

architecture  euronal delamination is the process y hich ne  orn neurons detached 

from the neuroepithelium and migrate out of the proliferative one  along the  sca old 

and di erentiate  elamination re uires the disassem ly of adheren unctions  acto-myosin 

mediated a scission  and intact centrosomal architecture 9  he se uential generation of 

discrete neuronal su types and directed migration to speci c cortical laminae functions in the 

assem ly of the neocorte  er the formation of the preplate  the cortical plate is formed 

in a temporal inside out fashion  e  orn neurons utili e the processes from a  cells as 

sca olding for radial migration and proper neuronal placements ithin the developing corte
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11.5. Neuronal migration
Cilia play an indispensa le role in neuronal di erentiation and migration and there y guide 

cortical formation and function  Proper neuronal migration and locali ation organi es the si  

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

connectivity 9  here are t o ma or types of cortical neurons  glutamatergic e citatory 

pro ection pyramidal  neurons and ergic inhi itory interneurons  and these arise from 

distinctive progenitor populations ithin the telencephalon hich migrate to their respective 

destinations ithin the developing neocorte  9  adial migration is the process y hich 

ne ly orn pro ection neurons migrate via their apico asal processes to their target locations  

aves of migrating neurons uild up the corte  in an inside out fashion  ith the neurons that 

are generated rst forming the deepest cortical layers follo ed y later orn neurons forming 

the more super cial layers  he earliest arriving neurons generate the transient preplate PP  

follo ed y emerging neurons that form the cortical plate CP  he CP divides the PP into 

the layer  marginal one  and the su plate SP  hich is located directly elo  layer  

igure 

nhi itory neurons arise from the medial and caudal ganglionic eminences and the 

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

the radial glial sca old through the corte  9 9  Cilia play an indispensa le role in the migration 

and locali ation of post-mitotic interneurons  Similar to pro ection neurons  interneurons 

pa ern in an inside-out fashion  he origin of interneurons is predictive of their destination  as 

interneurons are a heterogenous group of cells ith di ering molecular identities  he guidance 

cues that dictate interneuronal migration re uire an intact cilium  Conditional a lation of 

rl  from post-mitotic pro ection neurons and interneurons during cortical development 

resulted in the a rogation of interneuron migration  hereas radially migration neurons 

ere una ected in their terminal locali ation  rl  mutant interneurons are una le to 

respond appropriately to guidance cues from the dorsal corte  ecause in the a sence of 

L  the locali ation and enrichment of ciliary signaling receptors is a enuated  resulting 

in an increased c P and r  signaling  Post-mitotic stage speci c rl  disruption did 

not a ect post-migratory di erentiation in interneurons  ho ever conditional disruption of 

rl  in medial ganglionic eminence  Parval umin and somatostatin positive striatal 

interneurons resulted in pertur ed interneuronal circuit development  altered interneuronal 

morphology  reduced a onal length  a onal ranching  and dendritic comple ity as ell as a 

dis alance in inhi itory  e citatory connectivity 9  a le  
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1.6. Axonal tract formation and connectivity
evelopmental defects associated ith a onal tract formation  such as agenesis of the corpus 

callosum and disrupted decussation of the superior cere ellar peduncle and pyramidal tract  

are o en associated ith ciliopathies  euronal architecture is shaped and functionally 

supported y a highly organi ed microtu ule cytos eleton that forms the a on and dendrites  

uring a onogenesis  developing a ons navigate guidance cues presented via speciali ed 

populations of cells that partition the distance transversed y the gro ing a on  hese 

intermediate targets coordinate the movement of a ons y providing a ractive and repulsive 

guidance molecules  he oor plate of the neural tu e is a critical intermediate during 

development and essential for the e tension of the commissural a on across the ventral 

midline  ppropriate a on gro th relies on the a onal gro th cone  located at the tip of the 

a on  hich is enriched ith signaling receptors  ensuring the developing a on innervates its 

intended target location  onal ar ori ation and presynaptic di erentiation occurs once the 

a on has reached its intended location

Primary cilia and gro th cones are environmental sensing organelles enriched in 

similar signaling receptors  allo ing them to curate responses to e trinsic cues that result 

in cytos eletal rearrangement and orientation  ature C S neurons have a cilium on their 

peri aryal surface that are enriched in signal transduction machinery  such as neurotransmi er 

receptors  that act to modulate neurons non-synaptically  Cilia have een sho  to regulate 

the location and length of the a onal initial segment S  9  Changes in ciliary morphology 

result in a errant locali ation of an yrin  and av  and su se uently lead to changes in 

action potential dynamics and spi e ring  suggesting that cilia in uence neuronal e cita ility 
9  Cilia regulate a onal tract formation  gro th  and connectivity of glutamatergic pyramidal 

neurons  Conditional disruption of the S -associated genes npp e and rl  in post-

mitotic pyramidal cells and deep cere ellar nuclei ithin the developing mouse em ryo  

result in misorientation and defasciculation of a onal tracts due to hyperactivated P  

signaling  Similar to the congenital rain malformations o served in S  the cere rospinal 

tract as deformed and sho ed disrupted decussation in oth rl  and npp e de cient 

neurons  Corpus callosum defects ere apparent including disorgani ed  less dense  and 

poorly fasciculated callosal a ons hich resulted in a ider CC tract due to a do nregulation 

of the adhesion protein PC  ecussation defects ere also present in the pontine nuclei  

transverse pontine tegmental a ons ere additionally misoriented  rl  and npp e 

de cient deep cere ellar nuclei neurons displayed less a onal ranching and reduced dendrite 

outgro th  nterestingly recent or  has demonstrated that L  function in edgehog-

mediated a onal guidance is independent of it its ciliary locali ation  Speci cally ciliary-
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1locali ation-de cient L  ith a non- S associated point mutation  that disrupt 

the ciliary targeting se uence resulting in cytosolic se uestration  is su cient to rescue h 

signaling defects associated ith L  disruptions such as a onal guidance issues 9  and 

a normal neural pa erning 9  

n the adult hippocampus  hippocampal PCs give rise to dentate granule cells Cs  

throughout life  his process is thought to e essential for learning and memory revie ed 

in 99  e orn Cs migrate to their nal destination and integrate into e isting neural 

circuitry ithin the ithin the granule cell layer  Primary cilia are essential in orchestrating the 

morphological and physiological maturation of Cs in the dentate gyrus  and are re uired for 

proper synaptogenesis  Cilia are a sent during initial stages of Cs migration to the granule 

cell layer  ho ever upon reaching their destination  synaptic formation and integration co-

occurs ith ciliary assem ly in Cs  umamoto et al   found that e pression of a dominant 

negative form of if a in these cells a olished cilia  resulting in lunted dendritic ar ori ation 

and drastically a enuated glutamatergic innervation from the entorhinal pro ections  hese 

results ere concordant ith sh -mediated noc do n of   

1.7. The cerebellum
Primary cilia are essential for progenitor cell proliferation during cere ellar development 

and Pur in e cell PC  maintenance throughout adulthood  Locomotor speciali ation and 

sensorimotor control are regulated y the cere ellum  and research over the last decade has 

also implicated that it plays a role in cognition  emotion  and autonomic function revie ed 

in  

uring human cere ellar neurogenesis  PCs are orn around the th gestation ee  

and the cere ellum continues to form until postnatal month  his protracted period of 

development results in an increased vulnera ility to cere ellar dysfunction during critical 

periods of development and circuitry formation  o date  ve neuronal su types have een 

descri ed to inha it the cere ellar corte  the most a undant among them eing granule 

cell Cs  n contrast to most other neuronal su types that originate along the ventricular 

surface  Cs are formed in the e ternal germinal layer L  located along the dorsal surface 

of the corte  during cere ellar formation  C precursors undergo e tensive proliferation 

in the L during the rst  to  ee s a er irth  Upon cell cycle e it  they e tend a ons 

to the molecular layer here they eventually synapse on the dendrites of PCs  and migrate 

through the PC layer to the internal granule layer  he mature cere ellar corte  is made up of 

 layers  a ganglion or PC layer made up of PC odies  sand iched et een the molecular 

layer consisting of inhi itory interneurons including stellate and as et cells  and the internal 

granular layer populated y olgi cells and Cs  
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nterestingly  the primary cilium has een sho n to play an essential role in 

medullo lastoma  propagation  a severe pediatric rain tumor characteri ed y 

overactivation of the h signaling path ay that originates in C progenitor cells during 

their proliferative period in the L  Previous or  suggests that the role of the cilium in 

tumorigenesis is cell conte t-speci c and depends heavily on the driving transformational 

event as it pertains to S  activation  or e ample  constitutively active S  S  

ut not constitutively active L  culminates in   formation re uires an intact cilium 

in this conte t as genetic a lation of essential ciliary genes in S  mouse models of  

suppress tumor formation 9  lation of rl  leads to decreased levels of the active form 

of L  ithout compromising the do nstream repressive form  L  resulting in  tumor 

suppression 9  

PCs  C  molecular layer interneurons and ergmann glia  are ciliated in the 

developing and mature cere ellum  ho ever the role of cilia in adult cere ellar homeostasis 

is ust eginning to e de ned  n the earliest postnatal stages of development  PCs secrete 

S  hich is essential for C progenitor pool proliferation  and maturation of ergmann glia 

 enetic a lation of the h signaling results in decreased C progenitor proliferation and 

premature di erentiation of ergmann glia and PCs  C proliferation is mediated y cilium-

transduced S  signaling  as loss of  or if a results in cere ellar hypoplasia due to a lac  

of C e pansion  C are glutamatergic cells that function to regulate the cere ellar output 

y controlling the activity of the inhi itory PCs  

au u ulin inase   is an essential regulator of ciliogenesis via its role in 

mediating the removal of CP  from the mother centriole  there y allo ing a onemal 

e tension and ciliary formation  utations in are causative of spinocere ellar ata ia 

 SC  a hereditary form of cere ellar ata ia  that results from progressive loss of 

PCs  t  null mutations lead to a enuated S  signaling and a loss of cilia  t - - mouse 

em ryos display holoprosencephaly due to a lac  of S  associated pa erning in the neural 

tu e  escue e periments in the t  null mice performed ith SC  associated truncating 

mutants of  demonstrate that the mutated protein locali es to the asal ody ut fails 

to allo  for the initiation of ciliogenesis  dult-speci c t  noc  out leads degenerative 

cere ellar phenotypes via the loss of input to PC from clim ing ers and parallel ers and 

eventually loss of PC  Speci cally  loss of t  leads to oth an a sence of cilia and altered 

intracellular Ca  levels in PCs  as ell as loss of LU  synapses on PC dendrites  he central 

role of the cilium as further validated as  noc  out mice displayed an almost identical 

phenotype to the one o served ith t  noc out in terms of their cere ellar phenotype  

hese data suggest that oth  and cilia are essential for PC maintenance and function  

and provide a novel ciliary lin  to neurodegeneration
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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 diseases  s cilia are found in a ide variety of cell types  ciliopathies a ect a variety of 

tissues and organ systems here ciliary function is critical  heir overlapping set of symptoms 

include ut is not restricted to  cognitive impairment  renal disease  lindness  deafness  

o esity  polydactyly  s eletal a normalities  andy al er malformation  and hepatic disease 

  large su set of ciliopathy-associated genes have een lin ed to neurological defects 

such as intellectual disa ility and anatomical a normalities  suggesting that impaired ciliary 

function hinders rain development and function  Pathological manifestation of ciliopathies 

can e a ri uted to oth structural and functional defects in cilia and their associated asal 

ody  Ciliopathies provide an invalua le model to dissect intrinsic mechanisms of ciliary 

iology  amination of these mostly monogenic conditions has led to the identi cation of 

many of the associated genes  and has produced a ealth of information a out the functional 

role of cilia in neural development  

hile C S associated phenotypes are o served in more than  of ciliopathies 

 considera le variation of symptomatic manifestation and severity e ists ithin and 

among syndromes  he core features associated ith neuronal ciliopathies are structural 

rain a normalities including cere ellar vermis hypoplasia  andy- al er malformation  

hydrocephalus  hypoplasia  and agenesis of the corpus callosum  and posterior encephalocoele 

formation  dditional C S functional phenotypes ithout a clear structural correlation also 

e ist including intellectual disa ility and ehavioral phenotypes for many ciliopathies

hy speci c neurological a normalities such as agenesis of the corpus callosum or 

hydrocephalus are associated ith some ciliopathies and not others remains to e elucidated  

Speci cally  hy the fre uency and severity of these C S symptoms di ers et een individuals 

given the same diagnosis is a uestion of great interest that can li ely e ans ered ith further 

evaluation  

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

and or their temporal-spatial protein net or s ith a speci c focus on neurodevelopmental 

a normalities  n Chapter   provide a general introduction on the role of cilia and ciliary 

signal transduction during neuro- and cortico- genesis  follo ed y a rief discourse on 

neuronal a normalities and associated mechanisms of disease o served in these so termed 

neuronal ciliopathies  
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he rst part of this thesis descri es the use of functional studies to identify disease 

associated genes  n Chapter  variants in armadillo repeat containing 9 C9  ere 

characteri ed and found to e causative of S  e ra sh studies in genetically-edited armc9 

mutant e ra sh demonstrated ciliopathy phenotypes including curved ody shape  retinal 

dystrophy  colo oma  and a decrease in ciliary num er  n the asis of su cellular locali ation 

and interactome studies  many ciliopathy genes can e classi ed into functional net or s  

n turn  many disease-causing genes demonstrate genetic and or direct interactions  

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

Chapter  C9 as further characteri e in a S associated functional module that as 

found to include C P  CC C  CSPP  and the tu ulin inding protein  s a 

result of this interactome analysis  variants in  ere identi ed in patients ith 

S  dditionally  this study demonstrates that oth a errant hedgehog signaling and post-

translational modi cations of microtu ules contri ute to the underlying pathology of S

he second part of this thesis addresses the assessment of a previously unde ned 

ciliopathy-li e syndrome presenting ith severe neuroanatomical defects and intellectual 

disa ility resulting from loss-of-function mutations in USP9X in Chapter  and a method to 

model and functionally assess neuronal a normalities o served in L  USP9X iPSC derived 

neuroepithelium in Chapter  n this study   modeling of su cellular structures including 

mitochondria in itochondrial ncephalopathy  Lactic acidosis  and Stro e-li e episodes 

L S  and cilia in USP9X-a ected individuals are evaluated in neurons utili ing high 

resolution microscopy and su se uent segmentation and volumetric reconstruction analysis  

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

thesis in Chapter 
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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 euroepithelium intact  impaired 
signaling

inversion of 
apico asal polarity 9

Nestin Cre Arl13b radial glia 
e pansion phase

intact  impaired 
signaling

no inversion of 
apico asal polarity 9

hGFAP Cre Arl13b radial glia 
di erentiation 

phase

intact  impaired 
signaling

no inversion of 
apico asal polarity 9

Nex Cre Arl13b Post mitotic 
pyramidal neurons

intact  impaired 
signaling

no migration defect 9

Dlx5/6 Cre Arl13b Post mitotic 
interneurons 

intact  impaired 
signaling

migration defect  
no morphological  
di erentiation defect 

Nkx2.1 Cre Arl13b  P  
interneurons

intact  impaired 
signaling

morphological 
a normalities  
disrupted 
connectivity  
dis alance in  
network 9

Nex Cre Arl13b Post mitotic 
pyramidal neurons

intact  impaired 
signaling

a onal tract defects 

Nex Cre Inpp5e Post mitotic 
pyramidal neurons

intact  impaired 
signaling

a onal tract defects 

Foxg1 Cre Ift88 9 euroepithelium a lated pa erning defects  
altered li  
processing 9

Foxg1 Cre Kif3a 9 euroepithelium a lated pa erning defects  
altered li  
processing 9

Nestin Cre Ift88 radial glia 
e pansion phase

a lated increase in 
m C  signaling  
misorientation of 
the mitotic spindle  
increased P 
proliferation  enlarged 
apical endfeet of  
enlarged ventricles 9

Nestin Cre Kif3a radial glia 
e pansion phase

a lated increase in 
m C  signaling  
misorientation of 
the mitotic spindle  
increased P 
proliferation  enlarged 
apical endfeet of  
enlarged ventricles 9
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Chapter 2

ABSTRACT
ou ert syndrome S  is a recessive  neurodevelopmental disorder characteri ed y 

hypotonia  ata ia  a normal eye movements and varia le cognitive impairment  t is de ned 

y a distinctive rain malformation recogni ed as the molar tooth sign  on a ial  

Su sets of a ected individuals have malformations such as colo oma  polydactyly  and 

encephalocele  as ell as progressive retinal dystrophy  rocystic idney disease and liver 

rosis  ore than  genes have een associated ith S  ut the genetic cause remains 

un no n in a su set of families  ll of the gene products locali e in and around the primary 

cilium  ma ing S a canonical ciliopathy  Ciliopathies are uni ed y their overlapping clinical 

features and underlying mechanisms involving ciliary dysfunction  n this or  e identify 

iallelic rare  predicted-deleterious C9 variants stop-gain  missense  splice-site  and 

single e on deletion  in  individuals ith S from  families  accounting for appro imately 

 of the disorder  he associated phenotypes range from isolated neurological involvement  

to S ith retinal dystrophy  additional rain a normalities e g  heterotopia  andy- al er 

malformation  pituitary insu ciency  and or synpolydactyly  e sho  that C9 locali es 

to the asal ody of the cilium and is upregulated during ciliogenesis  ypical ciliopathy 

phenotypes curved ody shape  retinal dystrophy  colo oma  and decreased cilia  in a 

C SP Cas9-engineered e ra sh mutant model provide additional support for C9 as 

a ciliopathy associated gene  dentifying C9 mutations as a cause of S ta es us one step 

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

or  to de ne the central iological mechanisms underlying S and other ciliopathies
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INTRODUCTION
ou ert syndrome S  P  is a recessive neurodevelopmental disorder 

characteri ed y motor and cognitive impairments and a distinctive hind rain malformation 

giving the appearance of the molar tooth sign  S  on a ial  n addition to the o ligate 

neurological features  su sets of individuals ith S have progressive retinal dystrophy  

rocystic idney disease and liver rosis  as ell as malformations such as chorioretinal 

colo oma and polydactyly  espite this distinctive clinical presentation  mutations in more 

than  genes cause S  highlighting its mar ed genetic heterogeneity -  ll of the genes to 

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

ciliopathy  ciliopathies are disorders grouped y their overlapping clinical features and 

molecular disease mechanisms involving cilium dysfunction -  he primary cilium is a nearly 

u i uitous microtu ule- ased organelle sheathed in a speciali ed mem rane that pro ects 

from the cellular surface and functions li e an antenna  detecting light  mechanical  and 

chemical cues  as ell as regulating ey signaling path ays such as edgehog -  and P   

 Signi cant advances have een made in recent years on the comple  genetics underlying S  

and multiple cellular and developmental defects have een associated ith loss of function for 

S-associated genes in model systems    -  espite this remar a le progress identifying 

candidate mechanisms  the common cellular dysfunction across genetic causes of S is elusive  

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

pinpoint the unifying molecular mechanism  n this or  e present evidence for mutations 

in armadillo repeat containing 9 C9  as a cause of S  ased on human genetic  protein 

locali ation  and e ra sh model data

RESULTS
Exome sequencing reveals ARMC9 mutations as a cause for JS
o identify novel genetic causes of S  e performed hole e ome se uencing on a cohort of  

individuals  families  ith a clinical diagnosis of S enrolled in the University of ashington 

U  ou ert Syndrome esearch Program  nclusion criteria comprised the presence of 

clinical ndings of S developmental delays  hypotonia  ata ia  and or oculomotor apra ia  

diagnostic rain imaging ndings  and lac  of mutations in  S-associated genes P P  

 C P 9  P P L   CC  L  PP    C P  

 C   C   S  C   C  CSPP  

P    C  9  9  and C C  ased on targeted se uencing  

 ariants from the e ome se uencing data that ere rare minor allele fre uency <  in the
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Figure 1. ARMC9 mutations cause JS:  he C9 gene encodes a protein ith an -terminal Lis  
domain green s uare  a coiled coil domain yello  polygon  and a series of armadillo repeats lue oval  
Patient mutations are indicated y red arro s  -  Con rmation of C9 e on  deletion in U -

 o di erence in the si e or num er of PC  products is o served et een c  isolated from U -  
and t o una ected control cell lines using primers in e ons 9 and  C-  Primers in e ons  and  
amplify a full-length product and a shorter product rac et  in U -  ut only the full-length product 
in the t o control lines  Se uencing genomic  ampli ed y primers an ing e on  reveals a p 
deletion ith a p insertion 
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e ome variant server S  data ase  and predicted to e deleterious stop-gain  frameshi  

canonical splice variants and variants ith C  score >  ere retained for further analysis

e identi ed pairs of si lings in t o families that shared t o rare  predicted-deleterious 

variants s  in C9 9  U -  and -  carry c >  p ly 9 rg and 

c C>  rg Cys  hile U -  and -  carry c 9C>  p rg  and c C>  

p rg Ser a le  and igure 

e then performed targeted se uencing of C9 using the olecular nversion 

Pro e Ps  capture method follo ed y ne t generation se uencing on samples from  

individuals in  families ith and ithout no n causes  hree additional individuals in 

three families have C9 s  U -  has a homo ygous c >  predicted splice 

variant  U 9-  has t o s predicted splice c >C and missense c C>  

p rg Cys  hile U -  has a single hetero ygous c C>  p rg Cys  ased on 

decreased se uence coverage for t o consecutive Ps covering e on  in U -  e 

suspected a deletion in U -  e performed comparative genomic hy ridi ation using a 

custom array targeting the S genes    and identi ed a  deletion encompassing e on 

 in U -  igure -  on  is  asepairs long  so its loss is predicted to result 

in a frameshi  and truncation of the protein  or nonsense mediated decay of the transcript

n parallel  e ome se uencing in t o other cohorts identi ed iallelic s in C9  

three individuals S -  S -  and -  from t o families in a cohort of  Saudi ra ian 

families  a ected y S had homo ygous C9 missense s c C>  p rg Cys and 

c 9C>  p Pro Leu  and a single individual ith S L 9-  from a mi ed cohort of 

 individuals ith andy- al er malformation and cere ellar hypoplasia had compound 

hetero ygous C9 s c >  p ly 9 rg and c C>  p rg Cys  n total  

e identi ed  di erent C9 s  stop-gain   splice   missense  and  single e on 

deletion  in  individuals from  families  ll variants ere validated y Sanger se uencing  

and for seven individuals from ve families their segregation ith the disease as con rmed 

in parents and si lings  segregation as not performed in the remaining four families 

ecause  as not availa le from parents a le  c C>  p rg Cys appears to 

e a recurrent mutation rather than a founder variant  since it is present in families of diverse 

ethnicities  and a second variant c C>  p rg Ser  a ects the same position  C9 

is predicted to have a Lissencephaly type- -li e homology Lis  motif  a coiled-coil domain  

and armadillo repeats igure  o of the missense s are in the armadillo repeats  

hile the other four missense s are not located in no n domains
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ARMC9-related JS is indistinguishable from JS due to other genetic 
causes

ll of the a ected individuals have typical features of S including hypotonia and developmental 

disa ility  most severely a ecting motor and speech function a le  ges range from  

to  years  ost of the individuals have isolated neurodevelopmental issues  including t o 

ith sei ures U -  and U -  o individuals U -  and S -  have posta ial 

polydactyly  hile S -  also has syndactyly  o individuals U -  and S -  also have 

retinal dystrophy  ut none have idney or liver involvement  U 9-  has a more comple  

presentation ith hypopituitarism  ilateral optic nerve hypoplasia  i d uvula  and an 

a normal rainstem see elo

Figure 2. Brain imaging findings in individuals with ARMC9-related Joubert syndrome. -C  S  
inferior cere ellar dysplasia hite arro s in  and superior cere ellar dysplasia hite arro  in C  in 
S -  -  S  posterior fossa cyst asteris s in -  and ventriculomegaly plus signs in  in L 9-

 ote the single periventricular nodular heterotopia lac  arro head in   ermis hypoplasia 
and elevated roof of the th ventricle in S -  hite arro   Cere ellar vermis hypoplasia and 
atrophy in U -  hite arro   in ed rainstem and cervicomedullary heterotopia in U 9-  

hite arro head   nlarged posterior fossa uid collection hite asteris  and rotated vermis hite 
arro head  in L 9-  -  are a ial - eighted images  -  are sagi al - eighted images

ased on direct revie  of the rain s  all of the a ected individuals have the molar 

tooth sign  as ell as dysplasia of the superior cere ellar folia igure -   and a le S  

hree individuals U -  L 9-  and S -  have cere ellar hemisphere dysplasia  seen 

in up to  of individuals ith S igure C  n addition to the S  L 9-  has a large 

posterior fossa ith a rotated cere ellar vermis consistent ith andy- al er malformation  

igure -   L 9-  also has a single periventricular heterotopia igure  as do 
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U -  and U -  he t o oldest individuals U -  and -  have an atrophic 

appearance to their cere ellum  more severely a ecting the vermis than the hemispheres 

igure  U 9-  has a in ed rainstem and cervicomedullary unction heterotopia 

igure  seen in a small su set of individuals ith S -  and U 9-  and S -  have an 

a sent posterior pituitary right spot  ut only U 9-  has no n pituitary insu ciency

ARMC9 localizes to the basal bodies of primary cilia
S-associated proteins have een sho n to locali e in and around primary cilia   -

therefore  e used a commercially availa le C9 anti ody to evaluate endogenous C9 

locali ation in ciliated h - P  cells  C9 locali ed to the ciliary asal ody igure  

hite arro head  asal to ut not overlapping ith the transition one mar er P P L  

as ell as to the daughter centriole igure  hite arro  mar ed y acetylated α-tu ulin 

anti ody igure  C9 co-locali es ith -tu ulin at the asal ody igure  hite 

arro  as mar ed y P P L  and at the daughter centriole igure  hite arro head  

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

are upregulated in ciliated cells - 9 e evaluated C9 e pression y uantitative PC  in 

control human ro lasts ith and ithout serum in the medium  n the presence of serum  

ro lasts actively divide and fe  have cilia  ut in response to serum starvation  -9  drop 

out of the cell cycle and ma e cilia  similar to other pu lished results  C9 e pression 

as - to -fold higher in serum-starved cells than cells gro n ith serum igure C  or 

comparison  e pression of another S-associated gene  L  as -fold higher in serum-

starved cells
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Figure 3. ARMC9 localization and ARMC9 expression in ciliated and proliferating cells  C9 
green  locali es at the asal ody hite arro  and at the daughter centriole hite arro head  of the 

primary cilium in serum-starved h  P  cells  he ciliary mar er anti- P P L hite  mar s the 
ciliary transition one and anti-acetylated -tu ulin red  mar s the ciliary a oneme   C9 green  
co-locali es ith ith -tu ulin red  at the ciliary asal ody in serum-starved h  P  cells  nti-

P P L mar s distal to the asal ody hite  and P  lue  stains the nuclei  C  C9 e pression 
in control human ro lasts gro n ith serum proliferating cells  and ithout serum ciliated cells  
assessed using PC  ith P  as a reference gene  L  is used a positive control for a gene 
upregulated in ciliated cells
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Zebrafish armc9 mutants display typical ciliopathy phenotypes
o investigate the function of C9 in vivo  e turned to the e ra sh model  e ra sh 

have a single C9 orthologue that has  identity and  similarity ith the human 

protein  ased on data ase predictions and manual curation  oth the Lis  domain and the 

armadillo-fold domain are conserved in e ra sh at similar positions to the human protein 

amino acids - 9 and -  respectively  igure S  n adult e ra sh  armc9 is e pressed 

in multiple C S regions ased on in situ hy ridi ation  including the cere ellum igure S  all 

periventricular regions igure  and all layers of the retina igure  o e plore hether 

loss of armc9 function results in ciliopathy phenotypes  e engineered frameshi  mutations in 

e ra sh using C SP Cas9 igure S  Co-in ecting pairs of small guide s targeting either 

e on  or e ons -  the la er corresponding to the middle of the armadillo-fold domain  

e generated mutations ith very high e ciency 9  of se uenced clones from individual 

 larvae carried indels  the ma ority of hich ere out-of-frame  igure S  f appro imately 

 surviving  sh raised   developed a curved ody a is around si  ee s of age igure 

C-  including oth e on  and e on -  targeted animals  he ody curvature phenotype 

correlated ell ith the presence of indels a ecting the targeted e ons  genotyping of 9  

sh y gel electrophoresis demonstrated various armc9 indels in  sh  only one of hich did 

not have a curved ody shape  oreover  such ody curvature as never o served in hundreds 

of raised  sh in ected ith sg  targeting non-ciliary genes  di erent sg s   recent 

study suggested ody curvature in e ra sh caused y de cient ependymal cilia-generated 

cere rospinal uid CS  o  ndeed  using S  e o served a su stantial reduction of 

cilia num ers on the ventricular surface of adult e ra sh har oring armc9 mutations igure 

-  n addition  a su set of  sh ith ody curvature also displayed a retinal colo oma 

and had shortened photoreceptor outer segments  typical phenotypes o served ith ciliary 

dysfunction igure -  and igure S  a en together  these results con rm that armc9 

loss-of-function in e ra sh causes typical ciliopathy phenotypes and strongly support a role 

for armc9 in ciliary function
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◀Figure 4: armc9 loss-of-function in zebrafish leads to typical ciliopathy phenotypes -  pression 
of armc9 in e ra sh adult rain  and retina  y in situ hy ridi ation  ote the e pression along 
ventricular surfaces in  and in all retinal layers  including the photoreceptor P  and the inner nuclear 
layer L  in -  C-  dult e ra sh har oring armc9 mutations display a curved ody shape  
compared to ild-type controls C  -  Scanning electron microscopy image of the ventricular surface 
demonstrates undles of cilia in ild-type  ut su stantial reduction of cilia num ers in  armc9 

sh  -  istological sections through adult e ra sh eyes of ild-type  and  armc9 mutants 
 sho ing a colo oma arro  -  igher magni cation images sho  the di erent retinal layers in 

ild-type sh  including the P s and their long outer segments S  rac et  hich represent highly 
speciali ed ciliary compartments   ote the shortened S in  armc9 mutants rac et  Scale ars 
are  m in -   m in   mm in C-   m in -   m in -  and  m in -  v 
ventricle  P  periventricular grey one of optic tectum  v ventral one of periventricular hypothalamus  
P  photoreceptors  L inner nuclear layer

DISCUSSION
utations in more than  genes have een identi ed in individuals ith S  e plaining the 

genetic cause in  to 9  of cases  depending on the study    n addition to these 

no n causes  e no  identify C9 mutations as an additional cause of S accounting for 

almost  of families in our cohort of >  Su stantial functional evidence supports C9

as a ciliopathy-associated gene

ARMC9 localizes to the basal body
e provide evidence that C9 locali es to the ciliary asal ody  similar to other S-

associated proteins igure -  he asal ody originates from the mother centriole 

that doc s at the cell mem rane during interphase to nucleate the ciliary a oneme  he 

daughter centriole remains tethered to the asal ody y an interconnecting er  and oth 

structures o en appear as u taposed puncta on immuno uorescence images  asal odies 

are composed of nine short triplet microtu ules arranged in a circle  and t o of the three 

microtu ules in each asal ody triplet e tend as a onemal microtu ules  Several other S-

associated proteins    and C C  also locali e to the asal ody   -  

 Stri ingly  C9 and  oth have an -terminal Lis  motif that is no n to ind to 

microtu ules igure    o pu lished proteomic studies in murine inner medullary 

collecting duct C  cells also provide support for C9 as a cilium-associated protein  

 C9 as detected a total of  times across ciliary fractions via udP  mass spectrometry of 

isolated cilia   Pro imity la eling using a promiscuous iotinylating en yme con ugated to 

the transition one protein P P  detected C9-speci c peptides  spectral counts  thus 

providing direct evidence for their ad acency
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ARMC9 is present in ciliated organisms and upregulated in ciliated cells
he use of comparative genomics to compile genes e clusively present in ciliated organisms 

versus non-ciliated organisms is a common techni ue in identifying ciliary genes  9 C9 

homologs are present in ciliated eu aryotes from humans to unicellular agellates such as

rochaic trifalla  ut a sent in plants  fungi  acteria  viruses  and rchaea 9  pression of the

C9 C  elegans homolog  9  is restricted to sensory neurons  the only ciliated cells in 

this organism 9 -9  Ciliary gene induction as rst lin ed to ciliogenesis in classical e periments 

in unicellular agellates  nota ly Chlamydomonas  a model system particularly ell-suited to 

study ciliary iology  hese e periments demonstrated that ne  protein synthesis as re uired 

for full cilia regeneration via use of protein synthesis inhi itors or enucleating cells   Later 

e periments sho  that ciliary genes are idely induced during ciliogenesis and maintained at 

high levels in ciliated cells - 9 Ciliary genes are similarly upregulated in higher organisms  

9  9  Similar to other ciliary genes  e demonstrate that C9 e pression is upregulated in 

human ciliated ro lasts  as compared to cycling cells igure C

Zebrafish harboring armc9 mutations display typical ciliopathy 
phenotypes
n a verte rate model  e ra sh har oring C SP -engineeredarmc9 mutations display phenotypes 

similar to those seen ith loss-of-function for e ra sh orthologs of other ciliopathy-

associated genes igure  9  9  he retinal dystrophy and or curved ody a is are also seen 

in loss-of-function models for the cc d a  ahi and i genes  9 -  urthermore  e sho  

a strong reduction of cilia in the rain ventricles of e ra sh har oring armc9 mutations  

suggesting the gene product may participate in early stages of ciliogenesis or e re uired for 

ciliary maintenance  he mosaic state of the animals analy ed in this or  does not allo  for 

discrimination et een these t o possi ilities  ndeed  the presence of residual cilia on some 

ventricular cells may e e plained y lac  of armc9 mutations in those cells  or incomplete 

penetrance of the phenotype  uture analysis of sta le lines ill help address these 

possi ilities  he identical phenotypes o served in multiple animals generated using guides 

targeting di erent armc9 regions  com ined ith the lac  of these phenotypes ith C SP

Cas9-generated deletions in  di erent non-ciliary genes  strongly supports the speci city of 

the o served phenotypes and argues against non-speci c or o -target e ects of C SP Cas9  

n conclusion  e demonstrate that mutations in C9 cause S and sho  that C9 

locali es to the asal ody  iven the Lis  domain  C9 li ely inds microtu ules there  ut 

the details of its function remain to e elucidated  elineating all of the genes involved in S 
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ill ena le future or  to determine ho  proteins that locali e to the asal ody  transition 

one  cilium proper  and cilium tip all contri ute to the molecular mechanism s  underlying S  

Understanding the molecular mechanisms of S ill lead to more speci c treatments in the 

future and further our understanding of asic ciliary iology in health and disease



Chapter 2

Ta
bl

e 
1.

 P
he

no
ty

pi
c 

fe
at

ur
es

 o
f i

nd
iv

id
ua

ls
 w

ith
 A

RM
C9

-r
el

at
ed

 Jo
ub

er
t s

yn
dr

om
e 

w
ith

 m
ut

ati
on

s

ID
#

U
W

13
2-

3
U

W
13

2-
4

U
W

34
8-

3
U

W
11

6-
3

U
W

33
5-

3
U

W
33

5-
4

U
W

34
9-

3
LR

09
-0

23
SA

1-
3

SA
2-

3
SA

2-
4

G
en

e
AR

M
C9

AR
M

C9
AR

M
C9

AR
M

C9
AR

M
C9

AR
M

C9
AR

M
C9

AR
M

C9
AR

M
C9

AR
M

C9
AR

M
C9

ut
ati

on
 

c p
ly

9
rg

c p
ly

9
rg

c sp
lic

e
c

C
p

rg
Cy

s

c
9C

p
rg

c
9C

p
rg

c
C

sp
lic

e
c p

ly
9

rg
c

C
p

rg
Cy

s
c

9C
p

Pr
o

Le
u

c
9C

p
Pr

o
Le

u

 
 

 
 

 
 

9
 

9

C
 v

pa
re

nt
pa

te
rn

al
pa

te
rn

al
un

a
le

m
at

er
na

l
pa

te
rn

al
pa

te
rn

al
m

at
er

na
l

m
at

er
na

l
m

at
er

na
l

m
at

er
na

l
m

at
er

na
l

ut
ati

on
 

c
C

p
rg

Cy
s

c
C

p
rg

Cy
s

c sp
lic

e
c

de
l

p
rg

fs
c

C
p

rg
Se

r
c

C
p

rg
Se

r
c

C
p

rg
Cy

s
c

C
p

rg
Cy

s
c

C
 

p
rg

Cy
s

c
9C

p
Pr

o
Le

u
c

9C
p

Pr
o

Le
u

AF
 

 
 

 
 

 
 

 
 

9
 

9

C
 v

pa
re

nt
m

at
er

na
l

m
at

er
na

l
un

a
le

pa
te

rn
al

m
at

er
na

l
m

at
er

na
l

pa
te

rn
al

pa
te

rn
al

pa
te

rn
al

pa
te

rn
al

pa
te

rn
al

th
ni

ci
ty

co
un

tr
y

hi
te

U
S

hi
te

U
S

hi
te

sr
ae

l
hi

te
U

S
hi

te
us

tr
al

ia
hi

te
us

tr
al

ia
 ra

ce
U

S
hi

te
U

S
ra Sa
ud

i
ra Sa
ud

i
ra Sa
ud

i
ge

nd
er

F
F

F
F

F

ag
e 

ye
ar

s
9

ev
 

isa
ili

ty
ap

ne
a

ta
ch

yp
un

k
bo

th
bo

th
A

T
a

nl
 e

ye
 m

vt
s

un
k

re
tin

al
 

dy
st

ro
ph

y
un

k
un

k

id
ne

y
un

k
un

k
un

k

liv
er

un
k

un
k

un
k

po
ly

da
ct

yl
y

un
k



utations in C9  hich encodes a asal ody protein  cause ou ert syndrome in humans and ciliopathy phenotypes in e ra sh

   

2

ID
#

U
W

13
2-

3
U

W
13

2-
4

U
W

34
8-

3
U

W
11

6-
3

U
W

33
5-

3
U

W
33

5-
4

U
W

34
9-

3
LR

09
-0

23
SA

1-
3

SA
2-

3
SA

2-
4

G
en

e
AR

M
C9

AR
M

C9
AR

M
C9

AR
M

C9
AR

M
C9

AR
M

C9
AR

M
C9

AR
M

C9
AR

M
C9

AR
M

C9
AR

M
C9

co
lo

om
a

un
k

un
k

un
k

pt
os

is
un

k

se
iu

re
s

ot
he

r
ys

te
re

ct
om

y 
 h

ea
vy

 
lee

di
ng

 
or

se
ni

ng
 

vis
ua

l a
cu

ity
 

se
iu

re
s

Li
th

iu
m

 
in

du
ce

d 
hy

po
-

th
yr

oi
di

sm
 

L 
fo

ot
 

po
st

a
ia

l 
po

ly
da

ct
yl

y

no
rm

al
 

-t
u

e
-

sin
gl

e 
he

te
ro

to
pi

a 
le

 
oc

ci
pi

ta
l 

ho
rn

ic
ro

gn
at

hi
a

 h
ig

h 
pa

la
te

 
i

d 
uv

ul
a

 
ila

te
ra

l o
pti

c 
ne

rv
e 

hy
po

pl
as

ia
 

 d
e

ci
en

cy
 

m
ic

ro
pe

ni
s

 e
ye

lid
 

im
pl

an
ts

 p
os

si
le

 
he

ar
in

g 
lo

ss
 

or
de

rli
ne

 
S

 

an
dy

 
al

er
 

m
al

fo
rm

ati
on

 
en

tr
ic

ul
o-

 a
nd

 
cy

st
o-

pe
rit

on
ea

l 
sh

un
ts

 n
on

-
am

ul
at

or
y

 
no

n-
 v

er
al

 a
t 

ag
e 

 y
r

-
ro

ad
 n

as
al

 
rid

ge
 th

in
 

up
pe

r l
ip

 
-s

ha
pe

d 
 to

e 
sy

nd
ac

ty
ly

-

ap
ne

a
 

 
lle

le
 

re
ue

nc
y 

as
ed

 o
n 

gn
om

 
fe

m
al

e
 

ro
th

 
or

m
on

e
 

S
 h

ep
to

sp
le

no
m

eg
al

y 
de

nti
ca

tio
n

 
m

al
e

 
o

 
no

t 
do

cu
m

en
te

d
 

ta
ch

yp
ne

a
 u

n
un

no
n

 
es

 
tr

an
sie

nt
 n

eo
na

ta



Chapter 2

MATERIALS AND METHODS
Subject ascertainment and phenotypic data
nformed consent as o tained for all participants ere enrolled under approved human 

su ects research protocols at the University of ashington U  Sea le Children s ospital  

or ing aisal Specialist ospital and esearch Centre S C  ll participants have clinical 

ndings of S intellectual impairment  hypotonia  ata ia and or oculomotor apra ia  and 

diagnostic or supportive rain imaging ndings S or cere ellar vermis hypoplasia  Clinical 

data ere o tained y direct e amination of participants  revie  of medical records and 

structured uestionnaires

Variant identification
Samples from individuals a ected y S ere previously screened using a olecular nversion 

Pro es Ps  targeted capture  for   9  L   9  9  

  9   9  C C   9  C    

CC    C P 9    C P    CSPP   

    PP       S  

 9  P P       P P L  9  

C   9  C    C      

9       9 9    

   9  C    and   -

  n samples ithout causal variants  e ome se uencing as performed as previously 

described  using oche im legen Se Cap  uman ome Li rary v  capture pro es 

  of coding e ons  and paired-end  ase pair reads on an llumina iSe  se uencer  

n accordance ith the enome nalysis ool it s  est practices  e mapped se uence 

reads to the human reference genome hg 9  using the urro s- heeler ligner v  

removed duplicate reads Picard ar uplicates v  and performed indel realignment 

 ndel ealigner v  and ase- uality recali ration  a le ecali ration v  e 

called variants using the  Uni ed enotyper and agged ith ariant iltration to mar  

potential false positives that did not pass the follo ing lters  etero ygous llele alance 

et  >  uality y epth >  uality U L    omopolymer un run  <  

and lo  depth <  e used Sea leSe  for variant annotation and the Com ined nnotation 

ependent epletion C  score to determine deleteriousness of identi ed missense 

variants 9 ased on C  score data for causal variants in other S-associated genes  e used 

a C  score cuto  of  to de ne deleterious variants



utations in C9  hich encodes a asal ody protein  cause ou ert syndrome in humans and ciliopathy phenotypes in e ra sh

9   

2

L 9-  as ascertained as part of a larger study of genetic causes for andy- al er 

malformation  ome se uencing of this individual and his parents as performed 

y ec man Coulter genomics as follo s  genomic  isolated from peripheral lood as 

captured using the gilent SureSelect  enrichment it and se uenced on an llumina iSe  

 as - p paired-end runs  eads ere aligned ith  variants ere called ith  

and free ayes  ariants called y oth  and free ayes ere annotated using emini

including data sets from the c ome  L   ome  and  enomes pro ects 

for variant fre uencies  and amino-acid-change functional predictions from C  scores 9

ariants ere ltered for de novo  recessive compound hetero ygous or homo ygous  or 

X-lin ed inheritance  <  fre uency in pu lic data ases  predicted to e deleterious y 

C  >  and e pressed in human fetal rainSpan  or adult e  cere ellum

or the t o families in the Saudi ra ian cohort   from the a ected individuals  

as ell as their una ected si lings and parents  ere genotyped using the iom S P Chip 

pla orm to determine the candidate auto ygome   he previously descri ed endeliome  

targeted se uencing assay as then performed on  from a ected mem ers to search for 

li ely causal variants in the no n S genes follo ed y hole e ome se uencing in samples 

ithout causal variants  S as performed using ruSe  ome nrichment it llumina  

follo ing the manufacturer s protocol  Samples ere prepared as an llumina se uencing 

li rary  and in the second step  the se uencing li raries ere enriched for the desired target 

using the llumina ome nrichment protocol  he captured li raries ere se uenced using 

an llumina iSe   Se uencer  he reads ere mapped against UCSC hg 9 y  S Ps 

and ndels ere detected y S LS  omo ygous rare  predicted-deleterious  coding

splicing variants ithin the auto ygome of the a ected individual ere considered as li ely 

causal  e de ned rare variants as those ith fre uency of <  in pu licly availa le variant 

data ases  enomes  ome ariant Server and gnom  as ell as a data ase of 

9 in-house ethnically-matched e omes  and deleterious if predicted to e pathogenic y 

PolyPhen  S  and C  score >

Array CGH
o assess copy num er variation  e performed array comparative genomic hy ridi ation using 

a custom  oligonucleotide array gilent echnologies  Santa Clara  C  targeting  

L  C9  9  9  C C  C orf  C    CC  C P   

9  C P    C P 9  C P    C P   

CSPP  X 9   X C    LS  9   
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PP  C          

    S  P P  P P    P P   

  P  P    P C    P P L  C  

  C  C  C      

 9       C   

Pro e spacing as a median of p in the e ons  and a median of p throughout the 

intronic regions and  on either side of each gene  ata ere generated on an gilent 

echnologies  icroarray Scanner ith Surescan igh- esolution echnology using gilent 

Scan Control so are  and ere processed and analy ed using gilent eature traction and 

gilent Cytogenomics so are

RNA isolation and quantitative PCR 
e cultured human ro lasts from healthy controls in     fetal ovine serum 

S  and  penicillin streptomycin under standard conditions 9-  o induce ciliogenesis  

e cultured in  ithout S once the cells reached  con uency  er treatment 

ith  trypsin  cycling cells and serum-starved cells ere harvested and  e tracted 

using the urum otal  ini it io-rad  ercules  C  e generated c  from g 

of total  using the iScript everse ranscription Supermi  for - PC  iorad  ercules  

C  he e pression of L  and C9 m s as determined using PC  ach c  

sample as ampli ed using Po er S  reen PC  aster i  pplied iosystems  hermo 

isher Scienti c  on the C  hermal Cycler C X io-rad  ercules  C  er an initial 

denaturation of  minutes at 9 C  each cycle 9  consisted of denaturation at 9 C for  

seconds and anneal e tend at C for one minute ith a plate read  he primers for L  

and C9 are listed in a le S  P  as used as an endogenous control to normali e 

each sample  he e periment as performed in triplicate  

Cell lines, antibodies and microscopy
uman telomerase-immortali ed retinal pigment epithelium h - P  cells ere gro n 

in  P  supplemented ith  in a  ratio ith  fetal ovine serum and  

penicillin streptomycin  Cells ere plated on glass cover slips for immuno uorescence 

imaging  enty-four hours a er plating  cells ere serum starved for h in  S 

medium to induce cell cycle arrest and ciliogenesis  Cells ere rinsed once ith   P S at 

room temperature and then ed in  paraformaldehyde for min and permea ili ed ith 

 riton-X for min  Cells ere loc ed in freshly prepared  ovine serum al umin for  
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minutes and then incu ated ith the follo ing anti odies for hour  ra it anti- C9 tlas 

nti odies  P 9   guinea pig anti- P P L S C   a monoclonal anti-

acetylated tu ulin clone - -  Sigma- ldrich  9   and a mouse monoclonal 

anti- -tu ulin Sigma   nti- C9 recogni es an epitope at the -terminal 

portion of the protein  Cells ere stained ith secondary anti odies for min  he follo ing 

secondary anti odies ere used all from Life echnologies hermo isher Scienti c  leis i  

he etherlands  all diluted  in  S  anti-guinea pig g  le a luor  anti-ra it 

g  le a luor  and anti-mouse g  le a luor  P  -diamidino- -phenylindole  

stained the nucleus  Confocal imaging as done ith the eiss LS   Laser scanning 

microscope e uipped ith iryscan technology

Antibody validation with siRNA knock down
everse transfections on h - P  cells ere performed ith pre-designed Silencer Select 

si  to C9 m ion from Life echnologies  as ell as a positive control to noc  do n 

P  m ion from Life echnologies  and a scram led non-targeting negative control 

m ion from Life echnologies  Lyophilised si s ere re-constituted ith ase-free 

ater hermo Scienti c  to a nal or ing concentration of  n  Lipofectamine i a  

Life echnologies  and pti-  Life echnologies  ere used for si  transfection and 

done in accordance ith the manufacturer s protocol  Cells ere harvested and lysed ith 

P  lysis u er supplemented ith Complete Protease nhi itor Coc tail a lets oche  

 hours post transfection and estern lo ng as performed  Primary anti odies mouse 

monoclonal P  hermo Scienti c  and ra it polyclonal C9 uman Protein tlas 

Sigma ldrich  ere used at  and  dilutions respectively and incu ated overnight 

at  degrees  Secondary anti odies goat anti-ra it ye  L -C  iosciences  and goat 

anti-mouse ye  L -C  iosciences  ere used at a dilution of  and incu ated 

ith lots for  hour at room temperature  maging as done ith the dyssey CL  imaging 

system L -C  iosciences  Protein uanti cation as performed using mage Studio Lite 

so are L -C  iosciences

Zebrafish in situs, CRISPR, mutation assay, histology
e ra sh ere maintained at C ith a  h  h light dar  cycle as previously descri ed

ll e ra sh protocols ere in compliance ith internationally recogni ed guidelines for 

the use of e ra sh in iomedical research  and the e periments ere approved y local 

authorities eterin ramt rich  
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n situ hy ridi ation as performed follo ing standard protocols ith a pro e spanning 

over  p at the  end of armc9 generated using the primers - C C C C C CC C-  

and - C C C -  sg s for C SP Cas9 mutagenesis ere 

designed using the C PC P e site  - C C C -  and 

- C C CC C-  for e on  and - C C C -  and 

- C CC C C C-  for e on  Pairs of sg s for each target site ere 

mi ed ith Cas9 protein gi  from arren ilmour  and in ected into -cell stage em ryos 

o tained through natural matings  ndividual larvae ere lysed for assessment of mutagenesis 

e ciency  mpli cation of the target regions for genotyping as performed using primer 

pairs -C CC CC C CC-  and - CCC C -  for e on  and 

-C C CC C CC C C -  and -C C CCCC C -  for e ons  he PC  

products ere analy ed on gel electrophoresis  ands ere cut out and su cloned efore 

se uencing  he remaining  sh ere raised  rains of four  sh ith curved odies 

ere dissected out at ve months of age  halved and ed in  lutaraldehyde in  

Cacodylate u er and prepared for scanning electron microscopy S  follo ing standard 

protocols  S  as performed on a SS Supra P  microscope  Cryosections ere 

performed follo ing standard protocols and C as performed as previously descri ed  

 using the pr  anti ody  y rant  i  hermo isherScienti c  and P  ere used for 

counterstaining  mages ere ac uired on a Leica CS LS  confocal microscope  istological 

sections using echnovit ere performed as previously descri ed  mages ere ac uired on 

an lympus X  microscope  
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SUPPLEMENTAL DATA

Figure S1: zebrafish armc9 gene structure and expression 
 Schematic representation of the e ra sh armc9 gene ith e onic intronic structure  and protein 

elo  sho ing the predicted Lis  domain green  -terminal  and the armadillo-type-fold  domain 
lue  -  n situ hy ridi ation on rain cryosections from adult e ra sh -  transverse sections  -  

sagi al sections   ote staining along the ventricles mar ed ith the arro s  C-  igher magni cation 
vie s of the o ed areas in  C  entral one of periventricular hypothalamus v   periventricular 
grey one of optic tectum P   lateral division of valvula cere elli al and torus longitudinalis L   

sence of staining ith the control sense pro e   Sagi al section through the rain and eye  sho ing 
signal in the cere ellum o ed area  the hypothalamus o ed area  and the optic tectum o ed area 

 CCe corpus cere elli  LCa lo us caudalis cere elli   periventricular hypothalamus  P  periventricular 
grey one of optic tectum  L torus longitudinalis   sence of staining ith the control sense pro e  
Scale ars  m  m C-   m -  
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◀Fig S2: CRISPR/Cas9 armc9 mutants
 epresentative gel sho ing PC  ampli cation around the C SP  target sites on nclips from adult 
 animals ith ody curvature  ote the presence of ands in addition to the -si ed and in the 

curved sh  he PC  product from animal  as cloned and se uenced  revealing that 9 of 9 selected 
clones had small out-of-frame indels  indicating that this animal had a very high rate of mutations in 
armc9 despite a ild-type-si ed and on the gel  -C  Scanning electron microscopy S  overvie  
images of dissected and halved rains from  armc9 animals ith ody curvature  he arro  points to 
the ventricular surfaces sho n in -  -  Close up S  images of the ventricular surface sho ing 

undles of cilia in ild-type animals  n contrast  armc9  mutant animals display a paucity of cilia  
-  mmunohistochemistry on cryosections through hole eyes of ild-type  and an  armc9 mutant 
-  stained ith the pr  anti ody mar ing red-green cone cell odies red in -  and i  highlighting 

photoreceptor P  outer segments S  green in -  ote the thinner retinal layers and the colo oma 
arro s in  and o ed area in  -  represent the o ed area in  ote the discontinuity of the 

retinal layers and the presence of a second lea et of retina folding ac  ith presence of P s and Ss in 
a mirror image on either side of this a errant second retinal layer arro s  Scale ars are m in -C  
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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 
ou ert syndrome S  is a recessive neurodevelopmental ciliopathy  characteri ed y a 

pathognomonic hind rain malformation  ll no n S-genes encode proteins involved in 

the structure or function of primary cilia  u i uitous antenna-li e organelles essential for 

cellular signal transduction  ere  e used the recently identi ed S-associated protein 

C9 in tandem-a nity puri cation and yeast t o-hy rid screens to identify a ciliary 

module hose dysfunction underlies S  n addition to no n S-associated proteins 

C P  and CSPP  e identi ed CC C  and  as C9 interaction partners  e 

found that TOGARAM1 variants cause S and disrupt  interaction ith C9  

Using a com ination of protein interaction analyses and characteri ation of patient-derived 

ro lasts  C SP Cas9-engineered e ra sh and h - P  cells  e demonstrated that 

dysfunction of C9 or  result in short cilia ith decreased a onemal acetylation 

and polyglutamylation  ut relatively intact transition one function  errant serum-induced 

ciliary resorption and cold-induced depolymeri ation in C9 and patient cell 

lines suggest a role for this ne  S-associated protein module in ciliary sta ility
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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   a highly speciali ed microtu ule- ased sensory organelle 

that protrudes from the surface of most eu aryotic cell types  ou ert syndrome S  is a 

recessive  genetically heterogeneous  neurodevelopmental ciliopathy  de ned y a distinctive 

rain malformation  recogni a le as the molar tooth sign  S   in a ial magnetic 

resonance images through the mid rain-hind rain unction  ected individuals have 

hypotonia  ata ia  a normal eye movements  and cognitive impairment  dditional features 

can occur  including retinal dystrophy  rocystic idney disease  liver rosis  polydactyly  and 

colo oma  o date  variants in more than  genes have een causally lin ed to S  ut 

the genetic diagnosis cannot e identi ed in all patients  and the disease mechanisms remain 

unclear 

ll S-associated proteins identi ed thus far function in and around the primary cilium  

ut their dysfunction can a ect a ide variety of cellular processes  including cilium formation  

resorption  tu ulin post-translational modi cations  mem rane phosphatidylinositol 

composition  ciliary signaling path ays  actin cytos eleton dynamics  and  damage 

response signaling 9  any S proteins act together in comple es that locali e to 

speci c su domains of the ciliary compartment  isruption of the composition  architecture  

or function of these ciliary su domains causes disease  

he core of the cilium is composed of nine microtu ule dou lets forming the ciliary 

a oneme  hich is anchored to the cell y the asal ody  a modi ed centriole  he a onemal 

microtu ules undergo a range of post-translational modi cations including polyglutamylation 

and acetylation hich are important for the structure and function of the cilium  he 

ciliary mem rane has a distinct protein and lipid distri ution that di ers from the contiguous 

plasma mem rane  his uni ue composition is achieved in part y the transition one  that 

connects the a oneme to the mem rane and acts as a partition  ppro imately half of the 

no n S proteins  including P P L S   9  and CC  S9   assem le 

into multi-protein comple es at the ciliary  here they organi e the molecular gate that 

regulates ciliary protein entry and e it   dysfunction is thought to play a ey role in S 

 nother su set of S-associated proteins  including L  S   and PP  

S   associate ith the ciliary mem rane distal to the  hese proteins are thought 

to regulate signaling path ays such as edgehog h  y modulating ciliary protein and lipid 

composition   i erent S-associated proteins have een found to function at the 

asal ody or distal segment tip  CSPP  S    and C P  S   are 

mainly detected at the centrosomes and ciliary asal odies  ho ever  their e act molecular 
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function  and ho  defects in these proteins lead to S  are less ell understood  C P  

locali es to the ciliary tip during ciliogenesis  here it is re uired for structural integrity in the 

motile cilia of Chlamydomonas and etrahymena 9   Pathogenic variants in the gene 

encoding the ciliary tip inesin  S  also cause S  and  dysfunction has een 

lin ed to defects in tu ulin acetylation and h signaling 

ecently  e identi ed iallelic pathogenic C9 armadillo repeat motif containing 9  

variants in individuals ith S S  C9 locali es to centrioles  and the pro imal 

portion of the cilium  in mammalian cilia  C9 transcript levels are upregulated 

ith induction of ciliogenesis  and armc9 dysfunction in e ra sh yields typical ciliopathy 

phenotypes  C9 has not een identi ed as a component of the ciliary S-associated 

protein comple es mentioned a ove  so in this or  e used C9 as ait in protein 

interaction screens  hese screens identi ed a microtu ule-associated ciliary protein module 

containing multiple other S-associated proteins C P  CSPP  P P L  and C P 9  

and t o other ciliary proteins  and CC C  not previously implicated in S  

Stri ingly  e identi ed iallelic pathogenic  variants as the cause of S in ve 

families  o decipher the function of the C9-  protein module and assess its role 

in the pathology of S  e mapped the interaction domains and evaluated cellular defects 

in cultured human cells and e ra sh mutants  e nd that these proteins  previously sho n 

to associate ith microtu ules 9   are re uired for appropriate post-translational 

modi cation of ciliary microtu ules and cilium sta ility

RESULTS
Identification of a novel protein module implicated in JBTS

e performed protein interaction screens to de ne the C9-associated interactome  

o identify direct inding partners  e employed full-length C9 and four fragments 

igure  as ait in a L - ased yeast t o-hy rid  interaction trap screen of t o 

validated prey retinal c  li raries that ere generated via random or oligo-d  primers 

 Using full-length C9 as a ait  e identi ed four proteins previously implicated 

in ciliary function as inary interactors  including C9 itself suggesting a propensity to 

multimeri e   9   CC C    and the S-associated protein CSPP  

9  alidation of these interactions and evaluation of the interacting domains as performed 

y  co-e pression  his assay indicated that the potential self- inding propensity of C9 

is mediated y fragment  containing the -terminal  amino acid stretch containing the 

lissencephaly type- -li e homology motif Lis  and coiled-coil domains  hile  

and CSPP  associated ith fragment  -  aa  containing the coiled-coil domain and the 
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Figure 1 ARMC9 associates with TOGARAM1 in a ciliary module.  Schemati c of full-length C9 and 
fragments used as aits in  ovine and human reti nal c  li rary screens  omains indicated are the 
predicted Lissencephaly type- -li e homology moti f Lis  dar  green  coiled-coil domain CC  light green  
and the armadillo repeats-containing domain armadillo  purple   irect interacti on analysis grid using 
full length prey constructs  Selecti on of strains co-e pressing ait and prey constructs as performed 
on uadruple noc out S  medium S -L  he top ro  displays yeast colony gro th hen using 
fragment  of  as prey  C  - alactosidase acti vity assay con  rming the interacti ons   
Schemati c of full-length  and fragments used in  ovine and human reti nal c  screens  

  screen results validated in a  directed interacti on analysis on triple S -L  and 
uadruple S -L  noc out media   lag co- P of lag- C9  lag-  lag-

CC C  lag-CSPP  and lag-C P  ith - C9  lag-m P served as a negati ve control  
estern lot analysis post lag-tag puri  cati on indicates the presence of - C9 con  rming the 

interacti ons  lag-m P sho s no interacti on ith - C9   C9 interacts ith  
as con  rmed y P  dashed lines  and  screens  solid lines  alidati on as su se uently performed 
using co- P  do  ed lines   Silver stain gel of C-terminally and -terminally S - P tagged C9 le   
large arro   a  and -terminally S - P tagged  right  large arro   a  post protein 
puri  cati on  he small arro s indicate the e pected protein ands of t o  isoforms 9  a 
and 9  a  in the C9 P puri  cati on  and t o endogenous C9 isoforms 9  a and  

a  in the  P puri  cati on  
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armadillo repeats domain igure  C  e also used full-length  and three 

fragments igure  in parallel screens hich con rmed the direct interaction et een 

 and C9 igure  and yielded an additional candidate interactor  the S-

associated transition one protein P P L S  igure  he interaction ith C9 

as mapped to the -terminal portion of  fragment  containing the  and 

 domains  hile P P L ound to the lin er region fragment  et een the  

and  domain igure  

o identify C9-associated protein comple es  e e pressed strep  L  epitope-

tagged C9 in 9  cells  follo ed y tandem a nity puri cation P  and su se uent 

mass spectrometry  his identi ed  candidate C9 interactors  including  

and the S-associated protein C P 9  igure   Supplemental ta le  Su se uent P 

e periments using tagged  CC C  and CSPP  con rmed the presence of C9 

in the  and CC C  comple es  and e tended the net or  to include several 

other ciliary proteins Supplemental ta les -  or  these additional candidate 

interactors included ciliary proteins C9  C P    PL  and P P  

Supplemental ta le  for CC C  they included C9 and LL  Supplemental ta le 

 and for CSPP  they included P P L and C P 9  Supplemental ta le  

o further validate the C9 interactors identi ed in P and  e periments 

and evaluate their propensity to interact  e performed reciprocal co- Ps of all inary 

permutations of the module components C9   C P  CC C  and CSPP  

igure  Supplemental igure -  he results con rmed the interaction of C9 ith 

 CC C  C P  and CSPP  igure  dditionally  e performed Palm yr-

C P mislocali ation assays to further con rm the interaction of  and C9  

he Palm yr-C P assay utili es a Palm yr tag hich provides sites for palmitoylation and 

myristoylation  he palmitoylation and myristoylation forces the tagged protein to mis

locali e to the cell mem rane  his mislocali ation can e evaluated y uorescence 

microscopy of C P signal  e transfected Palm yr-C P tagged C9 and m P-tagged 

 into human telomerase reverse transcriptase retina pigmented epithelium 

h - P  cells  alone and in com ination  to assess the interaction et een C9 and 

 Cells transfected ith Palm yr-C P- C9 alone sho ed di use locali ation 

across the cell mem rane Supplemental igure  hile m P-  alone locali ed 

to microtu ule-li e structures Supplemental igure C  Co-e pression yielded complete co-

locali ation along these structures despite the Palm yr tag on C9 Supplemental igure 

 there y indicating a direct interaction of the t o proteins and a li ely strong microtu ule 

inding a nity of  
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TOGARAM1 variants cause JBTS in humans 
e t  e investigated hether our interactome dataset could e used to identify ne  S-

associated genes  e cross-referenced the C9-interactome data ith  se uence data 

from our cohort of >  families a ected y S  e rst evaluated e ome se uence 

data for  individuals in  families ithout variants in no n S genes  e identi ed 

iallelic  missense TOGARAM1 variants in a fetus ith cere ellar vermis hypoplasia and 

polydactyly U -  in igure  and a le  hese variants c >C  p Leu Pro 

and c 9 C>  p rg Cys  are rare in gnom  v   and predicted to e deleterious 

y com ined annotation dependent depletion C   a le  o identify additional 

families  e se uenced all of the no n S genes using small-molecule molecular inversion 

pro e capture  in  additional individuals from the same cohort and identi ed another 

individual U -  in a le  and igure  ith the molar tooth sign igure  and a 

nonsense variant c C>  p ln  on one allele and lo  read depth indicating a possi le 

multi-e on deletion event on the other allele  e con rmed a   deletion using a custom 

comparative genomic hy ridi ation array  and ro last c  se uencing revealed deletion 

of e ons -  igure C  enomic  se uencing of the pro and and parents revealed that 

the 9  ase pair deletion as inherited from the father igure C  n parallel  e ome 

se uencing in several other cohorts of individuals ith ciliopathy and neurodevelopmental 

conditions identi ed three other individuals ith -related S a le  and 

igure    consanguineous  ith a homo ygous rare  predicted-deleterious 

missense variant c C>  p rg rp  L- 9  consanguineous  ith a rare  

homo ygous stop-gain variant c C>  p Ser  and S-L  non-consanguineous  

ith rare  compound hetero ygous missense and stop-gain variants c C>  p la sp 

and c C>  p rg  ost variants identi ed in this or  cluster around the  

tumor overe pressed gene  domains in the protein igure   is also no n 

as 9  and  ith homologs C -  in C elegans and Crescerin  in mouse  

Segregation analysis for all a ected families con rmed a recessive inheritance pa ern igure 

 and Supplemental igure 
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Figure 2 TOGARAM1 variants cause JBTS.  Pedigrees and segregation of  variants   
rain imaging features in individuals ith -related S  olar tooth sign arro heads in 

le  column  a ial - eighted images  and elevated roof of the th ventricle arro s in right column  
sagi al - eighted top t o  and - eighted o om  images  uch of the cere ellar tissue on the 
sagi al images right column  is hemisphere ased on a ial and coronal vie s not sho n  C  ulti-e on 
deletion in U  Primers an ing the predicted deletion amplify a  ase pair product in father 

 and a ected son S  due to a 9  ase pair deletion  ut not mother  ecause the predicted 
product is too large  Sanger se uencing of the rea point in g  upper  and c  lo er  from the 
a ected child  con rming deletion of e ons -  Coding genomic schematic of omo sapiens  array 
regulator of a onemal microtu ules   ranscript variant  is sho n  variant 

 9  not sho n   Protein schematic of  ith S associated variants indicated  
 domains -  are sho n ith  repeats indicated in gradient lue  
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he ve a ected individuals had features consistent ith S  including classic rain imaging 

ndings a sent cere ellar vermis and thic  hori ontally oriented superior cere ellar 

peduncles  giving the appearance of the molar tooth sign  in the four children igure  

and cere ellar vermis hypoplasia in the fetus U -  his fetus also had ilateral posta ial 

foot polydactyly and a normal craniofacial features at autopsy including road nasal ridge 

and posteriorly rotated ears  he four living children have typical hypotonia  ata ia  cognitive 

delays and ehavioral features associated ith S  hile L- 9  and S-L  had idney 

involvement and L- 9  also had liver involvement  Uncommonly seen in individuals ith 

S  idely spaced nipples  male genital a normalities undescended testicles and possi le 

micropenis in U -  and small scrotum and testicle in  and some hat similar 

dysmorphic features ere noted in several of these individuals a le 

JBTS-associated TOGARAM1 missense variants in the TOG2 domain 
disrupt the ARMC9-TOGARAM1 interaction

 is a mem er of the highly conserved 9 protein family and is found across 

ciliated eu aryotes including Chlamydomonas reinhardtii  etrahymena thermophila  and 

Caenorha ditis elegans   has four conserved  domains that display similarity to 

the tu ulin inding domains in ch-  and CL SP family proteins  rg rp  la sp  

and Leu Pro  lie ithin the highly conserved  domain igure  Supplemental 

igure  hich has een found to promote microtu ule polymeri ation in vitro  he 

 domain conforms to the canonical  domain architecture found in other  array 

containing proteins such as CL SP and Stu  Supplemental igure  therefore disruption 

of this domain is predicted to distur  microtu ule inding  Using in silico analysis of the 

e ects of point mutations  e found that rg rp  la sp  and Leu Pro  variants 

ere predicted to e deleterious to protein structure  esidue  is highly conserved  

modeling the ild-type and mutant  domains using P   predicts that the larger 

and neutral tryptophan disrupts the normal hydrogen onds ith the aspartic acid residues 

at positions  and  Supplemental igure  C  Position  is highly conserved  and 

due to the di erence in si e and hydropho icity  aspartic acid at this position is predicted to 

disrupt the structure and function of the  domain  Position  is located in a predicted 

α-heli  and is highly conserved  proline at this position is predicted to disrupt this α-heli  as it 

introduces a end in the polypeptide chain Supplemental igure   li ely a ecting protein 

folding or interaction ith other domains  

o assess the e ects of S-associated missense variants  e modeled t o of the  

domain variants rg rp  Leu Pro  and the single  domain variant rg Cys  y 
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Figure 3 Overexpression of TOGARAM1 affects ciliary length and TOG2 domain variants reduce ARMC9 
interaction.  Untransfected control h - P  cells  the cilium is sho n ith transition one mar er 

P P L hite  and ciliary mem rane mar er L  green  -  ransient m P-  
overe pression red  in h - P  cells sho n ith transition one mar er P P L hite  and ciliary 
mem rane mar er L  green   m P- - ild-type  C  m P- - rg rp  

 m P- -Leu Pro  and  m P- - rg Cys  mages are representative of 
 cilia assessed per condition over three e periments  Scale ars are m   uanti cation of cilium 

lengths ith overe pression of ild-type and variant forms of m P-  untransfected n 9  
ild-type n  rg rp n  Leu Pro n  rg Cys n  o  plot hori ontal ars represent 

the median - 9 C  Signi cance as tested y one- ay  and u ey s multiple comparison test  
o signi cant di erences ere found et een cells overe pressing m P-  m P- rg rp  

and m P-Leu Pro  p  for untransfected versus rg Cys  Co-immunoprecipitation of -
tagged C9 and yc-tagged  ild-type and yc-tagged - rg Cys interact 

ith C9  hile  variants rg rp and Leu Pro do not    direct interaction 
analysis assay ith C9 and  ild-type and - rg Cys interact ith C9 

hile the  variants rg rp and Leu Pro do not  P-value sym ols  ns p  p  
p
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e pressing ild-type and mutant m P-tagged  in control igure -  and 

genetically edited  mutant h - P  lines Supplemental igure   he 

genetically edited  mutant h - P  line   mut  has a iallelic 

deletion of the  site of  Supplemental igure   vere pressed ild-

type  locali ed along the ciliary a oneme and as associated ith mar edly 

longer cilia compared to untransfected ild-type cells igure   and  mut 

 cells Supplemental igure  ogenous  har oring these three variants 

individually also locali ed to the cilium  ut overe pression of -domain variants 

rg rp and Leu Pro resulted in longer cilia hile overe pression of the -domain 

variant rg Cys resulted in shorter cilia compared to untransfected cells igure -  

uanti cation in igure  hese data suggest that disruption of the  domain may have 

a dominant negative e ect on the microtu ule polymeri ation capacity of  and 

disruption of the  domain has a di erent e ect on  locali ation and ciliary 

e tension as compared to  domain variants

e ne t investigated the e ects of the  variants on the interaction ith C9 

using co- P  inary yeast t o-hy rid  interaction analysis  and Palm yr colocali ation 

assays  e found that the variants in the  domain rg rp and Leu Pro  a olished 

co- P of - C9 ith yc-  hile the rg Cys variant in the  domain 

does not in uence the interaction in these assays igure   analysis con rmed these 

inary interactions igure  n Palm yr assays  the individually-e pressed ild-type 

and mutant m P-tagged  proteins locali ed along the length of cilia and along 

cytoplasmic microtu ules Supplemental igure  Co-e pression of Palm yr-C P tagged 

C9 ith ild-type or rg Cys m P-  resulted in a pa ern consistent ith 

co-locali ation to cytoplasmic microtu ules Supplemental igure  indicating protein-

protein interaction  n contrast  co-e pression ith the  variants resulted in Palm yr-C P 

tagged C9 remaining locali ed to the plasma mem rane  suggesting a lac  of interaction 

ith the  mutants a ecting the  domain Supplemental igure  a en 

together  these data indicate that variants in the  domain a rogate the C9-

 interaction

togaram1 mutations cause ciliopathy phenotypes in zebrafish
o further investigate the function of  and the association et een  

dysfunction and S  e turned to e ra sh  an esta lished model organism for ciliopathies  

ndeed  e ra sh display a variety of ciliated cell types similar to humans  and pathogenic 



Chapter 3

variants in human ciliopathy genes result in typical ciliopathy phenotypes in e ra sh  Ciliated 

cells typically assessed in the e ra sh model include epithelial cells in pronephric idney  

ducts  olfactory neurons in nose pits or neuronal progenitors on larval rain ventricular 

surfaces  

e identi ed a single e ra sh togaram  ortholog displaying a highly conserved 

C-terminal region encompassing t o  domains similar to human  and  and a single 

-terminal  domain corresponding to mammalian  domain Supplemental igure  

he three  domains are ell-conserved et een e ra sh and its corresponding human 

counterparts -  amino acid identity and -  similarity  s for the lin er region 

et een  domains  hile it is more poorly conserved  it is enriched in serines and lysines 

 of 9 residues are Ser or Lys  similar to the proportion found in the human protein  

of  residues are Ser or Lys  this is a common feature of -domain containing proteins 

 ene synteny analysis con rmed that the identi ed e ra sh se uence represents the 

ortholog of human  Supplemental igure  mportantly  on the paralogous 

chromosomal fragment generated y the teleost-speci c hole genome duplication  no 

second togaram  paralog could e identi ed  oreover  synteny analysis also revealed that 

the e ra sh genome lac s a  ortholog Supplemental igure C  leaving e ra sh 

ith ust one togaram ortholog  hese ndings support the utility of e ra sh as a model for 

-associated human disease

e ne t generated e ra sh mutants using C SP Cas9  o di erent pairs of sg s 

targeting di erent regions of the gene Supplemental igure  led to similar phenotypes in 

in ected  larvae  9  developed a curved ody shape and 9  developed idney cysts  oth 

typical e ra sh ciliopathy-associated phenotypes Supplemental igure  Single larvae 

genotyping revealed a very high mutation e ciency 9  of se uenced clones from  larvae 

had small insertions-deletions  the ma ority of hich ere frameshi  mutations  utant  

sh displayed a stri ing scoliosis phenotype as uveniles Supplemental igure  reminiscent 

of other ciliopathy mutants including armc9 C SP -  sh  a en together  these results 

con rm that loss of togaram  causes ciliopathy phenotypes in e ra sh and supports a role 

for togaram  in ciliary function  
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Figure 4 armc9 and togaram1 mutant zebrafish display ciliopathy associated phenotypes. -C  Larval 
phenotype demonstrating idney cysts in armc9- -  and idney cysts and slightly curved ody shape 
in togaram - - C  lac  o es in -C  sho  magni cation of glomerulus region in inset  ashed lines 
highlight idney cysts in  C  -  dult scoliosis phenotype in oth mutants   compared to ild-
type  -  mmuno uorescence of the pronephric duct in  day post fertili ation dpf  larvae sho ing 
fe er cilia  hite arro heads in  point to the short remaining cilia in the togaram  mutant  -L  
mmuno uorescence of mid rain ventricles sho s shortened cilia in  dpf armc9 and togaram  mutant 
e ra sh larvae  L  -  mmuno uorescence of  dpf e ra sh nose pits  decreased cilia num er in 
oth mutants   compared to ildtype  P-  Scanning electron microscopy of  dpf e ra sh nose 

pits con rming reduced cilia num ers in armc9- -  and togaram - -  Controls are ildtype   or 
- si lings of - -  Scale ars are m in -C  mm in -  and m in -
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armc9 and togaram1 mutant zebrafish display similar phenotypes 
o further evaluate the lin  et een  and C9  e compared e ra sh mutants 

in the t o genes  ollo ing up on our previous or   e raised several sta le >  

e ra sh lines har oring frameshi  insertion and deletion alleles of armc9 Supplemental 

igure  Since homo ygous mutants from all generated alleles have compara le phenotypes  

e focused on the armc9 h  allele for follo  up e periments Supplemental igure  his 

allele har ors a p insertion in e on  that leads to e on s ipping  causing a frameshi  that 

inserts a stop codon at position  of e on  armc9- - larvae have a straight ody shape and 

an incompletely penetrant pronephric cyst phenotype a ecting  of homo ygous mutants 

igure -  n comparison  togaram h 9 or h  mutant  larvae har oring frameshi  

mutations leading to stop codons in e ons  have a slightly curved ody shape and display 

a similar rate of idney cysts compared to armc9- - mutants igure C  Pronephric cysts and 

ody curvature do not necessarily correlate ith each other in togaram  mutants  as each 

phenotype can e found in isolation or in com ination  ut overall    of togaram - - larvae 

have at least one ciliopathy phenotype  either mutant displayed heart laterality defects that 

are seen in some e ra sh ciliopathy models  n addition to frameshi  mutations in e on 

 e also identi ed a  p in-frame deletion leading to loss of  amino acids in the  

domain  of hich  are highly conserved togaram h  Supplemental igure  omo ygous 

in-frame mutant larvae are indistinguisha le from the frameshi  mutants  suggesting that the 

 domain may e critical for ogaram  function

n addition to the pronephric cysts  oth armc9- - and togaram - - sh develop scoliosis 

as uveniles compared to ild-type igure -  as previously descri ed in other e ra sh 

ciliary mutants   iven that pronephric cysts and curved odies are typical ciliopathy 

phenotypes  e ne t analy ed the cilia in oth mutants using immuno uorescence ith 

anti- rl  and anti-acetylated α-tu ulin anti odies  Compared to ild-type  larvae of oth 

mutants have reduced num ers of shortened pronephric  ventricular  and nose pit cilia igure 

-  the la er eing con rmed y scanning electron microscopy igure P-  he reduced 

and shortened cilia in oth mutants support a role for rmc9 and ogaram  in e ra sh cilium 

formation and or sta ility



ysfunction of the ciliary C9  protein module causes ou ert syndrome

9    

3

Figure 5 ARMC9 and TOGARAM1 dysfunction results in short cilia.  mmuno lot of endogenous 
C9 in control and patient ro lasts indicating trace amounts of C9 isoforms  and  9  and 
 a  Loading control is -actin   C9 schematic indicating S-associated patient variants 

green le ers represent variants found in patients as indicated in  C  Ciliary length in control and 
C9 patient ro lasts control n 9  U -  n 99  U -  n  U -  n  

and U 9-  n  Signi cance as assessed y one- ay  ith unne s multiple testing 
correction   Ciliation percentage in C9 ro last lines control n  U -  n 9  U -  
n  U -  n  and U 9-  n  esults ere not signi cant using the rus al- allis test  

 Ciliary length in control and  patient ro lasts yello  panel  p  using unpaired 
Student s t-test  h - P  cilia length in ild-type and  mut lines purple panel  ased on 

L  staining   cilia ere pooled from  e periments control n   mutant line  
n  and  mutant line  n  p  per one- ay  ith unne s multiple 
testing correction   Ciliation percentage in  patient ro lasts yello  panel  control n   
and U -  n  9 over  e periments  results ere not signi cant using the ann- hitney test  
Ciliation percentage in engineered -mutant h - P  cells purple panel  control n  

 mutant line  n  and  mutant line  n  over  e periments  esults ere 
not signi cant using the rus al- allis test  pen circles represent individual e periments in  and  

o  and his ers in C  and  represent the median  the 9  C  is indicated y the notches  ll ciliary length 
measurements ere ased on L  staining  P-value sym ols  ns p  p  p

JBTS-associated ARMC9 and TOGARAM1 variants result in decreased 
ciliary length
o gain insight into the ciliary defects associated ith S in humans  e evaluated four 

ro last lines from patients ith C9-associated S  estern lot analysis of total 

protein lysates revealed that all four cell lines e press trace levels of the t o ma or C9 

isoforms at 9 a and a seen in control ro lasts  igure   o evaluate for 

ciliary phenotypes  e serum starved control and a ected cells  and then stained ith anti-

acetylated α-tu ulin and anti- L  anti odies  ll four patient lines displayed signi cantly 
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shorter mean ciliary length - μm  standard deviation S  -  n  9- 9  cilia  

versus controls μm  S   n 9  cilia  igure C  Ciliation rates  hours a er serum 

starvation ere similar in the patient lines -  compared to controls  suggesting 

that C9 does not play an integral role in ciliogenesis igure 

ean ciliary length as also shorter the one availa le patient cell line from U -  

ith -related S μm  S   n   cilia  versus control μm  S  of  n 

 9 cilia  igure  his line had a slightly lo er ciliation rate than control  versus 9  

respectively  igure  o generate additional data a out the e ects of loss of  

function on cilia in human cells  e turned to C SP Cas9 genome-edited  h -

P  mutant cells  g s targeting the translation start site of e on  resulted in t o di erent 

lines har oring a disruption in the  site of oth alleles of  Supplemental igure 

 hese lines ma e signi cantly shorter cilia mut line  μm  S   n   cilia  mut line 

 μm  S   n   cilia  versus the isogenic control μm  S   n   cilia  igure 

 Ciliation levels in the  engineered lines  in mutant  and 9  in mutant 

 did not di er signi cantly from the isogenic control  igure  a en together these 

results suggest that disruptions in  and C9 lead to shorter ciliary length ut do 

not a ect overall ciliation rates

Transition zone integrity with ARMC9 and TOGARAM1 dysfunction 
iven the ell-descri ed role of transition one  dysfunction in S  e evaluated 

hether the integrity of this compartment is a ected y loss of  or C9 

function  Since  dysfunction o en results in loss of ciliary L  hich secondarily causes 

loss of ciliary PP   9  e performed uantitative immuno uorescence  on 

control  C9  and  patient cell lines  ur data revealed mildly lo er levels of 

L  in three of four C9 patient ro last lines and normal levels in the  

patient ro last line igure  Supplemental igure  C  mportantly  the mildly lo er 

L  levels o served in three of four C9 lines ere not associated ith lo er ciliary 

PP  igure  Supplemental igure  indicating that the lo er L  levels ere 

still su cient to properly locali e PP  estern lot analysis also revealed similar levels of 

L  and PP  in patient ro last lysates compared to control cells igure C   

n e ra sh  rl  levels ere not lo er in either mutant and even slightly increased 

in the armc9- - sh  igure    ogether  these results are stri ingly di erent from the 

mar ed ciliary L  and PP  reduction o served in  mutants  9  o evaluate 

the composition of the  directly  e performed immunostaining for canonical  proteins 

P P L in human cell lines igure   and Cc d a in e ra sh igure  oth proteins 
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locali ed normally to the  of the respective cilia  a en together  these ndings suggest that 

the  is generally intact  despite dysfunction of the C9-  comple

Figure 6 ARMC9 or TOGARAM1 dysfunction does not grossly affect the transition zone.  ormali ed 
relative uorescence intensity of L  signal in human ro last cilia yello  panel  pooled from  
e periments  control  grey n 9  C9  green n  and  lue n  and dpf 
e ra sh hind rain cilia pin  panel  pooled data from  e periments   cilia measured per larva  each 

data point represents one larva  grey  armc9 control n  green  armc9 - - n  grey  togaram  control 
n  lue  togaram  - - n  ars represent the mean  Controls are ildtype   or - si lings of 
- -  Statistical signi cance as assessed using a Student s t-test for oth ro last onferroni ad usted 
p  and e ra sh e periments p  P-value sym ols  p  p   ormali ed 
relative uorescence intensity of PP  signal in human ro last cilia pooled data from  e periments  
control  grey n  C9  green n   lue n  See Supplemental igure  for L  
and PP  signal intensity across all C9 ro last lines  esults ere not signi cant ns  using 
unpaired Student s t-test  C-  estern lot analysis of L  C  and PP   in C9 U -

 patient ro lasts   and -actin serve as loading controls respectively   epresentative 
immuno uorescence signal for rl  red  and polyglutamylated green  in dpf e ra sh hind rain cilia 

uanti ed in  Scale ars are m   Single hind rain cilia stained ith rl  red  and Cc d a 
green  in dpf control  armc9- - and togaram - - e ra sh  Scale ars are m   epresentative 

immuno uorescence signal for P P L hite  and L  red  in cilia from control and t o 
-mutant h - P  lines  Scale ars are m   epresentative immuno uorescence for 

P P L green  and L  red  in C9 and  patient ro lasts  Percentage of cilia ith 
ro ust P P L puncta are indicated  Scale ars are m
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TOGARAM1 dysfunction results in attenuated SMO translocation
ecent or  has reported edgehog h  signaling defects in cell lines ith dysfunction of the 

S genes C P  CSPP  and rmc9  9  herefore  e tested hether  

dysfunction leads to a enuated ciliary S  accumulation in response to h stimulation in 

the engineered -mutant h - P  cells descri ed a ove Supplemental igure 

 e starved the cells for  hours to promote ciliation and then e posed them to  n  

Smoothened agonist S  for an additional  hours efore ation and  Supplemental 

igure 9  Upon path ay stimulation  the control and t o -mutant lines e hi ited 

a signi cant induction of S  translocation into the cilium as compared to their respective 

S  treatment condition  ho ever  the ciliary enrichment of S  as mar edly lo er in 

the t o mutant lines compared to control cells Supplemental igure 9 -  verall  S  

intensity levels in oth -mutant lines ere less than  of the control line  and 

mutant lines did not di er signi cantly in their response hen compared to each other  

ARMC9 and TOGARAM1 dysfunction affects tubulin post-
translational modifications in patient fibroblasts and zebrafish 
mutants

uring our e periments evaluating ciliary L  and PP  e noted that the acetylated 

α-tu ulin and polyglutamylated tu ulin signals appeared su stantially less intense in patient 

cell lines versus controls igure   Using  mean acetylated tu ulin levels ere  

of control levels in the C9 lines and  of controls in the  line igure   

and Supplemental igure   ean polyglutamylated signal levels ere  and  

of control levels in C9 and  lines respectively igure   and Supplemental 

igure  estern lots of hole cell lysates also demonstrated su stantially lo er levels 

of oth acetylated and polyglutamylated tu ulin in C9 ro last lines compared to 

controls igure   n the e ra sh armc9 and togaram  mutant lines  e o served similar 

reductions of ciliary acetylated and polyglutamylated tu ulin in the remaining ventricular cilia 

igure C-  ogether  these results indicate that loss of either C9 or  results 

in decreased post-translational modi cations of a onemal tu ulin across multiple model 

systems



ysfunction of the ciliary C9  protein module causes ou ert syndrome

9    

3

Figure 7 ARMC9 and TOGARAM1 mutant cilia display reduced tubulin posttranslational modifications 
in both patient fibroblasts and zebrafish ventricular cells.  mmuno uorescence and immuno lots 
of  acetylated and  polyglutamylated tu ulin in C9 patient ro lasts versus control  n the 
immuno lots   and -actin are used as loading controls  C-  epresentative immuno uorescence 
of dpf e ra sh hind rain cilia mar ed ith rl  red  and acetylated green in C  or polyglutamylated 
green in  tu ulin  Scale ars are m  ote that acetylated tu ulin also mar s a ons in the developing 
rain  visi le at the edges of the image in C   ormali ed relative uorescence intensity for acetylated 

tu ulin signal in human ro last cilia yello  panel  control n  C9 n  and  
n  and e ra sh hind rain cilia pin  panel  pooled data from  e periments   cilia measured 
per larva  each data point represents one larva  grey  armc9 control n  green  armc9 - - n  grey  
togaram  control n  lue  togaram  - - n   ormali ed relative uorescence intensity for 
polyglutamylated tu ulin assessed in human ro last cilia yello  panel  pooled from  e periments  
control n  C9 n 9  and  n  and e ra sh hind rain cilia pin  panel  pooled data 
from  e periments   cilia measured per larva  grey  armc9 control n  green  armc9 - - n  grey  
togaram  control n  lue  togaram  - - n  e ra sh controls are t   or - si lings of - -  n  
and  data points  and -  are not displayed  ut ere included in the statistical analysis  or complete 
graph of all data points and a graphical summary of all C9 lines  see Supplemental igure    and 
C   respectively  Statistical signi cance ad usted p  as assessed using a onferroni-corrected 

Student s t-test for oth ro last and e ra sh e periments  P-value sym ols  p  p
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Figure 8 JBTS patient fibroblasts exhibit abnormal axonemal stability.  Cold-induced depolymeri ation 
assay schematic and ciliation percentages of treated cells normali ed to non-treated controls  Statistical 
signi cance as assessed via onferroni-corrected rus al- allis test ith p  p  respectively  

pen circles represent individual e periments   elative ciliation rates    and  hours a er serum 
readdition in human ro lasts previously serum starved for  hours  t t        respectively  
the follo ing num er of cells ere assessed  Control      9  Control  9    

 9  C9 U -   9  9  9  9   U -  9     9  
Ciliation percentages ere normali ed to  at the time of serum readdition  percentages represent 
the amount of remaining cilia compared to time ero  rror ars represent 9  con dence intervals  See 
Statistics and reproduci ility  section for details of statistical testing for cilia sta ility assays



ysfunction of the ciliary C9  protein module causes ou ert syndrome

9    

3

ARMC9 and TOGARAM1 dysfunction is associated with abnormal 
ciliary resorption 
Post-translational modi cations of microtu ules such as acetylation and polyglutamylation 

are enriched in the ciliary compartment and play roles in ciliogenesis  a oneme sta ility  and 

cilium disassem ly  o investigate the conse uence of reduced ciliary microtu ule post-

translational modi cations on a onemal sta ility  e evaluated cilia of control and C9 

patient cells for sensitivity to cold-induced microtu ule depolymeri ation   n control 

cells  a -minute treatment at C as not associated ith reduced num ers of cilia  hile 

cold-treated C9 patient cells had -  fe er cilia than untreated cells igure  

 patient cell cilia ere also more suscepti le to cold-induced depolymeri ation  

ith  fe er cilia a er treatment compared to untreated cells igure  

s a second measure of cilium sta ility  e evaluated the rate of cilium resorption a er 

serum re-addition to serum-starved cells  Serum provides gro th factors that uic ly initiate 

ciliary resorption  so that cells can re-enter the cell cycle  n controls  the ciliation rate as 

 of aseline  hours a er serum re-addition  n contrast  the ciliation rate as  of 

aseline in C9 patient ro lasts only  hours a er serum re-addition  and y  hours  

it as do n to  compared to  in controls igure  o determine hether the 

faster resorption as due to an overactive deacetylating en yme in the C9 cell lines  e 

repeated these e periments ith and ithout the histone deacetylase  C  inhi itor 

tu acin  u acin treatment did not rescue the faster resorption in C9 cell lines to control 

levels Supplemental igure -C  ntriguingly  the ciliation rate of the one  

patient ro last line availa le remained 9  of aseline even  hours a er serum re-

addition  su stantially higher than controls igure  o determine if this a normal ciliary 

sta ility caused defects in cell cycle progression  e used a o -cytometry ased approach to 

uantify cell cycle reentry Supplemental igure -  C9 and  patient cell 

lines reentered the cell cycle closely ith similar timing to control cells  hese data suggest 

that the C9-  comple  plays a role in regulation of a onemal sta ility
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Figure 9 Graphical Summary: Disruptions of the ARMC9-TOGARAM1 module affect ciliary length, 
axonemal PTMs, and stability.   interacts ith C9 through its  domain   ects 
of  overe pression ild-type and ith S-associated variants  on ciliary length in  
mutant h - P  cells and conse uences of S-associated variants on the interaction ith C9  
C  Conse uences of mutations in C9 or  on ciliary length and a onemal post-translational 

microtu ule modi cations P  in patient ro last lines lac  arro s  or e ra sh mutants hite 
arro s  ransition one  integrity despite C9 or  dysfunction is indicated ith a green 
chec mar  Conse uences of  and C9 mutations on ciliary sta ility in response to cold or 
serum readdition in patient ro lasts are indicated ith lac  arro s  ello  o es represent pathogenic 
variants  old crosses indicate presumed loss-of-function mutations  del deletion  f frameshi  Lo loss 
of function  ild-type  e ra sh  P  mut h - P   mutant lines  Protein 
domains  Lis Lis-homology  CC coiled-coil  armadillo  tumour overe pression gene

DISCUSSION
n this study  e identi ed a ne  S-associated protein module that can e distinguished 

physically and functionally from the previously descri ed S protein comple  at the ciliary 

transition one of primary cilia  Several components of this ne  module locali e at the 

ciliary asal ody  and at the pro imal end of the ciliary a oneme   Pathogenic 

variants in the genes encoding t o directly interacting mem ers of the module  C9 and 

 cause defects in cilium length  h signaling S  translocation  microtu ule 
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post-translational modi cations acetylation and polyglutamylation  and ciliary sta ility in 

patient-derived ro lasts  e ra sh mutants  and genetically edited h - P  cell lines 

Summary igure 9  

The ARMC9-TOGARAM1 complex in JBTS
no ledge of the components and associations of the ciliary molecular machinery has een 

instrumental for relating ciliopathy genetic defects  associated pathomechanisms  and the 

ide spectrum of overlapping ciliopathy phenotypes  Several a nity and pro imity proteomics 

approaches have een used to determine the topology of ciliary protein-protein interaction 

net or s and generate molecular lueprints of the ciliary machinery  e g  the entire ciliary 

organelle  of the human centrosome-cilium interface  or speci c ciliopathy-associated 

protein modules   he ma ority of the previously identi ed S-associated proteins 

participate in speci c su -modules of comple  ciliary protein net or s that vary in su -ciliary 

locali ation  concentrating at the transition one to organi e and regulate the ciliary gate   

Using a com ination of a nity proteomics P  and  protein interaction screens  

e found that the ne ly S-associated protein C9 interacts ith no n S-associated 

proteins CSPP  and C P 9  con rming the importance of this comple  to S  e also 

identi ed t o ciliary microtu ule-associated proteins   and CC C  not previously 

associated ith S   su se uent P screen using  as ait pulled out C9  

further validating their interaction  and also identi ed another S-associated protein  C P  

S  y  screening e determined the direct interaction of  ith another 

S-associated protein  P P L S  hile a P e periment using CSPP  as a ait again 

identi ed C P 9  as a comple  mem er  and con rmed its previously identi ed interaction 

ith P P L  ur results are in agreement ith the io  pro imity interactome of 

C P  that contained most of our module components  e cept for C9 and P P L  

Co- P and yeast t o-hy rid analysis validated the core module  C9   CC C  

and C P  consisting of proteins important for cilium function and ciliopathy disease  or 

instance  CC C  as previously found to interact ith C P 9   and null mutations cause 

retinal degeneration in dogs 9  and mice  C P  locali es oth to the daughter centriole 

as ell as to the apical tip of a gro ing cilium  and  similar to  interacts ith 

tu ulin through its  domain  oreover  C P  has een sho n to interact ith  

 hich is associated ith the ciliopathy short-ri  polydactyly syndrome a e s i type  

 and ith the S-associated protein CSPP  9  his interaction  that e con rmed in 

our co- P e periments  is re uired for the formation of edgehog signaling-competent cilia  as 
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mutations in CSPP  and C P  signi cantly decreased ciliary S  translocation 9  similar 

to hat e o served ith P   mutant lines  ollo ing the guilt y association  

paradigm  e ne t found iallelic  variants in multiple individuals ith S  

reiterating the relevance of the comple  to S  and moving us closer to identifying all genetic 

causes of this disorder  e did not nd CC C  variants in >  families a ected y S  

indicating that variants in this gene are  at most  a very rare cause of S

Role of the ARMC9-TOGARAM1 complex in ciliary length and 
stability 

he structure of  domains is highly conserved for microtu ule inding  here the 

intra-  loop in the discontinuous  domain inds tu ulin   domains are 

thought to regulate microtu ule gro th and dynamics  he  domains in  

have di erential microtu ule inding capacity and li ely function in concert to coordinate 

microtu ule polymeri ation  or e ample  the C-terminal  domains  and  

promote microtu ule la ce inding  nterestingly  e found that cilia are shorter in 

cells ith C9 or  dysfunction  n contrast  e demonstrate that  

overe pression results in long cilia  and this e ect re uires an intact  domain  ut not 

an intact  domain hich is re uired for  interaction ith C9  n fact  the 

 domain rg Cys variant does not interfere ith the C9 interaction  ut over-

e pression of this mutant protein results in severely shortened cilia  Since oth long and short 

cilia have een identi ed in ro lasts from patients ith di erent genetic causes of S  no 

simple correlation et een cilium length and S disease mechanism can e made   

 9  

ecent or  in etrahymena indicates that  and C9 orthologs may have 

opposite e ects on -tu ule length 9  n mammalian cells  e found that dysfunction of 

either gene leads to shorter cilia  decreased post-translational modi cations  and sensitivity 

to cold-induced ciliary microtu ule depolymeri ation  suggesting reduced ciliary sta ility  

ntriguingly   and C9 dysfunction seem to have opposite e ects on the inetics 

of cilium resorption a er serum re-addition in patient ro lasts  his result suggests that 

di erent mechanisms may underlie ciliary resorption in the se ng of serum re-addition versus 

cold-induced depolymeri ation  he la er may represent an acute stressor directly correlated 

ith cilium sta ility  hile the former is a regulated mechanism re uired for cell cycle reentry  

for hich  and C9 may indeed play opposing roles as suggested y the or  

in etrahymena 9  
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Post-translational modifications of ciliary microtubules
C9 and  dysfunction also leads to signi cantly decreased a onemal post-

translational modi cations P s  polyglutamylation and acetylation  in patient ro lasts and 

e ra sh  supporting the relevance of altered P s in S  u ulin P s are indispensa le 

for proper microtu ule function  a ecting their mechanical properties  sta ility  and inding 

of microtu ule-associated proteins Ps  to in uence protein tra c ing and signaling  

Polyglutamylation decorates the surface of a onemal microtu ules  his reversi le 

modi cation ranges from -  glutamyl residues in vivo  and plays a role in intra agellar 

transport activity and P inding  ecreased ciliary polyglutamylation interferes 

ith inesin -mediated anterograde transport  also on the -tu ule  and su se uently 

negatively impacts edgehog signaling   Some Ps are sensitive to the amount of 

glutamylation  or e ample  spastin has optimal microtu ule-severing activity in vitro ith 

moderate polyglutamylation  hile oth hypo- and hyper-glutamylation suppresses severing 

activity  n the conte t of S  decreased a onemal polyglutamylation as reported in 

ro lasts from patients ith C P -related S  ore recent or  found decreased 

a onemal glutamylation ith L  P  and LL  noc do n in immortali ed cells  

associated ith impacts on polycystin locali ation and h signaling  

hile most P s are added to the C-terminus of tu ulin on the microtu ular surface  

acetylation uni uely occurs on the luminal surface of α-tu ulin  Ciliary resorption re uires 

removal of this modi cation y C   t has een long o served that the hypersta ili ed 

ciliary microtu ules are acetylated  ut until recently it as not no n if the modi cation 

confers sta ility or if long-lived sta le microtu ules accumulate this modi cation  ecent 

or  using cryo-  con rmed that acetylation causes a sta ili ing conformational change 

 his is in line ith our ndings of decreased a onemal microtu ule acetylation and 

sta ility ith C9 and  dysfunction  as ell as previously pu lished ndings 

ith if  and rmc9 dysfunction   n particular  rmc9 null  cells had short 

cilia and decreased acetylation and glutamylation  he more rapid ciliary resorption ith 

C9 dysfunction is unli ely due to e cessive deacetylation since cilia ere not sta ili ed 

y C  inhi ition  nterestingly  if  mutant mouse em ryonic ro lasts s  e hi ited 

reduced glutamylation  ma ing it the only other S model ith decreases in oth of these 

P s   i ro lasts from patients ith PP -related S also display decreased 

cilium sta ility  ota ly  these models of - and PP -related ciliary dysfunction 

disrupt h signaling  li ely due to L SU U mislocali ation and a errant phosphatidylinositol 

composition respectively  hile emerging evidence indicates that reduced polyglutamlyation 

may indirectly alter translocation of h path ay components y pertur ing anterograde 

intra agellar transport  
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he o served reduction of P s ith C9 and  dysfunction could 

therefore a ect ciliary function through loss of sta ility and or direct disruption of signaling 

path ays  n fact  rmc9 and ogaram  9  ere identi ed as positive regulators of 

the h path ay in a genome- ide screen for h signaling components  hat study also 

demonstrated that over-e pressed C9 translocates from the ciliary ase to the tip upon 

h path ay stimulation  n etrahymena  orthologs of C9 and  are seen at 

oth the ase and tip  ith tip enrichment during cilia regeneration 9  a en together  these 

results suggest a dynamic locali ation of the comple  mem ers  and li ely changes in protein 

comple  composition at each locale  urther or  ill e re uired to determine the details of 

dynamic C9-  locali ation during ciliogenesis  resorption  and signaling  

CONCLUSIONS
he iological mechanisms underlying S remain incompletely understood  his or  rings 

us one step closer to the complete catalog of S genetic causes  and highlights the role of a 

ne  S-associated protein comple  including C9 and  ppro imately half 

of S-associated genes are implicated in transition one function hich is re uired for ciliary 

L  and PP  locali ation  n contrast  the C9-  comple  is not re uired 

for PP  locali ation  and instead  appears to regulate the post-translational modi cation of 

ciliary microtu ules  ciliary length and ciliary sta ility  uture or  ill need to reconcile ho  

the diverse array of cellular defects associated ith loss of function for the S genes relate 

to this important human disorder
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MATERIALS AND METHODS 
 detailed description of cell culturing conditions  cloning  immuno uorescence and microscopy  

cell cycle assay  e ra sh e periments  Palm- yr assay  tandem a nity puri cation  yeast 

t o-hy rid interaction analysis  coimmunoprecipitation  statistical analysis  microtu ule cold 

assay  cilia sta ility assay  su ect ascertainment and phenotypic data  variant identi cation  

and array C  can e found in the supplemental material and methods le
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SUPPLEMENTAL MATERIALS AND METHODS 
Patient Fibroblast Culture
Patient ro lasts ere cultured at C   C  in  i co  99 -  supplemented 

ith  S   penicillin streptomycin  i ro lasts are seeded at  and allo ed to 

reach -  con uency prior to passages  or e periments  cells are serum starved in  

only for  hours to induce ciliogenesis  ll cell lines used ere ithin  passage num er of 

each other and ≤  total passages  ll cell lines ere routinely tested for mycoplasma  

CRISPR/Cas9 generation of TOGARAM1 mut hTERT-RPE1 cell lines
h - P  ere maintained in culture according to CC speci cations  Cells ere plated 

in  ell of a  ell plate  t -  con uency  cells ere co-transfected ith the Cas9 

ac one p 9v  containing g s to  ransfections ere performed ith 

lipofectamine  hermo isher  Se uencing primers for genotyping targeted the 

U  C C C CC C  for ard  and e on  C CC CC CC C C C C 

reverse  oth  mut clone  and  have compound hetero ygous mutations 

hich result in large deletions including the  site and a portion of e on  TOGARAM1

mut line  c 9del dup  9inv   mut line  

c - del  9inv  9 ins C  Supplemental igure   

 Cloning as performed as previously descri ed  g s to the U  and  site  

-C CC C CCC C -  and e on  - C C C -  ere designed 

utili ing the e - ased tool C PC P  pSpCas9 - -Puro PX 9   from eng hang 

ddgene plasmid  9  as purchased from ddgene

hTERT-RPE1 Immunofluorescence and microscopy 
uman telomerase-immortali ed retinal pigment epithelium h - P  cells ere cultured 

according to CC speci cations  or immuno uorescence imaging  cells ere plated on glass 

coverslips  t  hr a er plating  cells ere serum starved for  hr in  S medium 

to induce cell cycle arrest and ciliogenesis  ransfections ere performed here indicated 

at  hours post plating using lipofectamine  hermo isher  in accordance ith the 

manufacturer s protocol   hours a er plating  cells ere rinsed once ith X P S  ed 

ith  paraformaldehyde for  min and permea ili ed ith  riton-X for  min  ll steps 

ere performed at room temperature  Cells ere loc ed in freshly prepared  S  for  

min and then incu ated ith the follo ing anti odies for  hr  ra it polyclonal anti- L  
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Proteintech  cat  no  - - P   guinea pig polyclonal anti- P P L in house  

S C   monoclonal anti-acetylated tu ulin anti ody clone - -  Sigma- ldrich  

cat  no  9   monoclonal anti-  a ind gi  from Carsten an e   

ra it polyclonal anti-S  cam  cat  no  a   and mouse monoclonal anti-

L  euro a  cat  no  -   Cells ere stained ith secondary anti odies 

for  min  he follo ing secondary anti odies ere used all from Life echnologies hermo 

isher Scienti c  all diluted  in  S  anti-guinea pig g  le a luor  anti-ra it 

g  le a luor  and anti-mouse g  le a luor  luoromount-  mounting solution 

ith P  hermo isher  as used to mount the coverslips to slides  on-confocal imaging 

as performed ith the eiss io mager  icroscope  Confocal imaging as done ith the 

eiss LS   Laser scanning microscope e uipped ith iryscan technology  

Fixation and staining for patient fibroblast immunofluorescence 
Patient ro lasts ere gro n on coverslips euvitro  - - pdl  mg mL Poly-

-lysine coating  mm thic ness  serum-starved for  hours  then ed in ice cold  

paraformaldehyde in P S for  minutes  er a P S ash  cells ere permea li ed ith  

rition-X in P S or ice-cold ethanol for  minutes  Cells ere loc ed in  S  in P S for 

 hour at room temperature  then incu ated ith the follo ing anti odies in  S P S  

for  hours at room temperature  mouse anti-polyglutamylated tu ulin   dipogen  

- - -C   mouse anti-acetylated tu ulin clone - -  Sigma- ldrich  

9   mouse anti- L  UC avis euro a  -  clone 9   

goat anti-γ-tu ulin Santa Cru  SC- 9   ra it anti- L  Proteintech  - - P  

 or ra it anti- PP  Proteintech  9 - - P   Cells ere ashed thrice ith 

P S and stained ith secondary anti odies in  S P S  for  hour at room temperature 

all nvitrogen at  anti-goat-   anti-ra it-   er three P S 

ashes  coverslips ere mounted on slides using luoromount-  ith P  nvitrogen  -

9 9-  and sealed ith nail polish  

Patient Fibroblast Microscopy & Immunofluorescence Quantification
ide- eld uorescent images ere ac uired on an i imaging or station i  enver  C  

ith io inverted microscope ith e nite ocus eiss  or each e periment  optimal 

e posures ere determined for each uorophore to ensure that e used the full dynamic 

range of our CoolSnap  camera Photometrics  nc  uscon   ithout saturating any 

pi els  ar  eld correction as applied to each channel to remove artifacts generated from 
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the camera and electronics due to non-uniformities in illumination  -stac  images ith  

μm steps ere ac uired at ≥  distinct locations on each slide ith a  o ection using 

identical scope se ngs for all slides in an e periment  Sum pro ected images ere analy ed 

in    reference ciliary mas  as dra n atop the reference signal for each cilium y 

standardi ed methods   s eleton measurement of this mas  e tracted ciliary length data  

he average uorescence intensity as measured ithin the cilium mas  in the channel of 

interest  o correct for anti ody ac ground  the ac ground from a region directly ad acent 

to each cilium as measured and su tracted  

Patient Fibroblast Cell Cycle Reentry Analysis
ear con uent cells ere serum starved for  hours  then serum as added ac  for   

  or  hours  Cells ere tryspin ed  concentrated  then triturated in mg mL P  and 

 nonident P-  solution ith a  gauge needle to release intact nuclei  uclear  

content as measured ith a  nm laser on a LS   ioscience  o  cytometer  then 

data as analy ed in CS press  e ovo So are  

Zebrafish experiments: Phylogeny and Synteny Analysis, 
CRISPR gene editing, Scanning electron microscopy and 
Immunofluorescence
Phylogeny and Synteny analyses ere performed as previously descri ed  using the 

Phylogeny fr pla orm h p phylogeny fr  and the synteny data ase h p syntenyd

uoregon edu  synteny d  rie y  for Phylogeny  length of input se uences varied et een 

 xenopus truncated version  and  amino acids  and a er curation  amino acids 

ere used for further analysis  or Synteny analysis  parameters ere ad usted to sliding 

indo  si es et een  and  and several genes in the vicinity of s ere 

used for additional syntenic comparison  e ra sh Danio rerio  ere maintained at  C 

ith a  h  h light dar  cycle as previously descri ed  ll e ra sh protocols ere in 

compliance ith internationally recogni ed guidelines for the use of e ra sh in iomedical 

research  and the e periments ere approved y local authorities eterin ramt rich 

 eneration and genotyping of the armc9 mutant e ra sh as previously descri ed 

 sg s for togaram1 C SP Cas9 mutagenesis ere designed ith the e site 

C PC P  - C CC C C CC-  and - C C CC -  for 

e on  and - C CC CC C -  and - C C C C C -  for e on 

 in togaram1. sg s ere mi ed ith Cas9 protein gi  from arren ilmour   

 or  invitrogen  and co-in ected into -cell stage em ryos using a microin ector 
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ppendorf  mpli cation of the target regions for genotyping as performed using primer 

pairs - C C CC C C CC -  and - CC C -  for e on  in 

togaram1. he PC  products ere analy ed ith gel electrophoresis and su cloned efore 

se uencing  periments ere performed using the armc9zh505  ac ground  and the 

togaram1zh509 or togaram1zh510  ac ground  mutants from generation  Supplemental 

igure  e ra sh larvae ere ed in   lutaraldehyde in   Cacodylate u er 

and prepared for scanning electron microscopy S  follo ing standard protocols  S  as 

performed on a SS Supra P  microscope  hole-mount immunohistochemistry as 

performed on e ra sh larvae ed in  paraformaldehyde or  e  in S  according 

to standard protocols  he follo ing primary anti odies ere used  acetylated tu ulin  

Sigma    n o Life Sciences  arl   gi  from Sun  

cc d a  mages ere ta en ith a Leica CS LS  confocal microscope  cetylated tu ulin 

and glutamylated tu ulin mean uorescence intensity as uanti ed using  uorescence 

intensity of  cilia from each larvae ere measured and averaged  so that each datapoint in 

graphs ig   and  represents one individual larva  he ac ground as su tracted from 

each measurement  

Cloning of constructs
ll e pression constructs ere generated using ate ay echnology Life echnologies  and 

according to manufacturer s instructions  he constructs generated encoded  and 

S associated variants  C9 9  p -CC C  9  

C P   and CSPP  9  in the follo ing destination vectors   

lag  P  myc  m P  L -  and Palm yr-C P  he entry clone of human  

 as synthesi ed and purchased from ector uilder  Constructs encoding 

 and variants ere generated y site directed mutagenesis PC  ll entry clone 

se uences ere veri ed using Sanger se uencing  

PalmMyr Assay
h - P  cells ere plated on glass slides   hours later hen cells reached appro imately 

 con uency they ere transfected using lipofectamine  hermo isher  ith either 

m P-tagged    variants or Palm yr-C P-tagged C9 or oth  

 hours post transfection  cells ere starved for an additional  hours  ed ith  P  

at room temperature and prepared for analysis  maging as performed ith the eiss io 

mager  icroscope
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Tandem affinity purification and mass spectrometry 
9 cells ere gro n in  P  supplemented ith  fetal ovine serum and  

penicillin streptomycin  Cells ere seeded and e panded for    hours  then transfected 

ith the corresponding S - P-tagged  constructs using P  reagent Polysciences  

according to the manufacturer s protocol   hours later  cells ere harvested in lysis u er 

containing  onidet-P  P-  protease inhi itor coc tail oche  and phosphatase 

inhi itor coc tails  and  Sigma- ldrich  in S m  ris- Cl  p   and m  aCl  

for  min at C  Cell de ris and nuclei ere removed y centrifugation at g for  min  

or S - P analysis  the cleared supernatant as incu ated for  hour at C ith Strep- actin 

super o   Su se uently  the resin as ashed three times in ash u er S containing 

 P-  and phosphatase inhi itor coc tails  and  Sigma- ldrich  Protein aits ere 

eluted ith Strep-elution u er m  desthio iotin in S  or the second puri cation step  

the eluates ere transferred to anti- lag  agarose eads Sigma- ldrich  and incu ated for 

 hour at C  he eads ere ashed three times ith ash u er and proteins ere eluted 

ith L  peptide  mg ml  Sigma- ldrich  in S  er puri cation  the protein samples 

ere precipitated ith chloroform and methanol and su ected to in-solution tryptic cleavage  

ass spectrometry and su se uent analysis ere performed as previously descri ed  

Yeast two-hybrid interaction analysis
he L - ased yeast t o-hy rid system as used to screen for inary protein protein 

interactions  east t o-hy rid constructs ere generated according to manufacturer s 

instructions using ate ay cloning technology hermo isher Scienti c  y L  recom ination 

of L -  ate ay destination vectors ith se uence veri ed ate ay entry vectors 

containing the c s of selected ait proteins C9   and CC C  ragments 

thereof ere generated y ate ay adapted PC  and su se uent cloning  Constructs encoding 

full-length or fragments of ait proteins fused to a  inding domain L -  ere used 

as aits to screen human oligo-d  primed and ovine random he amer primed retinal c  

li raries  prey proteins are fused to a L  activation domain L -  he yeast strain 

P 9 -  hich carries the S  histidine   adenine  L  α-galactosidase  and Lac  

β-galactosidase  reporter genes  as used as a host  nteractions ere analy ed y assessment 

of reporter gene S  and  activation via gro th on selective media and β-galactosidase 

colorimetric lter li  assays LacZ reporter gene  c  inserts of clones containing putative 

interaction partners ere con rmed y Sanger se uencing  
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Coimmunoprecipitation assay
9  cells ere plated in  ell plates and transfected using ectene ransfection eagent 

iagen  according to the manufacturer s protocol  Cells ere su se uently incu ated at oC 

for  hours and then lysed in  μL per ell of ice cold P lysis u er and collected for 

centrifugation  Lysates ere centrifuged at  oC for  minutes at  rpm  supernatant as 

su se uently collected and incu ated in ne  ppendorf tu es ith  a nity matri  eads 

oche  Lysates ere nutated for  hours at C  he eads ere spun do n for  seconds 

at  rpm  eads ere ashed  times in  ml of ice cold P lysis u er  then all li uid as 

removed from the eads using a syringe ith  mm needle   μL of uP  loading dye plus 

 m   as added to the samples and they ere heated at 9 C for  minutes  estern 

lo ng as performed using the standard protocol for the uP  system and visuali ed 

on the dyssey  c-myc oche  9    Sigma  9   and lag 

Sigma  -   primary anti odies ere used  he secondary anti ody used 

as goat anti- ouse ye  Licor iosciences  9 -   

Western blotting
rypsini ed and concentrated cells ere lysed ith P-  cell lysis u er hermo isher  

 Cellular proteins ere denatured using Laemmli sample u er supplemented ith 

- ercaptoethanol oth io ad    and heated at 9 C for  minutes  

Cellular proteins ere separated y S S-P  and transferred to a P  mem rane illipore 

P  using standard protocols  he follo ing primary anti odies ere used  mouse 

anti-acetylated tu ulin clone - -  Sigma- ldrich  9   mouse-anti eta-

actin Sigma    ra it anti- L  Proteintech  - - P   ra it 

anti- PP  Proteintech  9 - - P   ra it anti- iantin cam  a   

or ra it anti- C9 tlas nti odies cat  P 9  9   nti-

C9 recogni es an epitope at the -terminal portion of the protein  estern lots ere 

developed using anti-mouse or anti-ra it secondary anti odies con ugated to horseradish 

pero idase anti-ra it- P  ove  9  anti-mouse- P  nvitrogen  

 and chemiluminescent su strate io ad Clarity a    Chemi oc P 

imaging system ith mageLa  so are as used for imaging oth io ad

Statistics and reproducibility
Statistical analyses ere performed in cel and raphpad  Prism  raphical data presented 

as percentages include 9  con dence intervals  ut other ise represent standard deviations  
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uantitative immuno uorescence statistics ere calculated ith Student s t-test ith une ual 

variances  luorescence intensity measurements from multiple e periments ere com ined 

for statistical analysis  periments ere independently performed thrice  n cilia sta ility 

assays  linear regression of ciliary loss over time yielded the slope  and e used Student s t-test 

ith une ual variances for singular comparisons and a one- ay  to assess signi cance 

for multiple samples   values are stated in the gures and either represent cilia or cells as 

indicated in each igure  P values are stated in the gure legends  and sym ols indicate the 

follo ing P values  ns  P >   P ≤   P ≤   P ≤   P ≤  

 P ≤ 

Microtubule cold depolymerization assay
or microtu ule cold depolymeri ation assays  cells ere gro n until near-con uent 

on coverslips in - ell plates  serum starved for  hours  then placed at either room 

temperature or C for  minutes  Cells ere then ed as descri ed and processed for 

immuno uorescence to determine ciliation percentage  

Cilia stability assay
or cilia sta ility assays  cells ere gro n until near-con uent on coverslips in - ell plates  

serum starved for  hours  then media as replaced ith   S at hourly time points 

for -  hours 9  Cells ere then ed as descri ed and processed for immuno uorescence 

to determine ciliation percentage  n a su set of these e periments  e loc ed histone 

deacetylase  C  activity  ith a speci c inhi itor  tu acin Sigma  S L  Cells ere 

either treated ith  μ  tu acin in S  or in S  only as a vehicle control  

Subject Ascertainment and Phenotypic Data
The UW351 and UW360 families ere enrolled under approved human su ects research 

protocols at the University of ashington U  he  family as enrolled ing aisal 

Specialist ospital and esearch Centre S C C    and  he 

S-L  family as enrolled in the  enomes Pro ect  ll participants in the P 

have provided ri en consent to provide access to their anonymised clinical and genomic 

data for research purposes  he P research and clinical pro ect model and its informed 

consent process has een approved y the ational esearch thics Service esearch thics 

Commi ee for ast of ngland  Cam ridge South esearch thics Commi ee  he L- 9  
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family consented under a human su ects research protocol approved y the thics Commi ee 

at ehran University of edical Sciences

ll participants or their legal guardians provided ri en informed consent  ll 

participants have clinical ndings of S intellectual impairment  hypotonia  ata ia  and or 

oculomotor apra ia  and diagnostic or supportive rain imaging ndings S or cere ellar 

vermis hypoplasia  Clinical data ere o tained y direct e amination of participants  revie  

of medical records  and structured uestionnaires

Variant Identification
o identify the U  and U  families  samples from individuals a ected y S ere 

previously screened using a molecular inversion pro es Ps  targeted capture  See 

Supplemental a le  for the target gene list -  n samples ithout causal variants  

e ome se uencing as performed as previously descri ed  using oche im legen 

Se Cap  uman ome Li rary v  capture pro es   of coding e ons  and paired-

end  ase pair reads on an llumina iSe  se uencer  n accordance ith the enome 

nalysis ool it s  est practices  e mapped se uence reads to the human reference 

genome hg 9  using the urro s- heeler ligner v  removed duplicate reads 

Picard ar uplicates v  and performed indel realignment  ndel ealigner v  

and ase- uality recali ration  a le ecali ration v  e called variants using the 

 Uni ed enotyper and agged ith ariant iltration to mar  potential false positives that 

did not pass the follo ing lters  etero ygous llele alance et  >  uality y epth 

>  uality U L  >  omopolymer un run  <  and lo  depth <  e used 

Sea leSe  for variant annotation and the Com ined nnotation ependent epletion C  

score to determine deleteriousness of identi ed missense variants ased on C  score 

data for causal variants in other S-associated genes  e used a C  score cuto  of  to 

de ne deleterious variants  n Supplemental igure  e used the ntegrated enome 

ie er for visuali ation of ne t-generation se uencing data 

or family   from the a ected individual  una ected si lings  and parents 

ere genotyped using the iom S P Chip pla orm to determine the candidate auto ygome 

9   S as performed using ruSe  ome nrichment it llumina  follo ing the 

manufacturer s protocol  Samples ere prepared as an llumina se uencing li rary  and then the 

se uencing li raries ere enriched for the desired target using the llumina ome nrichment 

protocol  he captured li raries ere se uenced using an llumina iSe   Se uencer  he 

reads ere mapped against UCSC hg 9 y  S Ps and indels ere detected y S LS  
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omo ygous rare  predicted-deleterious  and coding splicing variants ithin the auto ygome 

of the a ected individual ere considered as li ely causal  e de ned rare variants as those 

ith fre uency of <  in pu licly availa le variant data ases  enomes  ome ariant 

Server  and gnom  as ell as a data ase of 9 in-house ethnically matched e omes  and 

de ned deleterious if predicted to e pathogenic y PolyPhen  S  and C  score > 

or family S-L  hole genome se uencing as performed y enomics ngland via 

the  enomes Pro ect using the llumina ruSe   PC - ree sample preparation 

it llumina  nc  and an llumina iSe   se uencer  generating a mean depth of  

 range from  to  and greater than  for at least 9  of the reference human 

genome  S reads ere aligned to the enome eference Consortium human genome uild 

 Ch  using saac enome lignment So are version  llumina  nc  Se uence 

data as analysed using c ools scripts designed to search vcf g  les and individual  les 

ere vie ed using 

or family L- 9  genomic  as e tracted from hole lood  uman hole 

e ome enrichment as performed using ist uman Core ome Plus it and the li rary as 

se uenced on an llumina ovaSe  pla orm  ata analysis as performed using a standard 

clinical pipeline  and the homo ygous  variant as the only li ely pathogenic 

variant identi ed that as consistent ith the phenotype  he variant as validated y Sanger 

se uencing and con rmed hetero ygous in parents

Array CGH
o assess copy-num er variation  e performed array comparative genomic hy ridi ation 

using a custom  oligonucleotide array gilent echnologies   or gene list see 

supplemental ta le  Pro e spacing as a median of p in the e ons  and a median of 

p throughout the intronic regions and   on either side of each gene  ata ere 

generated on an gilent echnologies  icroarray Scanner ith Surescan igh- esolution 

echnology using gilent Scan Control so are and ere processed and analy ed using 

gilent eature traction and gilent Cytogenomics so are  o determine the e ect of the 

deletion in U -  e e tracted  io ad  urum otal  it   from the 

associated cell line and converted it to c  iorad  iScript everse ranscription Supermi  

 for do nstream Sanger se uencing  o determine segregation of this deletion in 

family U  and to determine the precise rea points  e ampli ed the deletion- an ing 

region from genomic  and Sanger se uenced  
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◀Supplemental Figure 1 Validation of ARMC9 interactome. (A-I) eciprocal co- Ps of lag- C9  
lag-  lag-CC C  lag-CSPP  and lag-C P  ith - C9  -

 -CC C  -CSPP  and -C P  lag-m P as used as a negative control 
in each e periment  Pairs of lag and  tagged constructs ere co-transfected into 9  cells  

hich ere then lysed and su ected to pull do n ith either lag or  eads  estern lots of the 
pulldo ns ere pro ed ith lag and  anti odies to visuali e the interaction partners  he e periments 

ere performed in triplicate  he reciprocal e periment of (G)  the lag co- P  is sho n in igure  (J-K) 
Single transfections of Palm yr-C P- C9 green in (J)  and m P-  red in (K)  sho s the 
locali ation of each tagged proteins in the a sence of the other  (L) Co-e pression of m P-  
and Palm yr-C P- C9 sho s locali ation consistent ith a su set of cytoplasmic microtu ules  Scale 

ar indicates  m
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◀Supplemental Figure 2 In silico modeling of the TOG2 variants. (A-B) i on model t o vie s  of 
the ild-type   domain generated using P  lpha-helices are lue  eta-strand is 
red  turns are green   heli  is yello  and random coil is cyan   vie  is the inversion of ild-type 

  domain structure of as compared to  vie  (C) p  rg rp missense variant in the 
 domain in ri on-presentation generated using P  (D) Close up of the side chain ith ild-type 

arginine green  and variant tryptophan red  (E) p  la sp missense variant in the  domain  (F)
Close up of the side chain ith ild-type alanine green  and variant aspartic acid red  (G) p Leu Pro 
missense variant modeled in the  domain  (H) Close up of the side chain of oth ild-type leucine 
green  and variant proline red  or C    the  is sho n in grey  the side chain of the mutated 

residue is sho n in magenta   magenta arro  indicates the location of the variant

Supplemental Figure 3 Segregation and Sanger confirmation of TOGARAM1 variants. (A) n U  
Leu Pro is inherited from father and rg Cys is inherited from mother  (B) n U  ln  is 
inherited from mother and a multi-e on deletion is inherited from father  See igure C for validation and 
paternal segregation of the deletion  (C) n  oth parents are hetero ygous for rg rp and 
the pro and is homo ygous at this position  (D) n L- 9  oth parents are hetero ygous for Ser  
and the pro and is homo ygous at this position  (E) n S-L  la sp is inherited from the mother 
and the father as not availa le  isuali ation of the ne t-generation se uencing data for the pro and 
in the ntegrated enome ie er con rms that the pro and carries oth pathogenic variants  rey ars 
indicate individual reads ith pathogenic variants in green and red  nucleotides at the o om are the 
reference allele  ariants are indicated ith arro s on the electropherograms
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Supplemental Figure 4 Impact of TOGARAM1 variants on localization, transition zone, and ARMC9 
interaction. (A-B) ild-type and variant m P-tagged  proteins co-locali e ith polyglutamylated 

 and acetylated tu ulin  in transfected h - P  TOGARAM1 mutant cells   anti ody green 
in  mar s the glutamylated portion of the ciliary a oneme and acetylated alpha-tu ulin anti ody 
green in  mar s the entire ciliary a oneme  ll images are representative of  independent imaging 

e periments  Scale ars are m  (C) mages of cilia from control and engineered TOGARAM1 mutant 
h - P  cell lines mar ed ith L  anti ody green  ciliary mem rane  and P P L anti ody 

hite  transition one  Scale ars are m  (D) Palm yr assay ith Palm yr-C P- C9 and m P-
 e pressed in control h - P  cells  Single transfections of m P-  ild-type 

and variants sho  characteristic locali ation in the a sence of Palm yr-C P- C9 m P red  L  
hite  P P L yello  and P  lue  Scale ar is m  (E) Co-e pression of m P-  

and Palm yr-C P- C9 m P red  L  hite  C P green  and P  lue  ild-type and 
rg Cys  colocali e ith Palm yr-C P- C9  indicating an interaction  hile rg rp 

and Leu Pro sho  li le to no speci c colocali ation  Scale ar is m  
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Supplemental Figure 5 CRISPR/Cas9 edited TOGARAM1 hTERT-RPE1 mutant lines. (A) Schematic 
representation of the  array aligned ith the genomic region encoding TOGARAM1  he target sites 
of g   and g   are indicated y arro s in e on  hey are predicted to cut at c  position  and 

9 respectively  his portion of e on  encodes the region of the protein immediately efore the  
domain  (B) TOGARAM1 mutant  har ors a  ase pair deletion ith a single ase pair duplication in 
one allele and a  ase pair inversion in the other allele  oth occurring in e on  9 c

9del dup  9inv  TOGARAM1 mutant line  har ors a  ase pair deletion in one allele 
and a  ase pair inversion ith  ase pair insertion in the other allele  oth occurring in e on  

9 c - del  9inv  9 ins C
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Supplemental Figure 6 Togaram1 phylogeny, synteny and zebrafish F0 phenotypes. (A) Phylogenetic 
analysis of the C-terminal part red o  of TOGARAMs in di erent verte rate species revealed a clear 
phylogenetic separation of TOGARAM1 and TOGARAM2  he follo ing species ere used for phylogeny  
Anolis carolinensis aca  Astyanax mexicanus ame  Amphiprion ocellaris aoc  Dasypus novemcinctus
dno  Danio rerio dre  Gallus gallus gga  Homo sapiens hsa  Latimeria chalumnae lch  Lepisosteus 

oculatus loc  Monodelphis domestica mdo  Mus musculus mmu  Ornithorhynchus anatinus oan  
Pelodiscus sinensis psi  Pogona vitticeps pvi  Taeniopygia guttata tgu  Takifugu rubripes tru  Xenopus 
tropicalis tr  o ed lines in the domain representation represent se uence strings so far not covered in 
the corresponding genome assem lies  n the phylogenetic tree mammals are given in lac  amphi ians  

irds  turtles and reptiles in dar  gray and teleosts in light gray  he scale ars represent the distance here 
 of the amino acids are changed  (B) Synteny analysis con rms orthology et een human and e ra sh 

TOGARAM1  he human TOGARAM1 gene is located on chromosome  Corresponding chromosomal 
regions to the human chromosome  are located on e ra sh chromosomes  and  n contrast to 
the e ra sh chromosome  here a TOGARAM1 gene can e readily identi ed  e ra sh chromosome 

 lac s a corresponding ortholog  suggesting that in the case of TOGARAM1 no e ra sh duplicate of 
this gene has een retained  (C) Synteny analysis of human TOGARAM2 sho s no corresponding gene in 
e ra sh  nterestingly  no ortholog of human TOGARAM2 located on human chromosome  is present 

in the e ra sh genomic region here the genes an ing TOGARAM2 are located  (D) e ra sh togaram1
e ons and corresponding protein ith domains  ed dashed lines represent un no n intron si e  Location 
of sg s for genome editing are indicated  t o di erent sg s per target region ere co-in ected 
to generate larger deletions  (E) Phenotype of togaram1  mosaic e ra sh  Larvae have idney cysts 
arro  and ody curvature  dults develop scoliosis  Scale ars are m for larvae and mm for adults  

(F) lleles generated ith C SP Cas9 for armc9 and togaram1  
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◀Supplemental Figure 7 Phenotypes of togaram1zh508 in-frame mutant zebrafish. (A-B) togaram1- - -  
larvae have idney cysts and curved ody shape compared to ild-type  Scale ars are m  (C-D) 

ild-type and (D) cetylated tu ulin green  and rl  red  immuno uorescence of  dpf togaram1- - 
-  e ra sh nose pits sho s decreased num ers of oth motile and primary cilia compared to ild-type 
C  (E-F) cetylated tu ulin green  and rl  red  immuno uorescence of hind rain ventricles sho  a 

clear decrease in cilia num er and acetylation in togaram1- - -  compared to ild-type  Scale ars 
for C-  are m  (G) uanti cation of acetylated tu ulin of cilia in hind rain ventricles  p  using 
Student s t-test  e ra sh controls are t   or - si lings of - -
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Supplemental Figure 8 Ciliary INPP5E levels are maintained across ARMC9 patient fibroblast lines. (A) 
ormali ed ciliary L  uorescence intensity in control and ARMC9 patient ro lasts   cilia 
ere assessed per line for measurements  control  9  cilia  U -    cilia  U -    cilia  

U -   cilia  and U 9-   cilia  p  et een control and ARMC9 patient cilia U -
 U -  U -  y one- ay  and unne s multiple comparison test  esults ere not 

signi cant for control versus U 9-  y one- ay  (B) ormali ed ciliary PP  uorescence 
intensity in control and ARMC9 patient ro lasts  99 cilia ere assessed per line for measurements  
control   cilia  U -    cilia  U -    cilia  U -   cilia  and U 9-  
9  cilia  esults ere not signi cant as assessed y one- ay  une s multiple comparison 

test yielded the follo ing p values  control versus U -  p   U -  p  U -  
p  U 9-  p  (C) L  intensity dataset including outlier data points that are not 
included in the other graphs  ut are included in the statistical analyses  P-value sym ols  ns p  

p ars represent the mean



ysfunction of the ciliary C9  protein module causes ou ert syndrome

   

3

Supplemental Figure 9 SMO ciliary translocation is impaired in TOGARAM1 mutant cell lines. (A) h 
assay schematic  (B) ntensity values of S  locali ation in the ciliary compartment et een S  and 

 n  S  treated control and  mutant cell lines   cilia ere assessed for each condition 
and pooled from  independent e periments or the control line   for S  and  for S  
treatment  for  mut   for S  and  for S  treatment  and for  
mut   for S  and  for S  treatment  esults ere statistically signi cant as assessed y 
the rus al- allis test  multiple comparisons ere corrected for using unn s test  p  for S  
versus  n  S  treatment in all lines  (C) he median ratios of S  induction levels in response to S  
treatment across e periments  he central ar represents the mean of  independent e periments  the 
error ars display the standard deviation  esults ere statistically assessed y the rus al- allis test ith 

unn s test for multiple testing correction  p  for induction of  mut  line and  
mut  line versus induction in the control  o signi cant di erence et een the t o TOGARAM1 mutant 
lines as o served  (D) epresentative immuno uorescence images of S  green  locali ation in S  
and  n  S  treated cells  L  is sho n in red ciliary mem rane  and P P L is sho n in hite 
transition one  Scale ar is m
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Supplemental Figure 10 Aberrant post-translational modifications across ARMC9 patient fibroblast lines. 
(A) ormali ed acetylated alpha-tu ulin uorescence intensity in control and ARMC9 patient ro lasts  

 cilia ere assessed per line for measurements  control   cilia  U -   9  cilia  U -
   cilia  U -  99 cilia  and U 9-   cilia  p  et een control and patient cilia 

using one- ay  and unne s multiple comparison test  (B) ormali ed polyglutamylated tu ulin 
uorescence intensity in control and ARMC9 patient ro lasts   cilia ere assessed per line for 

measurements  control   cilia  U -    cilia  U -   9 cilia  U -   cilia  and 
U 9-  9  cilia  p  et een control and patient cilia using one- ay  and unne s 
multiple comparison test  (C) ull graphs of the dot plots sho n in igure -  sho ing all data points  
P-value sym ols  p   p  ars represent the mean
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Supplemental Figure 11 ARMC9 patient fibroblasts exhibit reduced cilium stability. (A) Serum readdition 
assay schematic and time course sho ing ciliation percentages normali ed to serum-starved cells for 
each cell line ote accelerated loss of cilia in all ARMC9 lines  (B) Serum readdition assay schematic 

ith C  inhi itor u acin  treatment to loc  C  activity to test hether the faster resorption 
o served in C9 lines o served in  is caused y overactive deacetylation  and time course sho ing 
ciliation percentages normali ed to vehicle-treated serum-starved cells for each cell line  or  and  
error ars represent 9  con dence intervals and Student s t-test ith une ual variance as used to 
test for di erences in slope modeled y linear regression  ote that C -inhi ition does not rescue 
the accelerated loss of cilia in ARMC9 lines  ut does inhi it resorption in controls  (C) Schematic model 
of C  activity in ciliary disassem ly  Upon initiation of resorption  histone deacetylase  C  

ecomes activated and deacetylates ciliary microtu ules  a re uired step for resorption
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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 e periments assessing cell cycle stage a er serum readdition  

 P -stained nuclei ere assessed at each time point y o  cytometry  (B) ndividual e periments 
for each cell line  
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ABSTRACT 
utations in over a hundred genes have een reported to cause X-lin ed recessive intellectual 

disa ility  mainly in males  n contrast  the num er of identi ed X-lin ed genes in hich de 

novo mutations speci cally cause  in females is limited  ere  e report seventeen females 

ith de novo loss of function mutations in USP9X  encoding a highly conserved deu i uitinating 

en yme  he females in our study have a speci c phenotype that includes developmental 

delay  characteristic facial features  short stature and distinct congenital malformations 

comprising choanal atresia  anal a normalities  post-a ial polydactyly  heart defects  

hypomastia  cle  palate i d uvula  progressive scoliosis and structural rain a normalities  

our females from our cohort ere identi ed y targeted genetic testing as their phenotype 

as suggestive for USP9X mutations  n several females pigment changes along lasch o 

lines and ody asymmetry ere o served hich is li ely related to di erential escape from  

X-inactivation et een tissues  pression studies on oth m  and protein level in a ected 

female-derived ro lasts sho ed signi cant reduction of USP9X level  con rming the loss of 

function e ect of the identi ed mutations  iven that some features of a ected females are 

also reported in no n ciliopathy syndromes  e e amined the role of USP9X in the primary 

cilium and found that endogenous USP9X locali es along the length of the ciliary a oneme  

indicating that its loss of function could indeed disrupt cilium-regulated processes  sence of 

dysregulated ciliary parameters in a ected female-derived ro lasts ho ever points to ards 

spatiotemporal speci city of ciliary USP9X dys- function  
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REPORT
X-lin ed intellectual disa ility  ith presumed recessive inheritance pa ern is sho n to 

e caused y mutations in over a hundred genes   ost families display a clear X-lin ed 

segregation pa ern  in hich males are a ected hile females are una ected or mildly 

a ected carriers -  n contrast  the num er of identi ed X-lin ed genes in hich de novo 

mutations cause  speci cally in females is limited

Using hole e ome se uencing S  S P array  C  array and CytoScan  array 

in a diagnostic se ng as descri ed efore -  e identi ed thirteen de novo loss of function 

mutations in USP9X U i uitin-speci c protease 9    efSe  9 9  in 

females ith developmental delay  and multiple congenital malformations igure  

 a le S  emale  as previously reported as part of a large study se uencing individuals 

ith  congenital anomalies and or autism ith a targeted gene panel 9 ri en consent 

as o tained from the legal guardians for all females and the study as given  approval  

e recogni ed a similar pa ern of facial characteristics  congenital malformations and rain 

a normalities in these females  our additional a ected females ere identi ed as their 

phenotype as suggestive for USP9X mutations  Su se uently  de novo protein-truncating 

mutations and intragenic USP9X deletions ere duly demonstrated y Sanger se uencing  

S or CytoScan  array igure   a le S  illustrating the clinical recogni a ility of this 

ne  syndrome  ll females age ranging  years  months   years  ith de novo mutations 

shared a distinct phenotype  hey sho ed mild to moderate  ith motor and language 

delay  short stature  hearing loss and distinct congenital malformations  nota ly choanal 

atresia  asymmetric hypomastia  cle  palate i d uvula  heart defects  progressive scoliosis  

post-a ial polydactyly and anal a normalities a le  a le S  supplemental case reports  

Shared facial characteristics included prominent forehead  lo  nasal ridge  prominent nose 

ith ared alae nasi  thin upper lip  smooth and long philtrum and lo  set  posteriorly rotated 

and dysplastic ears igure  n addition to the USP9X variant  female  also har ored 

a de novo variant in P P    hich has previously een reported to cause 

oonan syndrome  9  hough all features that ere o served in this female 

could potentially e e plained y the USP9X variant itself a le S  a contri ution of a errant 

P P  to phenotypic features such as intellectual disa ility  short stature and heart defect 

in this female is li ely  euroimaging reports ere availa le for thirteen out of seventeen 

females a le S  etailed evaluation of rain images of ve of these females female  

 and  sho ed asymmetric hypoplasia of the cere ellar vermis and hemisphere ith a 

retrocere ellar cyst  short and thin corpus callosum  thin rainstem and mildly a normal 

frontal gyration pa ern igure  ota ly  e o served thyroid hormone a normalities in si  

of the females  re uiring medical treatment in three of them  
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Figure 1: Identified de novo USP9X loss of function mutations  etailed vie  of the USP9X 
9 9  region and the reported deletions   vervie  of USP9X including U L- and catalytic 

domain and the location of reported mutations according to their relative position at the protein level  he 
reported amino acid su stitution is located ithin the catalytic domain  C   as e tracted from oth 
control and a ected female c -  ro lasts cultured under normal conditions or in the presence 
of cyclohe imide C X  to inhi it  er c  synthesis and PC  agarose gel analysis sho ed 
t o di erent product si es generated from the c -  transcript ut only one from the control 

ro last transcript  cision and se uencing of the additional and revealed that the a errant USP9X 
transcript lac ed e on  he level of the a errant transcript as increased fourfold hen ro lasts 

ere treated ith cyclohe imide con rming that the a errant transcript as indeed su ected to  
 USP9X e pression is depleted in female cell lines har ouring loss of function alleles  elative PC  

analysis of USP9X m  and relative uanti cation of immuno lot analysis of USP9X protein derived from 
female and male control cell lines and from a ected female cell lines  n the num er of individual cell lines 
analysed  ach cell line analysed in uadruplicate  rror ars represent standard deviations  signi cantly 
di erent to female controls  p  y Student s t-test  
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he X-lin ed USP9X encodes a structurally and functionally highly conserved 

deu i uitinating en yme  containing a U L u i uitin-li e  and a catalytic u i uitin speci c 

protease USP  domain -  t is no n to play an important role in neural development of 

oth humans and mice and is re uired for fetal development -  USP9X is highly e pressed 

during em ryogenesis and e pression declines as cell fates ecome restricted  he USP9X 

orthologue in rosophila  fat facets faf  has een sho n to e important in cell polarity and 

cell fate of the developing eye in rosophila 9  range of signaling proteins involved in di erent 

neurodevelopmental path ays including otch  nt  -β and m  have een sho n to 

interact ith USP9X  -  USP9X also has een descri ed to act as oth an oncogene and 

tumor suppressor gene and is fre uently found to e dysregulated in human cancer   9

o of the a ected females developed malignancy at a young age  and  years  oth acute 

lympho lastic leu emia and osteosarcoma ere treated successfully and have not reoccurred  

o determine the ris  and nature of particular malignancies in this ne  syndrome  further 

studies are re uired  

e o served pigment a normalities along lasch o lines and facial asymmetry  

asymmetric a normalities of the rain and reast and asymmetric length of the legs igure 

   all suggestive for a pa ern of post- ygotic mosaicism or di erential X-inactivation 

XC  et een tissues functional mosaicism  USP9X is one of the genes sho n to escape XC  
 o ever  it is no n that most of the genes that escape from XC  are not fully e pressed 

from the inactivated X chromosome and rather sho  a partial escape -  oreover  there is 

accumulating evidence for tissue-speci c and developmental stage dependent di erences in 

XC  and varia ility of escape of USP9X  - 9 n the partial escaping genes  non-random XC  or 

s e ing  as o served o en in female carriers of an X-lin ed mutation  ill only partially restore 

a normal phenotype  Consistent ith this hypothesis  XC  as found to e s e ed >9  in 

ro lasts in three of the ve of the tested females  ut s e ing as not related to disease 

severity a le S  e note that a similar s e ing pa ern of XC  as o served recently in 

females ith de novo mutations in X X   another X-chromosomal gene that 

has een suggested to escape XC  and in hich de novo mutations cause  speci cally in 

females
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Figure 2: Clinical characteristics of females with de novo USP9X loss of function mutations  rontal 
and lateral photographs of females ith de novo mutations in USP9X  Shared facial characteristics include 
facial asymmetry  prominent forehead  itemporal narro ing  short palpe ral ssures  lo  nasal ridge  
prominent nose ith ared alae nasi from adolescence age  thin upper lip  smooth and long philtrum  
hanging full chee s in early childhood and lo  set  posteriorly rotated and dysplastic ears ith a ached 
lo ule   Photographs of the hands of seven a ected females  Shared characteristics include ulnar 
deviation of th digit  tapered ngers  short th and th metacarpals and post-a ial polydactyly Simian 
crease present ut not sho n  C  Photographs of the feet of ve a ected females  Shared characteristics 
include hallu  valgus and sandal gap pes cavus present ut not sho n   served lasch o lines of 
female  indicative for  of the a ected females  suggestive for di erent X-inactivation pa ern et een 
tissues functional mosaicism

n one of the a ected females a predicted splice site mutation as identi ed  o 

evaluate if this mutation indeed results in an a errant transcript  e synthesi ed c  from 

 e tracted from primary s in ro lasts of oth the a ected female and a control  e 

ampli ed a fragment of  asepairs covering e on  to e on  y PC  lectrophoretic 

separation sho ed t o products of  and  asepairs in the sample from the a ected 

female  and a single  asepairs product in the control  Se uencing of the smaller product 

revealed that this c  transcript from the a ected female indeed lac ed e on  con rming 

the truncating e ect of the splice site mutation  mportantly  the level of the transcript as 

increased four-fold hen ro lasts ere treated ith cyclohe imide  strongly suggesting that 

the a errant transcript as su ected to nonsense mediated m  decay and as such leads to 

loss of function of this USP9X allele igure C  o study the e ect of the hetero ygous loss-

of-function USP9X alleles on their m  e pression and protein levels  e performed oth 

-PC  and immuno lot lot analysis of ro lasts n  and lympho lastoid cell lines LCLs  

n  derived from a ected females and oth female and male controls igure  and igure 

S  e found that e pression of USP9X in a ected females as reduced compared to control 

females in oth ro lasts and LCLs at oth m  e pression and protein levels  lthough 

some cellular varia ility as evident  on average this decrease as signi cant p<  y 
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Student s t-test  igure  and igure S  here as no correlation et een s e ing of XC  

and e pression of m  and protein level  hether the cells in a ected tissue have ene t 

from the s e ed XC  remains uncertain  he escape from XC  as supported y the fact that 

the average e pression of USP9X m  in oth control male ro lasts and control male LCLs 

as  of that in female controls  er uanti cation of protein levels in male control LCLs  

similar levels ere o served  he USP9X protein level in male control ro lasts as increased 

to  of that in female controls  ut as still signi cantly less than the protein level in 

female controls  ntriguingly these data thus reveal that a ected females displayed reduced 

levels of USP9X compared to female controls  ut compara le levels to that in healthy control 

males  t ill e important to e pose hether these trends e tend more to other tissues  

here the level of escape from XC  may not compara le  urthermore  characteri ation of 

di erent e pression pa erns et een se es descri ed for USP9X in rain thus far  and or 

that of protein levels of USP9X su strates  ill e important to ascertain as ell

n contrast to the severely disruptive de novo mutations in females  three milder 

mutations in USP9X have een reported in males ithout multiple congenital malformations  

he mutations ere transmi ed y phenotypically normal females and resulted in  

hypotonia  and ehavioral pro lems in the males  n additional  missense mutations ere 

identi ed a er rese uencing of USP9X in a cohort of  males ith epilepsy  or  de novo 

mutations reported in large autism cohorts  no speci c gender information as descri ed

he phenotype of the males di ers nota ly from the o served phenotype in the a ected 

females descri ed here  hey had  and short stature  ut lac ed the multiple congenital 

malformations o served in a ected females  esides four missense mutations  one frameshi  

mutation has een reported in the males  his single frameshi  mutation occurred ithin 

the last  nucleotides upstream of the last -e on-e on unction  presuma ly escaping 

nonsense-mediated m  decay  and therefore results in a truncated protein lac ing 

the last e on   Since no truncating variants have een descri ed in healthy controls in the 

C data ase and no mutations causing loss of function of USP9X have een reported in 

males  e suspect that loss of function mutations could e lethal in males  his hypothesis 

is further supported y the fact that the a sence of Usp9X in male mice is em ryonically 

lethal  n contrast  all ut one of the a ected females e report here have protein truncating 

mutations and deletions  n one female  e identi ed a de novo missense mutation  located 

in the catalytic domain of the protein  iven the fact that this female as phenotypically 

compara le ith the other females  it is li ely that this speci c missense mutation leads to 

loss of function of the protein  e hypothesi e that in addition to complete loss of function 

mutations  such as protein truncating mutations and deletions  also a small su set of speci c 

missense mutations  ill lead to disease in females  
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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  years    a ial   and sagi al C   a ial  sections 
sho  rachycephaly  mild enlargement of the lateral and rd ventricles  mild hypoplasia of cere ellar 
vermis and le  cere ellar hemisphere  enlarged  ventricle and cisterna magna ith small retrocere ellar 
cyst  thin rain stem and mesencephalon  relatively small frontal lo es ith some hat simpli ed gyration  
short hypoplastic corpus callosum oth rostrum and splenium  Female 2  years    a ial  

  sagi al  and coronal  sections sho  enlargement of the lateral ventricles  mild hypoplasia of 
cere ellar vermis and le  cere ellar hemisphere  enlarged cistern magna  thin corpus callosum  pons  
mesencephalon and rain stem  roader and underdeveloped frontal gyri  Female 3  years    
a ial    sagi al  and a ial L  sections sho  asymmetric enlargement of the lateral ventricles  
simpli ed convolutions of the frontal lo es gyri  hypoplasia of cere ellar vermis and le  hemisphere  large 
cisterna magna and retrocere ellar cyst  thin corpus callosum ith hypoplasia of the rostrum  Female 7  

  a ial   a ial   sagi al  coronal L  P  sections sho  macrocephaly  enlargement 
of the lateral and rd ventricles ith an interhemispheric cyst  dysplastic cere ellar hemispheres  dysplasia 
of the cere ellar vermis hich is upli ed  ith a high position of the tentorium and a large posterior 
fossa  typical of andy- al er malformation  thin and hypoplastic corpus callosum  Female 16  years  

  a ial   S  and  coronal  sections sho  enlarged lateral ventricles  irregular gyri of the 
cere ral corte  ith irregular depth of the sulci in frontal and perisylvian areas  small heterotopic nodule 
of grey ma er arro  and thin and hypoplastic corpus callosum oth rostrum and splenium  hypoplasia 
of the anterior cere ellar vermis and le  cere ellar hemisphere  enlarged cisterna magna and arachnoidal 
cyst surrounding the cere ellum  especially at the le  side  mild hypoplasia of pons and rain stem  his 
female as identi ed ith Sanger se uencing ased on these rain a normalities in com ination ith  
dysmorphic features and congenital a normalities

ected females presented ith symptoms that overlap ith C  syndrome  

 C   9  tested in  of the females  and ith the clinical spectrum 

of some no n ciliopathy syndromes  such as ardet- iedl  ec el- ru er and ou ert 

syndrome  herefore  e investigated hether hetero ygous protein truncating mutations 

result in the disruption of ciliary structure  formation or tra c ing in ro lasts of four of the 

a ected females e had availa le female  and  irst  e determined su cellular 

locali ation of endogenous USP9X in oth controls and a ected female derived ro lasts 

under serum starvation to induce ciliogenesis  as ell as in serum rich conditions  9   USP9X 

sho ed di use cytoplasmic staining ith areas enriched ith puncta consistent ith its 

descri ed association ith protein and vesicle tra c ing  mportantly  upon ciliogenesis of 

the ro lasts  USP9X as indeed found to locali e to the cilium  his ciliary locali ation as 

o served along the length of the ciliary a oneme of most ro lasts  and compara le in cells 

from a ected females and from age and gender matched controls igure  his locali ation 

as signi cantly decreased ith si  noc  do n of USP9X indicating speci city of the signal 

igure S  e ere una le to o serve any signi cant di erences in ciliogenesis  ciliary length 

or ciliary tra c ing et een ro lasts from a ected females hen compared to controls 

igure S  and si  noc  do n of USP9X did not impair ciliogenesis in ro lasts  his 

suggests that USP9X dosage is not critical to the generation of primary cilia in these ro lasts  

despite locali ation of USP9X in their cilia  t is therefore more li ely  that USP9X-regulated 

signal transduction path ays mediated y the primary cilium are more su tly distur ed  and
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or that this distur ance is spatiotemporally restricted to the tissues a ected in this speci c 

phenotype  possi ly due to tissue-speci c and developmental stage dependent di erences in 

XC  and varia ility of escape of USP9X  uture studies utili ing dedicated cell- ased or animal 

models ill e necessary to evaluate these mechanisms

Figure 4: USP9X localizes to the primary cilium. o induce ciliogenesis  control and a ected female 
ro lasts  matched for gender and age  ere starved for  hours prior to immuno uorescence la eling  

ndogenous USP9X is detected along the length of the a oneme of primary cilia  using an anti ody against 
its -terminus - erm  sho n in green  as compared to the ciliary mar ers P P L pin  denoting the 
ciliary transition one at the ase of the cilium  and acetylated alpha-tu ulin red  mar ing the ciliary 
a oneme  P  lue  stains the nucle  scale ars represent  m  Ciliated ro lasts derived from 
a ected females are sho n here  USP9X locali ation in control ro lasts is sho n in igure S  

n conclusion  this study de nes a recogni a le X-lin ed  syndrome ith associated 

multiple congenital malformations and rain a normalities speci c to females  caused y 

de novo loss of function mutations in USP9X  a gene no n to escape X-inactivation  he 

phenotypic characteristics overlap ith ciliopathy conditions and USP9X locali ation along 

the length of the ciliary a oneme of ro lasts indicates a role in de-u i uitination of ciliary 

proteins  hich could contri ute to the disease pathogenesis of this speci c syndrome  
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Table 1: Clinical features of females with de novo USP9X loss of function mutations

Percentage Number 
Development
ntellectual disa ility  developmental delay

Growth
Short stature 9

Congenital abnormalities
ye a normality 9

Choanal atresia
Cle  palate i d uvula 9

ental a normality
symmetric hypomastia 9
eart defect

Urogenital a normality 9
Sacral dimple 9
Scoliosis

ip dysplasia
Post-a ial polydactyly 9

dominal all a normality
nal atresia 9

Neurology
Sei ures

ypotonia

Brain abnormalities
andy al er malformation variant
ypoplastic corpus callosum
symmetric  cere ellar hypoplasia
symmetric  enlarged ventricles

hin rain stem
normal gyration pa ern frontal lo e

Other
earing loss
lasch o  pigment a normality
ypertrichosis 9

Leg length discrepancy
alignancy

ecurrent respiratory tract infections 9
hyroid hormone a normality
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Supplemental Note: Case Reports
emale  is the second child of nonconsanguineous parents of S edish and hai ancestry  

She has mild intellectual disa ility  short stature  hypotonia  P  aortic insu ciency  inguinal 

herniation  diaphragmatic herniation  a dou le collecting system of the idney  ilateral hip 

dislocation  patellar dislocation  thoracolum ar scoliosis  a normal teeth eruption  stenosis 

of lacrimary ducts and a normal middle ears  She has hearing and visual impairment  She has 

dysmorphic features including  transverse palmar creases  a s uare face  rachycephaly large 

fontanel in infancy  high palate  almond shaped eyes  long philtrum  thin upper lip  lo  set 

and posteriorly rotated ears  depressed nasal root and depressed nasal tip  rain  sho ed 

rachycephaly  mild hypoplasia of cere ellar vermis and le  hemisphere  small retrocere ellar 

cyst  ventricular enlargement  thin rain stem  relatively small frontal lo es ith enlarged 

gyri and less deep sulci  short hypoplastic corpus callosum oth rostrum and splenium  

malrotated hippocampi and thin commisura anterior  C  scan of the temporal ones sho ed 

dense middle ears  suspected stapes malformation and narro  auditory canals  She su ers 

from fre uent upper respiratory infections and pneumonias  t  months she developed 

sei ures  She has a percutaneous endoscopic gastrostomy P  and she re uires intermi ent 

home o ygen therapy due to chronic respiratory insu ciency  t age  she as diagnosed ith 

- cell precursor acute lympho lastic leu emia CP LL

emale  is the second of t o children of nonconsanguineous parents of utch ancestry  

amily history as non-contri utory  She as orn a er  ee s of gestation ith a irth 

eight of  gram  S  P  scores ere  and  a er respectively  and  minutes  

Prenatal ultrasound sho ed ilateral hydronephrosis  posta ial polydactyly of the le  hand 

and ventriculomegaly  ue to severe hypotonia  ventilatory support as necessary  esides 
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post-a ial polydactyly other congenital a normalities  including ilateral choanal atresia  

ventral position of the anus  atrial septum defect type  and congenital vertical talus ere 

diagnosed  enal ultrasound sho ed no hydronephrosis  ho ever nephrocalcinosis as 

evident and unilateral dou le renal collecting system as suspected  uditory rainstem 

esponse udiometry sho ed no a normalities  ho ever conductive hearing loss as 

measured due to recurrent middle ear infections  t the age of  years  there as no speech 

development and at currently age  years she learns to use sign language and she is a le to 

spea  a fe  single ords  yperla ity and hypotonia hampered her motor development  she 

started al ing at the age of  years and  months  Physical e amination at the age of  years 

and  months sho ed a height of  cm -  S  a eight of  g -  S  and a head 

circumference of  S  acial dysmorphism  including a ido s pea  posteriorly rotated  

dysplastic ears  hypertelorism and a road nasal ridge ere noted  ypoplastic nipple and 

a sacral dimple ere present  She had hypertrichosis of oth arms  rain  sho ed mild 

hypoplasia of cere ellar vermis and le  hemisphere  enlarged cistern magna  ventricular 

enlargement  thin pons and rain stem  roader and underdeveloped frontal gyri  Previous 

investigations consisting of a CytoS P v  array llumina  sperchip S analysis  and 

Sanger se uencing of S P   C  S LL  S  P  ere normal  lood analysis 

sho ed an increased S  ith normal  values

emale  is the second of ve children of non-consanguineous parents  here as no 

family history of developmental delay  She as orn a er  ee s of gestation ith a irth 

eight of  gram  -  S  elivery as uncomplicated  Physical e amination a er irth 

revealed several a normalities  large frontal fontanel  post-a ial polydactyly  single choanal 

atresia and a ventral position of the anus  ith neonatal heel pric  screening  no a normalities 

ere measured

evertheless  at the age of  year hypothyroidism as detected  oth motor and 

language development ere delayed  She al ed ithout support at the age of  months 

and she spo e her rst ords at the age of  months  Psychological assessment hen she as 

teenager sho ed mild intellectual disa ility  s child  surgery as re uired to correct stra ism  

She had recurrent middle ear infections  Pu erty development as normal  o ever  she 

had remar a le asymmetric gro th of her reasts  She needed dental races to position 

her teeth  o ever  there as no gro ing of her canine teeth  ecause of progressive pedes 

cavus  she re uired special shoes  She had diminished sensitivity in her hands  suspicious for 

polyneuropathy  o ever  this as not con rmed ith electromyography  here as mild 

thoracal yphosis  Physical e amination at the age of  years sho ed macrocephaly  ith a 

head circumference of  cm  S  and also present in her father  er height as  cm 
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 S  and her eight as  g -  S  She had an asymmetric face ith deep set eyes  

long nose  smooth philtrum and i d uvula  She had small hands ith tapering ngers  here 

as hypermo ility of her oints  nspection of the s in revealed lasch o lines on her le  arm  

hyperpigmentation in her nec  and hypertrichosis   rain  at the age of  years sho ed 

hypoplasia of cere ellar vermis and le  hemisphere  large retrocere ellar cyst  ventricular 

enlargement ith le  frontal horn of lateral ventricle more than right  simpli ed convolutions 

of the frontal lo es gyri and thin corpus callosum ith hypoplasia of the rostrum  Previous 

investigations  consisting of  S P-array and analysis of S  ere normal

emale  is the rst child of nonconsanguineous parents ho had a prior rst trimester 

miscariage  o maternal uncles have intellectual disa ility of un no n etiology  She as orn 

at  ee s gestation to a -year-old frican- merican y scheduled Cesearan section for 

poor fetal gro th  ith a irth eight of  grams -  S  and length  cm -  S  Prenatal 

ultrasound had revealed a andy al er variant  elivery as uncomplicated  t irth she 

as noted to have a large fontanel  congenital scoliosis and pale s in ith red strea s ut 

no listers  that dar ened ith age  rain  con rmed the andy al er variant as ell as 

ilateral temporal  frontal and insular hypomyelination  enal ultrasound and echocardiogram 

ere normal  She as discharged at  days of age  She as su se uently diagnosed ith 

hypothyroidism and treated ith synthroid  She developed fe rile sei ures ut as not 

treated ith antiepileptic medications  ontanel as late to close  She as evaluated at  

years of age for intellectual disa ility and s in pigmentary a normalities  Physical e amination 

revealed eight  height  and head circumference at  She had a narro  face ith 

prominent forehead  Palpe ral ssures ere upslanting  lateral eye ro s ere ared and the 

philtrum as smooth  She had di use lasch olinear hyperpigmentation  rray comparative 

genomic hy ridi ation oligonucleotide  S P  as normal  hole e ome se uencing 

revealed a de novo mutation in e on 9 of USP9X  ChrX Ch g 9 9 ins  

9 9  c ins p rg lnfs

emale  is the rst child of non-consanguineous parents  here as no family history 

of developmental delay  She as orn at full term ith a irth eight of  gram  elivery 

as via Caesarean section due to a normal fetal positioning  s neonate  she had failure 

to thrive due to feeding di culties  re uiring tu e feeding  Le  congenital hip dislocation 

and persistent ductus arteriosus ere noticed  er development as severely delayed ith 

oth motor and language delay  She al ed her rst steps at the age of  years and at the 

age of 9 years  she as essentially non-ver al  here ere moderate to severe ehavioral 

a normalities ith sessive-Complusive- isorder symptoms  She had repetitive signing 

or ver ali ations  tantrums  self in ury  aggressiveness and sleeping pro lems  re uiring 
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treatment ith clonidine  er for ard vision as impaired due to severe ptosis  o other 

visual pro lems ere present  Scoliosis and leg length discrepancy ere o served  the la er 

re uired surgery  here ere genu valgum and severe pes planus for hich she has een 

prescri ed special shoes  She had a history of easy ruising and episodes of epista is  ut there 

is not a no n de ciency in clo ng factors  enal ultrasound at the age of  years sho ed 

mild le  hydronephrosis  Physical e amination at the age of  years sho ed short stature 

ith a height of  cm -  S  eight of  g -  S  and head circumference of  cm 

 S  She had facial dysmorphisms consisting of lo  posterior hairline  posteriorly rotated 

and lo  set ears ith thic ened helices and ilateral ptosis  diamond shaped eye ro s  

do n slanting palpe ral ssures  thin nasal ridge  pinched nasal root and tip  prominent 

nasola ial folds  thin upper lip  i d uvula  cro ded teeth and pointed chin  nspection of 

the hair sho ed a  cm lesion of atrophic s in on occiput here hair follicles ere lac ing  

suspect for aplasia cutis congenital  he right eye lid had a ereatotic lesion and evidence of 

mild a rasion  Pectus e cavatum and upper thoracic ide scoliosis ere present  rain  

sho ed andy al er malformation  Previous genetic tests  including Prader- illi syndrome 

methylation  sho ed no a normalities  nalysis of P P    revealed a mutation 

c  >  p L  hich as not present in the mother  C  array sho ed a deletion in 

USP9X  Xp  inimum  9- 9 9  ma imum  ChrX - 9  not 

present in mother

emale  is the rst child to non-consanguineous Caucasian parents  She has a younger 

sister ho is ell  he female as delivered at term follo ing an uncomplicated pregnancy  

ith a irth eight of g - th centile  here ere feeding di culties in infancy  

re uiring a rief period of nasogastric tu e feeding  She had developmental dysplasia of the 

hips  re uiring treatment ith a race  and generali ed hypotonia and oint hypermo ility  

She cra led at  months  and al ed at  months of age  Currently  at the age of  years 

and  months  she has around  spo en ords  and over  signs  She is pu ng short 

sentences together  She has moderate hearing loss and has hearing aids ilaterally  here is 

hypermetropia  and minor cataract in the right eye not re uiring treatment  er current eight 

is g rd centile  height is cm rd centile  and head circumference is cm th 

centile  he anterior fontanelle as large and closed late  She has a prominent forehead  and 

lo -set  posteriorly rotated ears  ut is other ise not dysmorphic  chocardiogram is normal  

S P microarray llumina umanCytoS P-  v  sho ed a female molecular aryotype ith 

an interstitial deletion of  mega ases on Xp  -  encompassing 

a single gene USP9X interpretation ased on hg  Parental testing has con rmed this to e 

de novo



Chapter 4

emale  is the eldest of three daughters of healthy nonconsanguineous parents of 

sian Chinese  ancestry  here as no signi cant family history  er t o younger sisters 

are ell  She as orn at  ee s  days of gestation ith a irth eight of 9  grams 

th- th centile  Prenatal ultrasound sho ed orderline ventriculomegaly and suspected 

andy- al er malformation  t irth  facial dysmorphism prominent forehead  lo -set 

ears  ilateral post-a ial polydactyly of the hands  hypoplastic nipples  omphalocoele minor  

anteriorly placed anus ith anal stenosis  sacral dimple and ventricular septal defect ere 

o served  enal and lum osacral ultrasound scans ere normal  ip ultrasound scans sho ed 

right hip dislocation and le  developmental dysplasia of the hip  rain  done at  month 

of age sho ed andy- al er malformation  hydrocephalus and a small arachnoid cyst of the 

rd ventricle on the right  She as also reported to have dysgenesis of the posterior ody 

and splenium of the corpus callosum on rain C  uditory rainstem esponse udiometry 

sho ed ilateral conductive hearing loss and she has had several procedures for myringotomy 

and romet tu e insertion  She also under ent omphalocoele repair at  days old  insertion 

of a posterior fossa cysto-peritoneal shunt at  months old  right hip surgery at 9 months 

old  She has glo al developmental delay and intellectual disa ility  t the age of  years 

 months  she can sit independently and stand ith support  ut cannot stand or al  

independently yet  She communicates y pointing to pictures or le ers  ut is still non-ver al  

Physical e amination at the age of  years and  months sho ed a height of 9  cm  cm 

< rd centile  a eight of  g  g < rd centile  and a head circumference of 9 cm 

 cm < rd centile  acial dysmorphism  including facial asymmetry  prominent forehead  

smooth and long philtrum  hanging full chee s  lo -set and posteriorly rotated ears  ere 

noted  ypoplastic nipples and a sacral dimple ere present  She has a severe propensity 

to eloid formation  re uiring multiple steroid in ections and e cisions  as ell as corneal 

scarring  occurring ithout any o vious trauma  Previous investigations consisting of serum 

transferrin isoforms  and chromosomal microarray analysis gilent  array  ere normal  

lood analysis sho ed an increased S  ith normal f  values

emale  C P    is the rst child of non-cansanguineous Caucasian 

couple  here is no signi cant family history of note  She as orn at term eighing gs  

follo ing a fairly smooth pregnancy  She as admi ed to SC U for  hours due to poor 

feeding and facial asymmetry  She as noted to have ilateral hip dysplasia and a vertical 

talus  hich ere treated ith a harness for  months and splints for her feet respectively  She 

as noted to e hypotonic ith signi cant oint la ity  She also developed scoliosis hich as 

treated surgically at the age of  years  he scoliosis has een progressive  Sei ures developed 

from  years of age and ere in the form of a sence sei ures  he epilim as stopped recently 
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as she had een sei ure-fee for a fe  years   recurrence of sei ures has een noted since  

lo al developmental delay as noted - she al ed at  months and her rst ords came 

at  years  She as a le to use the ma aton efore that prior to speech development  She 

has a hypernasal uality to her voice and has some sounds missing  She has een reported to 

have moderate intellectual disa ility  She as diagnosed ith autism at the age of  years  er 

ehaviour can e very challenging and has een descri ed as Pathological emand voidance  

Physical e amination sho ed rachycephaly  plagiocephaly  very curly hair  a prominent nose 

ith ared nostrils  hirsuite ac  scoliosis and pes cavus  S ull X-rays sho ed ormian ones  

 rain and spine ere reported to e normal  Previous investigations including microarrays 

and asic meta olic screen ere normal

emale 9 C P    is the only child of nonconsanguineous parents of U  

ancestry  amily history noted a male rst cousin the childrens  fathers are rothers  ith 

a laryngeal a normality  congenital heart disease and prea ial polydactyly  Pregnancy as 

complicated y polyhydramnios and serology positive for o oplasmosis at the time of irth  

ntenatal ultrasound had revealed enlarged cere ral ventricles  She as orn a er  ee s 

of gestation ith a irth eight of  gram  y emergency Caesarean section a er 

premature rupture of the mem ranes ith meconium stained li uor  She re uired ventilatory 

support at irth and as noted to have ilateral choanal atresia hich as surgically repaired  

 su glo c stenosis as su se uently noted  dditional pro lems in the neonatal period 

ere a small S  hich closed spontaneously  peripheral cataracts and an anteriorly placed 

anus hich did not re uire intervention  enal ultrasound as normal  n infancy there 

ere considera le feeding pro lems ith re u  and repeated episodes of aspiration and 

recurrent chest infections   gastrostomy as placed until the age of  years  She has had 

recurrent episodes of lepharitis and as noted to have astigmatism  Conductive hearing 

loss as noted due to recurrent middle ear infections  evelopmental milestones ere 

delayed  t age  years she a ends special school  she is a le to tal  in simple sentences and 

demonstrates simple understanding  She has li le a stract thin ing and poor a ention  er 

motor s ills remain delayed and she is still hypotonic  She has mirror movements  Physical 

e amination at the age of  years and  months sho ed a height of 9  cm -  and 

a head circumference of  cm  acial features include a road nose ith a depressed  

grooved nasal tip   She has mildly posteriorly rotated ears ith a sent lo es  She has small 

hands and feet ith tapering ngers and poorly opposa le thum s  She has recently een 

noted to have some missing secondary dentition and de cient enamel  She as noted to 

have a narro  chest and asymmetry of gait and posture  here is generali ed oint la ity  Lim  

length discrepancy has een documented and a mild scoliosis conve  to the right ith ape  at 
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L  has een radiologically o served  hypoplasia of clavicles as noted  er le  side is ea er 

than right including a mild facial nerve ea ness and there is asymmetry of hair gro th ith 

sparser hair on the le  side  She has mild s in strea ing along lasch o lines visi le mostly on 

lim s  rain  sho ed non-speci c underdevelopment of hite ma er ith a slightly larger 

lateral ventricle on the le  ith focal dilation and gliosis around the le  frontal horn  Previous 

investigations consisting of a im legen    C  v  hich documented a  

 copy num er gain at  shared ith her normal father and other paternal relatives  

Sanger se uencing of C  sho s a change c 9C>  p la al  hich is also shared 

ith her normal father and other relatives in his family  S in chromosomes ere normal XX

emale  C P    is the second of t o children of nonconsanguineous 

parents of mi ed amaican  hite ritish ancestry  er older sister had hydronephrosis in 

infancy hich resolved  and an autistic spectrum diagnosis made in her teens  he patient 

also inherited amilial ypercholesterolaemia from her father  here is no other family history 

of structural anomalies   right multicystic dysplastic idney and le  hydronephrosis ere 

detected at  ee s  She as felt to e a large a y so delivered y elective section at term 

eighing g  here as a dominal distension ith ilious aspirates and pylostomy as 

re uired at irth  and later dou le  stenting  o other anomalies ere detected at irth  

arly developmental milestones ere all mildly delayed  and she as monitored in the 

Child evelopment Centre  She moved from mainstream school to special school for her 

secondary education  t around  years of age during investigations for persistent cough  

lo er thoracic scoliosis as noted  and found to e related to a hemiverte ra at  re uiring 

hemiverte rectomy at age  She has  pairs of ri s  here is also a suspicion of a leg length 

discrepancy due to a pelvic tilt  he scoliosis has continued to orsen elo  the operated area  

re uiring a race and a second operation ill e necessary  She has re uired investigation 

and monitoring for persistent neutropaenia  including one marro  aspirate hich as mildly 

hypocellular  ut no clear cause has een identi ed  She re uires tonsillectomy and grommet 

insertion for glue ear  Pro lems ith fre uent gall stones ere present  t  years reast and 

pu ic hair development led to investigations  he uterus as found to e a sent on  ut 

oth ovaries are present  one age as advanced at years at 9y chronological age  She 

has a persistently high ree  ith normal S  ithout thyroid symptoms  n e amination 

in the genetics clinic she as also found to have a shortening of the th metacarpals  most 

pronounced on the right  here are only  lo er incisors  and the teeth are of poor uality and 

pi ed  here are areas of hyperpigmentation on the s in  not typical of Caf -au-lait patches  

ye e amination as unremar a le  icroarray analysis as also normal

emale  C P   9  is the rst child of non-consanguineous parents of 
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nglish ancestry  She has an older healthy maternal half-sister  here is no signi cant family 

history  She as orn a er 9 ee s of gestation ith a irth eight of g - 9 S  She as 

ell at irth  Prenatal ultrasound sho ed unilateral hydronephrosis  etal echocardiography 

as normal  t irth she as noted to have ilateral post-a ial polydactyly of the hands and 

congenital dislocation of the hips  She fed ell  She had motor and speech developmental 

delay  She al ed ust efore  years  er rst ords ere from  years  She had recurrent 

urinary tract infections and had a pyeloplasty aged  years  t  years she as diagnosed 

ith a su mucous cle  palate and i d uvula  She has amylopia  astigmatism and ilateral 

cortical cataracts ere diagnosed at  years  dominal ultrasounds sho s a icornuate 

uterus  She is entering pu erty at  years  She has a school educational statement  acial 

dysmorphism  includes lo  posteriorly rotated dysplastic ears  er earlo es are a ached  igh 

nasal ridge ith hypoplastic nasal alae  an overhanging colomella and smooth philtrum  er 

right eye ro  is interrupted  She has iry hair hich is considered familial  She holds her th 

ngers in a duction at the CP oint  She has asting of the muscles of the hands and legs 

distally  ith high arches to her feet  here is ilateral hallu  valgus  She has faint strea s of 

hypopigmentation follo ing the lines of lasch o over her trun  and arms  Spine  scan as 

normal  Previous investigations consisted of a normal  C array  normal lood 

and s in rist  an le  groin samples  aryotype analysis

emale  C P   is the rst child of non consanguineous parents of 

iddle ast altese and hite U  ancestry  he family history as non-contri utory  er irth 

as induced ecause of prolonged rupture of mem rane and decreased fetal movements  he 

pro and as orn y normal vaginal delivery at  ee s of pregnancy ith a irth eight of 

 gram -  to -  S  and a head circumference of cm  S  She as in good condition 

and did not re uire resuscitation  She as self-ventilating in air and esta lished o le feeding  

Postnatally she as noted to have ilateral posta ial polydactyly of the hands and an anteriorly 

placed anus  ther congenital a normalities included le  choanal atresia and right choanal 

stenosis   moderate patent ductus arteriosis  patent foramen ovale  tricuspid regurgitation 

and aortic regurgitation detected early on have resolved and she has re uired spinal racing 

ecause of a mar ed thoracic scoliosis  She su ered ith recurrent upper respiratory tract and 

middle ear infections  She had grommets and no  ears hearing aids ecause of moderate 

conductive hearing loss  She had le  sided stra ismus  a pinpoint anterior su capsular lens 

opacity on the le  side and peripheral retinal pigment epithelial pigment changes ilaterally  

and she has glasses ecause of mild myopia  ore recently treatment has een re uired for 

hypertension of un no n cause  evelopmentally she has severe intellectual disa ility ith 

motor and speech delay  She had  ords y the age of   years and at the age of  years 
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she is a le to spea  in short phrases  ho ever her speech can e di cult to understand  She 

also points and uses some a aton signs  She has hypotonia and mo ilises on her nees or 

hopping using her hands and nees  She can stand ith support ith her nees e ed  Physical 

e amination at the age of  years and  months sho ed a height of 9 cm -  S  a eight 

of  g  S  and a head circumference of 9 9 cm -  S  acial dysmorphism  including a 

ido s pea  posteriorly rotated  dysplastic ears  arched eye ro s  a road nasal ridge ith 

a a ened nasal tip and a midline tongue depression ere noted   sacral dimple as present  

She had hypertrichosis of her arms and ac  and patchy pigmentation over her ac  and the 

right side of her chest   rain  sho ed a andy al er comple  ith a partially developed 

cere ellar vermis and a communication et een the th ventricle and the cisterna magna  

and a small posterior fossa ith a hypoplastic cere ellum   renal ultrasound scan as normal  

Previous investigations included lood and s in aryotyping   S  Sanger se uencing 

of C  and microarray analysis  ndocrinology assessment as normal

emale  C P   is the rst of t o children of nonconsanguineous 

ritish parents ith no family history of relevance  She as orn at 9 ee s gestation y 

normal delivery eighing g  She had surfactant de ciency and as ventilated for  days  

t irth she as in an e tended reech position  and hip and nee a normalities ere noted  

She had a dislocated right hip and su lu ed le  hip  here as ilateral a sence of patellae 

ith nee su lu ation  er feet ere held in ed e ion  She had torticollis ith narro  

sloping shoulders ut other oints ere hypermo ile  n her early years she had hypotelorism 

ith a ul ous nasal tip  pronounced nasola ial fold  slightly sagging chee s and small a  

er dental eruption pa ern as unusual and she has gingival hyperplasia  She had a strea  

of increased pigmentation on her inner le  calf  nvestigations included a normal cranial  

scan and spinal X-rays  She has a normal meta olic screen and chromosome array  er early 

 suggested mild a onal loss ut she su se uently no  has normal po er and re e es  

She has a mild intellectual disa ility and is emotionally immature  emale  is the younger of 

t o children of non-consanguineous parents  er older rother is healthy  here as no family 

history of developmental delay  She as orn a er  ee s of gestation ith a irth eight 

of  gram  S  uring the last ee s of pregnancy a polyhydramnion as noted  

elivery as uncomplicated  Physical e amination a er irth revealed several a normalities  

a large anterior fontanel  ilateral choanal atresia neonatal surgically corrected neonatally  

a rectovaginal stula ith anus perinealis corrected at the age of  months  sacral dimple  

short clavicles and le -sided post-a ial polydactyly ithout osseous structures  oth motor 

and language development ere delayed ith al ing ithout support at the age of  years  

here as a history of alance pro lems  for hich no cause could e found normal C  mastoid 
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and normal electronystagmogram  Psychological assessment hen she as a teenager 

sho ed a lo - normal  of  n childhood she developed a progressive scoliosis due to 

asymmetry of her legs  She had mild conductive hearing loss caused y recurrent middle ear 

infections and tympanic mem rane defects  Pu erty development as normal ith menarche 

at the age of  years  o ever  she had a remar a le asymmetric gro th of her reasts  She 

as referred to the clinical genetics department for reevaluation at the age of  years  s part 

of the or -up a large S  as found and surgically closed  t the age of 9 she under ent a 

ilateral cataract surgery  t the age of  years she as diagnosed ith an osteosarcoma in 

her distal right femur  er surgery and chemotherapy  she is no  ithout relapse for  year  

Physical e amination at the age of  years sho ed a height of  cm -  S  target height 

 cm  and a head circumference of  cm  S  She had an asymmetric face ith short 

palpe ral ssures  lo -set and dysplastic ears  road nasal ridge  ul ous tip of the nose 

and a thin upper lip  he le  reast as smaller than the right reast  She had Simian creases 

on oth hands ith short th and th metacarpals  She had a scoliosis and her legs ere 

asymmetric in length  nspection of the s in revealed lasch o lines   rain  at the age 

of  months sho ed slightly enlarged ventricles  a thin corpus callosum and a variant andy 

al er malformation  Previous genetic investigations  consisting of  oligo-array gilent 

-nr  9  on  e tracted from lood and ro lasts  and C  analysis ere 

normal  Using hole e ome se uencing a de novo mutation in USP9X as identi ed  USP9X  

ChrX Ch g 9del  9 9 c 9del p Cys fs

emale  is the th child of  children of nonconsanguineous parents  here as no 

family history of developmental delay  he rst child as orn hydropic and died postnatally 

due to intrauterine infections  he pro and as orn a er 9 ee s of gestation ith a irth 

eight of  gram -  S  elivery as uncomplicated  er irth  several congenital 

a normalities ere noticed  including ilateral choanal atresia  anorectal malformation  post-

a ial polydactyly  single um ilical artery  a i d uvula ith su mucosal cle  palate  Later on a 

hip dysplasia as noted  oth motor and language development ere delayed  Psychological 

assessment at the age of  years sho ed mild intellectual disa ility ith an  of  n 

childhood she developed progressive scoliosis and hypodontia  She had mild sensorineural 

hearing loss and hypermetropia   S  Physical e amination at the age of  

years sho ed a height of  cm -  S  a eight of  g  S  and a head circumference 

of  cm -  S  nspection of the s in revealed lasch o lines  She had facial dysmorphic 

features  including a itemporal narro  face  lo  set ears  short palpe ral ssures  do n slant 

eyes and a ul ous nasal tip  er legs ere asymmetric in length  She had short clavicles 

and no a illary hair and amastia  Previous investigations consisting of chromosome analysis 



Chapter 4

and oligo array  ere normal  C  rain at age of  days  sho ed no a normalities  

Using C  analysis on e ome data  a de novo intragenic deletion in USP9X as identi ed and 

con rmed ith array  Xp - 9

emale  presented ith U  and maternal hypertension  She as orn y caesarian 

section in the th ee  of gestation ith a irth eight of  grams  as rst child of 

healthy unrelated utch parents  t irth a ilateral posta ial polydactyly post-minimum  

open ductus arteriosus and dysmorphic features ere present  road nasal ridge  lo  set 

ears ith over folded heli  high palate  prominent heels and small la ia ma ora  earing tests 

sho ed ilateral mi ed conductive and sensorineural deafness and small ear meatus  She 

as temporarily treated ith thyroid hormone ecause of high S  titers  he psychomotor 

development is delayed  she al ed unassisted at the age of  years  the speech is very nasal 

and limited to single ords  t the age of  years she developed a sences and short focal 

sei ures  re uiring treatment ith levetiracetam  he  sho ed multifocal generali ed pea -

aves a normalities  eight and head circumference follo  the - -  S  line  She never as 

toilet trained  t the age of  years she presented ith short palpe ral ssures  perior ital 

fullness  road high forehead  road and a ened nose ridge and nose tip  small nostrils  

short columella  prognathism  rotated ears and underdeveloped ear lo es  he shoulders 

are hanging  the nec  and distance et een nipples is road  the sternum is short  here is 

rachydactyly of the ngers ith a ilateral cutaneous syndactyly of digits -  he toes are 

short ith cutaneous syndactyly of digits -  She has at feet and al s ith o ed nees  

ut she cannot run  the tendon re e es are ris  t the age of  years she su ered from a 

ma or head trauma a er falling from the stairs  hich orsened her motor impairment  rain 

 sho ed hypoplasia of the anterior cere ellar vermis and le  cere ellar hemisphere  large 

retrocere ellar cyst  enlarged cistern magna  ventricular enlargement  mild hypoplasia of pons 

and rain stem  irregular gyri of the cere ral corte  ith irregular depth of the sulci in frontal 

and perisylvian areas  small heterotopic nodule of grey ma er and thin and hypoplastic corpus 

callosum oth rostrum and splenium

emale  is the one of  children of non-consanguineous parents  here as no family 

history of developmental delay  elivery as possi ly complicated ith hypo ia  Physical 

e amination a er irth revealed ilateral post-a ial polydactyly and anal atresia ith stula 

re uiring surgery at later age  oreover  she had rachycephaly  general hypotonia and 

facial dysmorphisms  y the clinical geneticist suspicious found for aufman- c usic  ut 

no de nitive diagnosis could e made  er development as delayed ith oth motor and 

language delay  She al ed her rst steps at the age of  years and her speech started at 

normal age ut developed slo  She follo ed special education  Psychological assessment 
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sho ed mild to moderate  ith an  of  he rst four years of life  she had fre uent 

respiratory infections  Small auditory canals ere present  t later age  she as again referred 

to the pediatrician for the development of hirsutism  mainly at the ac  chest and face  er 

mensis started normal at the age of  years  ut as irregular  She had severe pedes planus 

and shortening of oth chilles tendons  re uiring surgery  here as general hypotonia 

present  Until adolescence  her gro th as normal  ut from the age of  she as shorter 

than e pected  Physical e amination at the age of  years sho ed a height of  cm -  S  

ith target height of  cm  S  eight of 9  g  S  and head circumference of  cm 

 S  She had some facial dysmorphisms including narro  palpe ral ssures  hypotelorism  

ilateral ptosis and e tra canine tooth  er chest as road and sho ed hirsutism  as ell as 

her ac  oth hands and feet ere short ith shortening of the fourth digit and Simean crease 

of the right hand  She had a sandal gap at her le  foot  here as hyperla ity of her rists 

and ngers  ut no general hyperla ity  valuation of her s in revealed lasch o lines at oth 

arms  Previous S P array revealed no a normalities  er identi cation of the rst females 

she as  ased on her phenotype  found suspicious to have a USP9X mutations or deletion  

Sanger se uencing sho ed no a normalities  ut re-evaluation of the S P array data sho ed 

three negative pro es in the USP9X region  he deletion Xp 9 - 9  

as con rmed ith CytoScan  array  hich had e er coverage of the X-chromosome
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Figure S1

Figure S1: USP9X expression is depleted in female cell lines harbouring loss of functi on alleles.
i ro last and LCL cell lines from control female and male individuals  and females ith hetero ygous loss 

of functi on USP9X alleles ere derived and cultured under esta lished conditi ons  solati on of m  
and protein as conducted as previously descri ed  

 elati ve PC  analysis of USP9X m  in individual  ro last cell lines  c  synthesis  PC  
conditi ons and C  primers ere as previously descri ed   USP9X primers used ere  

C C CC  and  C C C C
 mmuno lot analysis of USP9X protein levels in  ro last cell lines  S S-P  and immuno lots 

ere performed as previously descri ed  ach panel represents a replicate e periment
C  uanti  cati on of immuno lots in  using mage  so  are 

 mmuno lot analysis of USP9X protein levels in LCL cell lines  ach panel represents a replicate 
e periment p  y Student s t-test
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Figure S2: Decreased levels of USP9X in response to siRNA knock down
mmuno uorescence imaging of control ro lasts transfected ith either S  non-targeting 
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estern lo ng of control ro lasts demonstrating a decrease in USP9X protein levels in response 

to  di erent USP9X targeting si s hen compared ith the control S  nontargeting si  
Scale ars represent  m



Chapter 4

Control

WDR19ARL13B RPGRIP1L

10 um

Female 1

WDR19ARL13B RPGRIP1L

10 um

Female 15

WDR19RPGRIP1LARL13B

10 um

Female 3

WDR19ARL13B RPGRIP1L

10 um

Female 14

WDR19ARL13B RPGRIP1L

10 um

A



e novo loss of function mutations in USP9X cause a female speci c recogni a le 
syndrome ith developmental delay and distinct congenital malformations

   

4

Female 1

IFT88Acetylated
Tubulin

RPGRIP1L

10 um

Female 15

IFT88RPGRIP1LAcetylated
Tubulin

10 um

Acetylated
Tubulin

RPGRIP1L

Female 3Control 

IFT88Acetylated
Tubulin

RPGRIP1L

10 um

Female 14

IFT88Acetylated
Tubulin

RPGRIP1L

10 um

10 um

IFT88

B

Figure S3: Ciliary architecture and ciliary trafficking are normal in affected female fibroblasts
 mmuno uorescence imaging of control ro lasts and USP9X female ro lasts  o induce 

ciliogenesis  ro lasts ere starved for  hours prior to immuno uorescence la eling  P  is used 
for nuclear staining and is sho n in lue  P P L denotes the ciliary transition one at the ase of the 
cilium and is sho n in pin  acetylated alpha-tu ulin mar s the primary cilium and is sho n in red  and 

9  used as a -  mar er  is sho n in green and   used as a -  mar er  is sho n in green  
Scale ars represent  m  
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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-lin ed deu i uitinase essential for neural development in humans and mice  

n female patients  hetero ygous USP9X loss-of-function L  mutations present ith a 

stereotypical rain phenotype characteri ed y enlarged asymmetrical ventricles  agenesis 

of the corpus callosum  and varia le manifestation of andy al er malformation  his 

neural phenotype closely resem les those o served in neuronal ciliopathies  o understand 

the tissue-speci c role of USP9X in cilia and rain development  e studied the e ects of 

L  patient mutations on early stages of neurogenesis  eural rose es are a morphologically 

identi a le niche for neural progenitor cells that can e produced in vitro and recapitulate 

early neural tu e formation in  e o served that during early di erentiation circa day  

cilia are u i uitously found on most cell types throughout the  culture  and y day  of 

di erentiation  cells display a polari ed morphology and cilia are primarily locali ed to the 

apical lumens at the center of the neural rose es  Using a segmentation analysis protocol for 

analy ing  organelle structures  e found that the rose es of the USP9Xdel individual had 

volumetrically larger cilia than control rose es   rendering of the lumenal cilia demonstrated 

that the lumenal cilia in the USP9Xdel line ere more disperse and loosely pac ed  hile the 

counts and surface area of the lumenal cilia are compara le  dditionally  e tra-lumenal cilia  

de ned as cilia outside the lumen of the rose es  di ered signi cantly in num er and surface 

area  Speci cally  USP9Xdel rose es have signi cantly larger  longer and more e tra-luminal 

cilia as compared to the control  his phenotype o served in the USP9Xdel line is reminiscent 

of the ciliary distri ution o served in early rose es  ur results indicate that L  mutations in 

USP9X potentially a ect neural development via the disruption of ciliary architecture
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INTRODUCTION
here is accumulating evidence that the u i uitin machinery  involved in oth u i uitination 

and de-u i uitination  plays an important role in the structure and function of the primary 

cilium  his is an antenna-li e  sensory organelle that pro ects from the cell surface and plays 

an indispensa le role in organogenesis via its role in cellular signaling  USP9X  an X-lin ed 

u i uitin speci c protease  has een descri ed to play a role in ciliary and centrosomal iology 

 and is involved in a myriad of cellular functions from chromatin reprograming  to ri osomal 

stalling  and post-translation regulation of the u i uitin precursors U  U  U  and 

U C  n the rain  USP9X is indispensa le for proper development and cortical architecture 

 issense mutations in USP9X are associated ith intellectual disa ility in males and L  

mutations lead to a ciliopathy-li e syndrome in females 9  L  mutations in USP9X manifest 

as a severe heterogeneous congenital disorder that a ects multiorgan systems and results in a 

stereotypical rain phenotype characteri ed y enlarged asymmetrical ventricles  agenesis of 

the corpus callosum  and andy al er malformation in appro imately a third of individuals  
9  all of hich are symptoms o served in neuronal ciliopathies  

Characteri ing ciliary a normalities in ciliopathies is o en hindered y access to proper 

cell- and tissue types and analysis pla orms  i erentiation protocols that give rise to neural 

progenitor and neuronal cell types are invalua le system for modeling rain development in 

ciliopathies that cannot e comprehensively assessed in other commonly used cell types such 

as patient-derived ro lasts and immortali ed cell lines  hree-dimensional segmentation 

analysis allo s the visuali ation of organelle structure and locali ation  orphological and 

positional changes in organelles can occur in response to for instance cell cycle state  nutrient 

deprivation  and disease-associated mutations 9  nduci le pluripotent stem cells iPS cells  

allo  researchers to model these e ects in human cell types  such as neurons or neuronal 

progenitors  hese polari ed cell types contain comple  and dynamic su domains  that can 

re uire resolutions eyond the capacity of classical confocal microscopy for comprehensive 

analysis  

he use of in vitro modeling systems to investigate neural development  evolution  

and disease has een a rea through for understanding the human rain   and  culture 

systems can e used to model inherited and ac uired diseases of the rain and understanding 

the spatial coordination of cellular processes that drive these tra ectories represents a 

fundamental goal in iology  dvances in in vitro modeling systems that allo  for the study 

of neuronal development and maturation further the need for tools to visuali e and uantify 

dynamic changes in intracellular structures  ntracellular structure and locali ation pa erns 

of organelles can e ro ustly assessed and iologically characteri ed using automated 



Chapter 5

segmentation analysis  erein e assess cilia in neural rose es ith a segmentation analysis 

protocol previously validated in the assessment of mitochondria in neurons  ue to the 

similarities in the overall shape and structure of cilia and mitochondria  e found that the 

translational segmentation pla orm could e used to assess oth organelle types

eural rose es are a morphologically identi a le  polari ed epithelial niche for neural 

progenitor cells that can e generated in vitro via the dual S  inhi ition neural induction 

protocol 9  Cilia  found in the central lumen  play a fundamental role in coordinating 

cellular responses to di erentiation cues  ual S  inhi ition  involving the inhi ition of 

P and β signaling path ays using oggin or dorsomorphin and S  respectively  

nhi ition of P and β signaling inhi its the formation of the endodermal and mesodermal 

germ layers  there y allo ing for neuroectoderm di erentiation  uring early di erentiation  

neuroectoderm gives rise to neuroepithelium as seen in em ryogenesis during neurulation  

hen the neural plate closes to form the neural tu e 

uring di erentiation neuronal cell type speci cation is dependent on signal transduction 

via the primary cilium  Cilia are enriched in multiple signaling receptors that transduce a 

variety of e tracellular cues essential for cellular di erentiation  uring em ryogenesis the 

cilium plays an indispensa le role in neuroepithelial formation and pa erning  Cilia are 

essential transducers of hedgehog h  and nt signaling  hich plays an indispensa le role 

in ventral and dorsal pa erning respectively in the neural tu e 

olumetric analysis of cilia in neuroepithelial rose es has the potential to provide 

insight into ciliary formation pa erns and organi ation  dvances in imaging methods such 

as iryscan confocal imaging or super resolution stochastic optical reconstruction microscopy 

S  provide ays of visuali ing the tiniest of structures ith increasing detail 9  his 

creates a need for automated analysis- and uanti cation methods  that are open source 

for use and community scrutiny and improvement  Current protocols aimed at analy ing 

uorescent imaging data  for instance speci cally for mitochondria  are more o en suited 

for larger  at cell types i e  ro lasts  n these cases  medium-to-high-throughput image 

analysis is either incomplete  in case of  images resulting from ma imum pro ections  or 

time-consuming  hen using image stac s  Speci cally  our goal is to provide a simple-to-

use protocol for automated medium-to-high throughput analysis of tu ular round organelle 

morphology and organi ation over multiple image stac s  hich can e applied or adapted to 

any structural imaging e periment  e use this protocol to characteri e the e ects of USP9X

loss-of-function mutations 9 on the polari ation of neuroepithelial rose es  as ell as defects 

in ciliary volume  surface area  and position  
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RESULTS
Ciliary structure and function are interdependent  and the architecture and num er of cilia 

found in various tissues a ects their capacity to transduce signal  o determine potential 

ciliary defects  e analy ed neuroepithelial rose es from various time points during neuronal 

di erentiation and assessed lumenal and e tra-lumenal cilia that form in neural rose e 

structures  ecause L  mutations in USP9X cause severe congenital malformation of the 

rain reminiscent of defects o served in neuronal ciliopathies  e utili ed iPSCs derived from 

an individual female patient ith a large chromosomal deletion in USP9X ChrX 99 9 -

 9 herea er referred to as USP9Xdel  to characteri e the a sence of USP9X on cilia  

o  data as availa le for the USP9Xdel individual  ho ever they presented ith mild 

intellectual disa ility  of  motor and speech delay  mild sensorineural hearing loss  and 

multiple congential a normalities including ilateral choanal atresia  anorectal malformation  

post a ial polydactyly  and a i d uvula ith su mucosal cle  palate 9

e generated neural rose es using a dual S  inhi ition protocol  starting from 

USP9Xdel- and control-derived PSCs  he control used for all e periments as an age and 

gender matched healthy individual  his protocol  employs the inhi ition of P and -

eta signaling path ays using dorsomorphin and S  respectively U   or 

protocol validation  e assessed the e pression of various neurogenesis mar ers in control 

rose es on day  ay  as choose as it corresponded passage  in cell culture here 

the neuroepithelial rose es should e press mar ers of neural progenitor cells and early orn 

neurons  ur analytical approach re uires high a ial resolution involving large  stac s ith 

small inter-plane intervals  therefore e imaged  stac s using the iryscan confocal  o 

process the large amount of resulting image data  e used a custom L  image analysis 

algorithm for medium-to-high throughput automatic analysis  limiting the ias inherent to 

manual analysis  he e pression of P X  and C P  estin and P  and S X  and L  

U   ere con rmed via immuno uorescent analysis of rose es  demonstrating the 

presence of neuroepithelium estin  S X  radial glial-li e progenitors P X  S X  P  

estin  and early orn  post mitotic neurons C P   time course analysis over the rst  

days of di erentiation using PC  demonstrated that transcripts associated ith pluripotency 

ere do n regulated upon di erentiation and neuroepithelium  radial glial associated 

transcripts such as P X  ere upregulated visi ly y day  U  C  he e pression 

and e ciency of induction as correlated ith the degree of cell con uence at the time of 

induction U  C  ue to e pression pro les of neuroepithelial mar ers and pa erns of 

cilia dispersion U  -  days  and  ere selected for further analysis  
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◀FIGURE 1: Neural rosettes induction  neural rose es can e produced via the dual S  inhi ition 
neural induction protocol sho n here schematically   ose es  are positive for in vivo mar ers 
of neurogenesis  including P X  S X  nestin  P  and C P  Scale ar top ro   mm  all other scale 

ars   mm  C  PC  analysis of samples collected during pre- and post-neural induction at days  
   and  he minus sign indicates the iPSCs ere plated at su con uent levels at the time of 

induction  he plus sign indicates that the iPSCs ere at  con uence at the time of neural induction  
 is evita Cell roc  inhi itor  Performed in technical triplicate    he lumens of each rose e 

 are ciliated  recapitulating the architecture of the neural tu e  sho n here ith L  red  
Lumenal cilia can e assess in  via segmentation analysis  sho n here as a compressed -stac  middle 
panel   top  compression and  o om  single plane analysis of the right panel sho s the automated 
segmentation assessment of ciliary shape and positioning  outlined in green  Scale ars are  microns in 
the le  and middle panel  and  microns in the  and  compression analysis

uring early di erentiation at day  and day  cilia are u i uitously found on most 

cell types through the  culture igure  Supplemental gure  y day  in control 

conditions  the cilia  though present on other cells  are primarily locali ed to the lumenal center 

of the neural rose es here they protrude into the lumen Supplemental gure  ver the 

course of di erentiation  o serva le on days   and  there is a loss of polari ation in 

neural epithelial rose es  demonstrated y the decrease in num er of apical cilia and the 

rounded nuclei igure  Supplemental gure 

e generated  imaging stac s at high magni cation  using a eiss confocal microscope 

ith iryscan module Supplemental gure -  he iryscan detector on the LS  is 

a le to deliver increased resolution and signal to noise ratio y utili ing a -channel a sP 

photomultiplier tu e P  array detector com ined ith linear devolution there y achieving 

a resolution of  nm laterally X  and  nm a ially  Supplemental gure 

Utili ing this automated segmentation analysis  day  and  neuroepithelial cells from 

control and the USP9Xdel individual ere ed and analy ed for ciliary a normalities  Lumenal 

and e tra-lumenal ciliary ere assessed for ciliary num er  volume  shape  and distri ution  

o derive analytical data points from  -stac s of the cilia in neuroepthelial rose es  

rst a median lter is applied to the  plane images of the stac s  follo ed y ac ground 

su traction of the  rendering to determine hich vo els represent cilia  er ac ground 

su traction  a glo al mas  as de ned via thresholding  n addition to the glo al mas  a local 

mas  as de ned via a di erence of aussians  and su se uent thresholding  or computing 

the di erence of aussians  the local ac ground image as de ned y convolution of the 

median ltered L  channel ith a aussian lter of si e  and standard deviation  

his local ac ground image as su tracted from a foreground image de ned y convolution 

of the median ltered mitochondrial channel ith a aussian ernel of si e  and standard 

deviation  he local L  mas  as de ned y thresholding of the di erence of aussians 

>  he nal L  mas  as de ned y oolean  operation on the local and glo al 

mitochondrial mas s and su se uent removal of o ects ith less than  pi els Supplemental 

gure -C
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FIGURE 2  The effects of LOF mutations in USP9X on neuroepithelial lumenal cilia morphology and 
organization.  Schematic representation of the area selected for lumenal ciliary analysis   ide eld 
vie  of cilia ithin control and USP9X rose es  Speci cally indicated are the lumenal cilia recogni ed for 
segmentation analysis outlined in green  at day  and day  in control versus USP9Xdel rose es  Scale 

ar indicates  microns  C  uanti cation of the di erences in d  lumenal cilia Control n   USP9Xdel 
n    uanti cation of the di erences in day  lumenal cilia Control n   USP9Xdel n    is 
neural maintenance medium ithout the gro th factors necessary to maintain the cells in a primate state 

  rendering of L  stained lumenal cilia in the control line rose e on day    rendering 
of L  stained lumenal cilia in the USP9Xdel line rose e on day  P -  P  P  

P  P  a t o-tailed student s -test
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FIGURE 3  The effects of LOF mutations in USP9X on neuroepithelial extra lumenal cilia morphology and 
organization during differentiation.  Schematic representation of the area selected for e tra lumenal 
ciliary analysis  he lumenal cilia count is su tracted from the selected area to o tain the e tra-lumenal 
cilia count   ide eld vie  of cilia ithin control and USP9X rose es  Speci cally indicated are the 
e tra-lumenal cilia recogni ed for segmentation analysis outlined in green  at day  and day  in control 
versus USP9Xdel rose es  Scale ars are e ual to  mincrons  C  uanti cation of the di erences in day  
and day  e tra-lumenal cilia Control n   USP9Xdel n   P -  P  P  P  

P  a t o-tailed student s -test
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t day  the mean volume of lumenal cilia U  -  as found to e signi cantly 

greater in the USP9Xdel individual as compared to the control  indicating that the rose es 

of the USP9Xdel individual had volumetrically larger cilia than the control U  C   

rendering of the lumenal cilia found in oth the control U   and USP9Xdel lines  

demonstrated that at day  the lumenal cilia in the USP9Xdel line are more disperse and 

loosely pac ed  hile the counts and surface area of the lumenal cilia are compara le  the 

volumetric di erence at this time point could e due to a normalities in ciliary tra c ing  

hen proteins cannot e tra c ed out of the cilium  they ulge due to protein retention  

his results in the a rogation of necessary signaling path ays and a normal development  o 

signi cant di erence as o served at day  in the volume  area  or count of cilia

dditionally  at day  e tra lumenal cilia U  -  di ered signi cantly in num er 

and area  ith USP9Xdel rose es have larger and more e tra-luminal cilia  nterestingly  the 

USP9X patient cells maintain an e tra lumenal ciliary distri ution of early rose es  longer 

than the control U   igure  C  his suggests that at earlier time points USP9Xdel 

progenitor cells may e delayed in di erentiating  n day  the cells are transitioned to neural 

maintenance medium  lac ing the necessary gro th factors  speci cally  and  

to maintain them in a primitive state  his supports the cells to di erentiate into more mature  

P  e pressing cells  t day  ciliary volume as found to e compara le et een patient 

and control suggesting that at later timepoints USP9Xdel cells may di erentiate more rapidly 

and there y reduce the di erence et een the control and USP9Xdel individual U   

DISCUSSION
ere e report on an automated method for the segmentation and uanti cation of 

intracellular tu ular-shaped structures  hich e employed to egin to gain insight into 

changes that occur in organelle structure and locali ation in response to genetic pertur ation  

e used this method to uantify the e ects of a L  mutation a ecting USP9X on cilia in neural 

rose es  ur results demonstrate that  segmentation analysis is a po erful tool to assist 

in the elucidation of ciliary locali ation pa erns  count and si e during neural induction and 

maturation in health and disease  Utili ing un iased analysis ill allo  for the investigation of 

ciliary associated structural and spatial dynamics that contri ute to neuronal function  neural 

di erentiation  neural progenitor proliferation  and neuroepithelial cell cycling  

utations in USP9X manifest as a severe heterogeneous congenital ciliopathy-li e 

disorder that a ects multiorgan systems  and in particular the rain 9  Previous or  

demonstrates this protein locali es to the cilium 9 and centrioles  here it plays a role in 

the regulation of ciliogenesis and centriole duplication  hile no gross a normalities in 
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ciliogenesis or ciliary architecture ere o served in USP9X patient derived ro lasts 9  e 

aimed to develop tools to ascertain ciliary a normalities in the rain  o gain insight into 

the role of USP9X during neurodevelopment e uantitatively assessed the primary cilia in 

neuroepithelial rose es  

uring em ryogenesis  USP9X is essential for cell fate decisions in the central nervous 

system  neuronal outgro th and cortical architecture  USP9X has a vast array of 

su strates and interacting partners revie ed in  that have een descri ed to e involved 

in signal transduction path ays including edgehog signaling 9  m   and   all 

of hich play a role in early neural development  n mammals  neurogenesis egins ith the 

formation of neuroectoderm  euroectoderm gives rise to neuroepithelial progenitors that 

propagate neurogenesis in the neural tu e  euroepithelial progenitors give rise to glial and 

asal progenitor cells  In vivo and in vitro neural rose es form via apical constriction hich 

involves the narro ing of the apical domain of apico asal polari ed cells revie ed in  he 

apically located primary cilia of the neuroepithelium e tend into lumen of the neuroepithelia 

rose e  mimic ing the in vivo development of the neural tu e  t has previously een descri ed 

that in vitro  early stage rose es do not have cilia that locali e to the lumen and instead have 

them dispersed throughout the neuroepithelial structure  ccordingly  a hallmar  sign of 

rose e maturation is the appearance of primary cilia in the lumenal space  his previous or  

 suggests that  in light of the increased levels of e tra-lumenal cilia in the USP9Xdel rose es 

o served at and prior to day  USP9Xdel cells may initially e hi it impaired di erentiation as 

compared to control cells ut ith time are a le to catch up in their maturation tra ectory as 

de ned y the locali ation of the primary cilium  

Previous or  has demonstrated the Usp9  deletion in the mouse rain causes 

premature di erentiation of cortical progenitors  and that SC self-rene al and neurogenesis 

is impaired  uring murine neural development  the a sence of USP9X has een correlated 

ith a disruption in cell cycle and premature pa ern of neural progenitor cells  his potential 

divergence in results could e e plained y species-speci c di erences  e g  in mice  Usp9x

does not escape -inactivation  hile in human it has een descri ed to  Premature 

di erentiation of PCs is o en associated ith microcephaly due to dysregulation of the 

PC pool  ho ever females ith L  mutations in USP9X did not e hi it symptoms of 

microcephaly  nstead  t o of  cases descri ed display macrocephaly 9  and macrocephaly 

has een previously associated ith impaired di erentiation  lternatively  Usp9  plays an 

important role in polari ation  and disruption of polari ation genes also results in premature 

di erentiational of PCs 9  t is therefore possi le that the e tra lumenal cilia e o serve at 

day  do not result from delayed maturation  ut instead from disorgani ed polari ation of 



Loss-of-function mutations in USP9X disrupt ciliary architecture in iPSC-derived neural progenitors

9    

5

USP9Xdel neuroepithelium  urther e periments are necessary to determine the iological 

underpinnings of USP9Xdel on neuroepithelial di erentiation  

MATERIALS & METHODS
Microscopy
Confocal -series stac s ac uired at  um intervals  of ciliary structures ere collected on 

the eiss LS  confocal laser scanning microscope nm and nm diode lasers  argon 

  nm  and a nm laser  e uipped ith the iryscan detector  using the  

Plan- pochromat  C oil immersion o ective eiss  and the  nm laser line  en  

lac  edition  so are as used for iryscan processing

Image analysis
mage analysis as implemented using L   he ra  tu ular organelle analysis 

channel as median ltered using a  neigh orhood  e t  a aussian lter of si e  and 

standard deviation  as applied  er ac ground su traction  a glo al mas  as de ned 

y thresholding  n addition to the glo al mas  a local mas  as de ned via a di erence 

of aussians  and su se uent thresholding  or computing the di erence of aussians  the 

local ac ground image as de ned y convolution of the median ltered mitochondrial 

channel ith a aussian lter of si e  and standard deviation  his local ac ground 

image as su tracted from a foreground image de ned y convolution of the median ltered 

mitochondrial channel ith a aussian ernel of si e  and standard deviation  he local 

mitochondrial mas  as de ned y thresholding of the di erence of aussians >  he 

nal mitochondrial mas  as de ned y oolean  operation on the local and glo al 

mitochondrial mas s and su se uent removal of o ects ith less than  pi els  or single 

cell analysis  this automated segmentation as com ined ith a manual segmentation of 

single cells using the L  function roipoly  n contrast to this segmentation strategy  the 

e tracted features ere already previously descri ed  

iPS cell generation and culture
he iPSCs and i eurons ere generated as previously descri ed  Control and UPS9X 

patient derived ro lasts ere reprogrammed to iPSCs through retroviral transduction of 

the amana a factors ct  c- yc  So  and lf   USP9X patient and control iPSCs ere 

maintained on atrigel  9  in  e  medium hermo isher Scienti c  
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supplemented ith primocin  g ml  nvivogen ant-pm-  and incu ated at C C  

ith medium changes every -  days  and passages -  times per ee  using eLeS  Stem 

Cell echnologies  or a more detailed description  see  

Neuronal differentiation
euroepithelial rose es ere generated as previously descri ed 9 using the dual S  

inhi ition protocol  in rief cells ere dissociated using accutase and plated as single cells 

in  le  medium supplemented ith evitaCell hermo isher Scienti c  in a 

 ell plate coated ith atrigel  nce cells reached 9  con uence  they ere s itched 

to neural induction medium containing a  mi ture of  and  medium called neural 

maintenance medium  supplemented ith  μ  dorsomorphin Sellec Chem S  

and  μ  S  called neural induction medium   medium is made up of 

  C  -   μg ml nsulin C   m  luta X 

C    μ  non-essential amino acids Sigma- ldrich   μ  

-mercaptoethanol C  9  primocin nvivogen ant-pm-   medium  

euro asal nvitrogen   C  -S  m  luta X  and primocin  edium 

as changed every day for the rst    days hile eing monitored for neuroepithelial 

induction ased on change in morphology  cells ere then split using eLeS  to detach them 

in ul  from the atrigel coated plate and then transferred onto PL laminin coated plates  

Upon spli ng  cells ere ept for  hours in  and then s itched to  supplemented 

ith  ng  mL  Prepro ech - -  and  ng mL  Prepro ech - -  

er P  split onto laminin   as changed every other day

Immunofluorescence
o visuali e the cilia  neuroepithelial cells ere split onto nitric-acid treated coverslips coated 

ith g mL poly-L-ornithine hydro romide PL  Sigma- ldrich P -  and  g

mL human recom inant laminin  ioLamina L -  t      and  

cells ere ed using  P Sucrose  Cells ere imaged using a eiss LS  ith iryscan 

module  laser scanning microscope  e uipped ith nm and nm diode lasers  argon 

  nm  and a nm laser  at X magni cation ith oil  
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Primary 
antibodies

Use Host Dilution Manufacturer cat #

L Ciliary 
mem rane 
mar er

ouse euro a -

C P euronal Rat cam

P euronal mar er ouse Sigma a

So PC mar er Rabbit cam a 9 9 9

estin PC mar er ouse hermo Scienti c -

Pa PC mar er Rabbit Covance P - P

Secondary antibodies Dilution Manufacturer Prod. NO.

oat anti- a it le a luor nvitrogen

oat anti- ouse le a luor nvitrogen

oat anti- ouse le a luor nvitrogen

goat anti-guin pig ale a luor nvitrogen

STATISTICAL ANALYSIS 
ata are e pressed as mean  standard error of the mean S  nalysis as done using 

one- ay analysis of variance ith onferroni post hoc correction  or t o-tailed student s 

t-test  using raphPad Prism  raphPad So are  P-values of P<  and smaller  ere 

deemed signi cant  Sample si es ere ased on our previous e periences in the calculation 

of e perimental varia ility  and are descri ed  per e periment  in the corresponding gure 

legends  
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SUPPLEMENTAL FIGURES

Supplemental FIGURE 1. Schematic representation of the biochemical processing pipeline, and visual 
representation of the staining strategy   in vitro schematic of the variation o served in ciliated lumens 
of neuroepithelial rose es  Samples are imaged at a high magni cation and resolution in this case  
confocal microscopy using an iryscan module for increased resolution at high magni cation   n vitro 
samples are immunohistochemically stained and assessed using the eiss confocal e uipped ith airyscan 
processing  
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Supplemental figure 2  Cilia localization across differentiating cultures as indicated by ARL13B staining 
on days 6 and 10 post dual SMAD inhibition treatment. mages are compressed -stac s  Scale ars are 

 microns
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Supplemental figure 3: time course differentiation of neuroepithelium. Ciliary locali ation ith P  
gray  across di erentiating cultures as indicated y L  red  staining on days   and  post dual 

S  inhi ition induction  Ciliated lumens are indicated ith a dashed hite circle  mages are a single  
plane  Scale ars are  microns



Chapter 

Global maskMedian filter MitoDOG

Local mask Mitochondrial mask
Compiled stack 

for ROI
Mitochondrial mask 

post ROI
Mitochondrial 
surface mask

Start (single image
 from stack)

The mitochondrial skeleton is further quantified based 
on the number, length, number of bifurcations, 

number of nodes, 

Visual representation 
of detected particles

A

B

C

Visual representation 
of 3D wireframe

Background 
Subtraction

Visual representation 
of detected particles

Visual representation 
of 3D wireframe

The ciliary skeleton is further quantified based 
on the number, length, volume, 

and shape 



Loss-of-function mutations in USP9X disrupt ciliary architecture in iPSC-derived neural progenitors

   

5

◀Supplemental FIGURE 4. Schematic representation of the separate processing steps included in the 
custom MATLAB protocol.  y using eiss iryscan module  e image the densely pac ed neuronal 
soma at higher resolution than possi le ith standard confocal microscopy   o retain the  structure  

e ac uire several images in a -a is orientation  starting and nishing outside  of the neuron  C  he 
images contained in the stac  are su ected to several processing steps   median lter is applied  follo ed 

y ac ground su traction to determine hich signal represents mitochondrial signal  er ac ground 
su traction  a glo al mas  as de ned y thresholding  n addition to the glo al mas  a local mas  as 
de ned via a di erence of aussians  and su se uent thresholding  or computing the di erence of 

aussians  the local ac ground image as de ned y convolution of the median ltered mitochondrial 
channel ith a aussian lter of si e  and standard deviation  his local ac ground image as 
su tracted from a foreground image de ned y convolution of the median ltered mitochondrial channel 

ith a aussian ernel of si e  and standard deviation  he local mitochondrial mas  as de ned y 
thresholding of the di erence of aussians  he nal mitochondrial mas  as de ned y oolean 

 operation on the local and glo al mitochondrial mas s and su se uent removal of o ects ith less 
than  pi els





CHAPTER 
General Discussion

6



Chapter 6

GENERAL DISCUSSION
Ciliopathies are a heterogenous group of genetic disorders that manifest as a result of defects 

in the function or iogenesis of primary cilia  dvances in genetic diagnosis coupled ith 

functional studies on proteomics datasets has furthered our understanding of the role of speci c 

proteins in various structural domains of the cilium and ho  disruptions in these domains lead 

to disease in various tissue types  espite this for ard momentum  an understanding of ho  

these neuronal disorders a ect neural processes  such as rain development and function  

remains poorly understood

n this or   aimed to investigate iological mechanisms associated ith genetic 

disorders that arise from primary cilium dysfunction The research described in this thesis has 

led to the characteri ation of novel centrosomal a onemal-  u i uitin-proteasome system-  

and microtu ule-associated- ciliary proteins that hen disrupted  result in disease  erein  

a variety of approaches ere used to identify and characteri e disease genes  n Chapter  

ARMC9 as discovered as a potential ou ert Syndrome S  candidate gene via hole-

e ome se uencing of the University of ashington U  ou ert Syndrome esearch Program 

cohort  ssessment of protein locali ation in P  cells and analysis of ARMC9 patient-derived 

ro lasts demonstrated that C9 locali ed to the asal ody of the primary cilia and 

transcripts of C9 ere upregulated during ciliogenesis  n Chapter  proteins interacting 

ith C9 ere identi ed using tandem a nity puri cation and yeast t o-hy rid screening  

his proteomics- ased approach ena led the identi cation of a ne  ciliopathy associated gene  

 and aided in elucidating a ected signaling path ays   a  array 

protein  plays an essential role in modulating microtu ule dynamics in the ciliary compartment  

and S-associated variants in oth C9 and  resulted in decreased levels of 

the post translational modi cations  speci cally acetylation and glutamylation  of the ciliary 

a oneme  n addition to its association ith C9   as found to interact ith 

CC C  and the S-associated proteins C P  and CSPP  Clinical assessment  functional 

analysis  and e ra sh modeling revealed that mutations in oth ARMC9 Chapter  and 

TOGARAM1 Chapter  give rise to S  

n Chapter   descri e loss-of-function L  mutations in USP9X that lead to a female 

speci c  multi-systems disorder  ected females present ith intellectual disa ility and 

stereotyped rain malformations reminiscent of ciliopathy-associated anatomical rain defects  

such as malformation of a onal tracts including agenesis of the corpus callosum  asymmetrical 

ventricle formation and andy- al er malformation  USP9X locali es to the ciliary a oneme 

ho ever  in the functional characteri ation of ro lasts derived from USP9X a ected 

females  it ecame apparent that a relevant neuron-speci c model as li ely necessary to 
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unveil a tissue-speci c phenotype  n Chapter  using iPSCs derived from ro lasts o tained 

from the USP9X a ected individuals descri ed in Chapter   set out to esta lish a model 

system for assessing USP9X speci c mutations on cilia during neuronal development  hile in 

its early stages  the or  in Chapter  suggests segmentation analysis of the cilia present on 

neural progenitor cell PC  and other early neural cell types may indicate di erences in ciliary 

phenotypes during neurogenesis

CILIARY POST TRANSLATIONAL MODIFICATIONS
he genes e identi ed in our investigations all encode proteins that are re uired for 

cilium function  nterestingly  they are all  at least in part  re uired for proper coordination 

of post translational modi cation P  of ciliary proteins  either via the regulation of 

polyglutamylation and acetylation of tu ulin C9 and  in Chapters  and  

or u i uitination USP9X in Chapters  and  P  of proteins involves a range of regulatory 

iological mechanisms that ne tune the functional capacity of the proteome y altering 

the interactome  locali ation  function  and or sta ility of the modi ed proteins  lmost all 

eu aryotic proteins are post translationally modi ed and in humans  P s form interconnected 

net or s of >  residues in a out  proteins  

2.1 Post translational modifications regulate microtubule dynamics
icrotu ules s  are tu ular  cytos eletal components consisting of αβ tu ulin heterodimers 

organi ed in a head-to-toe  or plus- to minus-end fashion  to form proto laments  hese 

proto laments associate laterally to form a hollo  tu ular structure allo ing for dynamic 

changes in length and structure  s play an essential role in intracellular tra c ing and cell 

division   assem ly or polymeri ation occurs at the plus-end  s are dynamic structures 

that can respond to cellular factors y alternating et een phases of gro th  pause  and 

shrin age   catastrophe or depolymeri ation occurs at increasing fre uency ith age ut 

can also e induced y cellular factors such as uctuations in the si e and density of the 

protective P  cap  dditionally loc ing the  proto lament at the gro ing end of the 

 can induce catastrophe

P  function to generate a tu ulin code  to diversify the function  sta ility  and inding 

of a myriad of proteins that locali e to  he eu aryotic cytos eleton undergoes a variety of 

P  that aid in cell cycle progression  cell type di erentiation  and intracellular tra c ing 

along microtu ule net or s  P  of tu ulin are indispensa le for proper  function  

including tu ulin sta ili ation  and disassem ly 9  and serve to in uence local tra c ing  
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motility  and interactions  isruptions in the pa ern  level  and distri ution of  P s 

distur  homeostasis ithin the ciliary compartment  

2.1.1 Defective tubulin glutamylation and acetylation in Joubert 
syndrome

lutamylation occurs hen the amino group of a free glutamate amino acid is con ugated to 

the car o yl group of a glutamate side chain ithin a target protein and it occurs on tu ulin via 

the action of a family of tu ulin tyrosine ligase li e LL  proteins  Polyglutamylation decorates 

the a oneme and plays an important role in microtu ule severing 9   activity  and protein 

inding  Several S-associated proteins including C9 and  Chapters  

and  have een sho n to a ect the P  of microtu ules  or e ample  polyglutamylation 

of the ciliary a oneme is in part regulated y the S associated proteins L  and C P  

 his is important for proper ciliary function as polyglutamylation levels act as a rheostat 
9 that is ne tuned to maintain ciliary e uili rium  Changes in glutamylation that result from 

disruptions in ciliary glutamylases lead to hyperglutamylation  hich reduce tu ulin sta ility 

and result in premature ciliary disassem ly due to an increase in the level of the severing 

en yme  spastin 9  ecreased levels of polyglutamylation result in decreased inesin-  

mediated anterograde transport and there y result in defective tra c ing and hedgehog 

signaling  Speci cally  decreased levels of a onemal glutamylation inhi it hedgehog signaling 

via a errant locali ation of S  and L  hich is potentially a result of defective anterograde 

transport  as this mislocali ation of S  and L  appears to e independent of defective 

 targeting  

dditionally  acetylation of the cilium is important for motor protein inding and 

movement  sta ility  and ciliary disassem ly  and a errancies in acetylation can result in 

microtu ule insta ility as o served ith dysregulation of the S associated proteins  

 and PP  9  mportantly  mutations in   and PP   result in a normal 

hedgehog signaling  

ecently  a genome- ide screen of hedgehog signaling components in mouse ro lasts 

found that more than  S-associated genes modulate h signaling and additionally 

identi ed C9 as a positive regulator of this signaling cascade  hat study also 

demonstrated that ectopically e pressed C9 translocates from the pro imal end of the 

cilium to the ciliary tip upon the induction of edgehog signaling  there y suggesting C9 

may possi ly play a role in the tra c ing and retention of li proteins  oreover  in the 

a sence of C9  they found that cilia ere shorter  and decreased levels of acetylation and 

glutamylation ere o served  consistent ith our ndings Chapter  ll C9-  
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comple  mem ers have oth ciliary ase and ciliary tip locations 9 indicating dynamic 

locali ation and potentially dynamic protein partnerships at each location  his suggests that 

a proper temporal spatial distri ution is re uired for proper ciliary structure maintenance and 

function

Figure 1: Post translational modifications of the ciliary axoneme. he ciliary a oneme under goes a 
variety of post translational modi cations including acetylation ithin the microtu ule lumen sho n 
in lue  and glutamylation sho n in red  isruptions in these post translational modi cations result in 
a errancies in ciliary architecture and signal transduction
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Figure 2: Fragements of TOGARAM1 have diff erent binding affi  niti es to the microtubule latti  ce.
 red  L  green  scale ar  microns

2.1.2 TOG-array domains regulate microtubule dynamics and 
stability

 also no n as Crescerin  for the lati n crescere meaning to gro  is a  array 

containing protein that regulates microtu ule structure ithin the cilium   domains ere 

 rst pinpointed in cytos eleton-associated protein  C P  a  polymerase then no n 

as ch- og clonic and hepati c tumor overe pressed gene   or X P   hich accumulates 

at  plus ends   has four  domains hich functi on in concert to regulate 

microtu ule dynamics  omains  and  act to potenti ate tu ulin polymeri ati on 

hile  and  are essenti al for microtu ule associati on and la   ce inding acti vity 

 ur studies assessing  fragments and their capacity to locali e to the cilium 

suggest that an intact  and  domain are re uired for ciliary formati on  microtu ule 

inding  and enrichment of  at the ti p  ase  and along the ciliary a oneme  

e found that transfecti on in h - P  cells ith a fragment containing  and 

 alone fragment   gure  did not disrupt ciliary formati on ut the m P-tagged 

fragment could not enter the cilium  instead it appeared to collect at the ciliary ase and did 

not sho  overt indicators of microtu ule la   ce inding such as co-locali ati on ith a-tu ulin  

n intact  domain appears to e dispensa le for ciliary formati on and microtu ule 

inding  ut important for ciliary homeostasis  or  from as et al  has demonstrated that 

the  fragment containing amino acids -  consisti ng of the lin er region 
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and  domains  and  sho s la ce inding activity at a fre uency of appro imately  

and the degree of la ce inding is unchanged ith full length  containing an 

 mutation  located ithin   e found similar results and the capacity for cilium 

formation ith  S-variants  and L P Chapter  suggesting e might 

see compara le a ects ith a fragment lac ing  and  ho ever further or  is 

needed to con rm this  ragment  gure  containing  the lin er region  and  

and  sho s seemingly normal ciliary formation  microtu ule inding  and locali ation to the 

tip and ase of the cilium

 fragment containing  the lin er region and  fragment  gure  allo s 

for cilium formation ut sho s an enrichment of the fragment at the ase and only lo  levels 

of locali ation along the a oneme  and limited microtu ule inding as o served ith this 

fragment   fragment containing only  and  ithout the lin er region sho ed 

a rogated cilium formation  focal enrichment  and no microtu ule inding capacity  n chapter 

 e see that patient variants in the  domain result in an a sence of C9 inding 

ut no apparent disruption in ciliary structure  hile the patient variant in the  domain 

result in severely stunted cilia  onetheless e found the  and all  patient variants ere 

still a le to ind microtu ules gure  nterestingly hile  did not appear in any of our 

proteomics data  preliminary or  suggested a decrease in  locali ation at the ciliary tip in 

unstimulated h - P  TOGARAM1 mutant cells lines gure 

e sho  that C9 directly interacts ith the  domain of  and S-

associated variants in oth genes lead to an a enuation of ciliary microtu ule post translational 

modi cations and a di erential e ect on microtu ule sta ility Chapter  or  done in 

various model organisms and mammalian cells has sho n that a ide variety of microtu ule 

inding proteins function in concert to coordinate  maintain  and polymeri e microtu ules 
9  Proteins containing tandem  domain repeats function to positively regulate 

microtu ule gro th and sta ility  icrotu ule inding protein dysfunction can give rise to 

ciliary tip insta ility  resulting in a errant microtu ule dynamics and a normal ciliary structure 

 his a ects cilium homeostasis  causing a rogated signal transduction and disease
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Figure 3: WT and mutant TOGARAM1 binds microtubules.  red  alpha-tu ulin green  
he ciliary tip compartment is essential for h signalling as important factors and mediators are 

se uestered there during di erent stages of path ay activation   acts to organi e the ciliary tip  
e found that disruptions of  resulted in decreased S  translocation to the ciliary tip  hile 

S  has een proposed to enter the cilium via lateral mem rane di usion and to a limited e tent -
associated tra c ing  the a enuated translocation li ely results in a normal h signaling  
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Figure 4: Decreased KIF7 localization in the ciliary tip in TOGARAM1 mut lines. P P L hite   
red  L  green  scale ar  microns

 C -  and C9 have een sho n to  respectively  positively and 

negatively regulate the e tension of  tu ules in the ciliary tip of Tetrahymena thermophila  

ho ever loss of either  or C9 resulted in signi cantly shortened cilia  e 

sho ed that the interaction et een C9 and  is contingent upon  

possessing an intact  domain Chapter  he structure of  domains is highly 

conserved for microtu ule inding  here the intra-  loop ithin the discontinuous  

domain inds tu ulin  Previously  it as descri ed that  domains function to positively 

regulate microtu ule gro th and dynamics  nterestingly  e found that overe pression of 

ild type  results in increased ciliary length  t has previously een sho n that 
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di erent  domains in  have di erential microtu ule inding capacity and 

li ely function in concert to coordinate microtu ule polymeri ation ith the C-term  

domains  and  or ing to promote microtu ule la ce inding  n h - P  

cells  overe pression of the variants rg rp and Leu Pro  occurring in  results in a 

dissociation of  from C9  ho ever protein locali ation and ciliary architecture 

remain intact hen compared to ild type cells  ariant rg Cys  hich occurs in  

maintains its interaction ith C9 ut produces severely stunted cilia  suggesting that 

mutant  is no longer a le to support ciliary e tension e ectively  Concurrently  

if C9 functions as a negative regulator of microtu ule gro th in mammalian primary 

cilia as previously o served in etrahymena 9  this could in part  e plain the resulting ciliary 

architecture o served ith overe pression of the rg Cys variant and its di erence ith 

the fragments ith a disrupted  domain

elatively li le is no n a out the iological function of C9  ho ever  reslo  et al  

provided evidence to suggest it plays a role in modulation of h signaling  C9 translocates 

to the ciliary tip shortly a er h ligand inding  and in the a sence of C9  h stimulation 

results in decreased translocation of oth L  and L  to the ciliary tip  s no e ect as 

o served on translocation of S  the authors conclude that C9 participates in tra c ing 

and or retention of li proteins at the ciliary tip  s C9 locali ation at the tip is transient  

and relatively shortly a er stimulation present at  hours post stimulation and a sent a er 

 hours   it ould e interesting to investigate if C9 plays a role in tip structural 

organi ation  for e ample through its Lis  omain  as oppose to or in addition to  comple ing 

ith h related proteins  he fact that e did not nd h signaling components in our P 

dataset ould e in line ith this hypothesis  although many methodological e planations 

such as e pression levels in 9  cells  or lac  of h signaling responsiveness  could also 

e plain this a sence  ama oe et al    recently demonstrated that the  domain in 

C P  is essential for the entry of S  and the e it of P  upon h activation  indicating 

that C P  plays an important role in cilium elongation and h signaling

he importance of proper ciliary structure for intact ciliary function has een studied 

in detail 9  ur or  Chapter  and that of others suggest that a onemal sta ility is 

foundational for proper ciliary function and dysregulation of post translational modi cations 

of microtu ules can compromise microtu ule sta ility  rogated or a normally enriched 

post translational modi cations result in disruptions in protein inding  and dysregulation 

of the ciliary proteome  Changes in the capacity to interact ith motor proteins can result 

in mislocali ation of ciliary proteins hich su se uently interferes ith normal signal 

transduction  herefore  manipulation of post translation modi cations of microtu ules and 
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analy ing su se uent changes in protein tra c ing and signal transduction  could provide 

important insight into the mechanism of S and our fundamental understanding of the 

proteome of the cilium in general ut also of its su domains

2.2 UBIQUITINATION 
U i uitin  a post translational modifying protein  most ell characteri ed for its role in protein 

degradation  is emerging as an essential component of ciliary iology  he post translational 

modi cation u i uitination is a highly comple  regulatory code that orchestrates a variety 

of cellular processes  U i uitin acts in dynamic protein tagging to control an essential 

array of iological processes including protein turnover  transcription   damage repair  

endocytosis  autophagy  and immune homeostasis -  he fate of u i uitinated su strates 

is determined y chain topology and speci c en ymatic interaction partners  n addition to 

its role in protein turnover  the  amino acid   a protein is a ached to target su strate 

lysines to orchestrate essential cellular processes such transcription  endosomal sorting  

autophagy  cell cycle  chromatin structure  and em ryonic development  U i uitination is the 

process y hich an e posed C-terminal end of u i uitin is covalently lin ed to lysine residues 

in target su strates via a multi-en ymatic process ith the aid of P in three essential steps  

activation  con ugation  and ligation  hese steps are orchestrated y an  activating en yme  

an  con ugating en yme  and an  ligase  he diverse functional capacity of u i uitination 

is due in part to the vast array of di erential chain topologies that can e generated  U i uitin 

con ugates can e ist as a single moiety  no n as monou i uitin  or polyu i uitin chain as the 

seven internal lysines and -termini methionine can form di erent isopeptide lin ages types 

ith di ering three-dimensional structures    9     and et  

he speci c  and  en ymes recruited to the target su strate dictate the design of these 

chains revie ed in  U i uitin chain topology is li ely a ey factor in di erential targeting of 

proteins to one of the three ma or degradation path ays in mammalian cells  the proteasome  

the lysosome  or the autophagosome  U i uitin mar s receptors to e endocytosed to 

the lysosome and organelles for disposal via autophagocytosis revie ed in  ransient 

interactions are formed et een speciali ed u i uitin inding domains and u i uitin moieties 

and these interactions regulate the aforementioned processes  efects in the u i uitin 

systems lead to a variety of pathologies such as autoimmune diseases  neurodegenerative 

conditions and cancer revie ed in 
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2.3 UBIQUITINATION OF CILIARY PROTEINS
ver the past decade the components of the u i uitin proteasome system UPS  have een 

recogni ed to play an indispensa le role in the fate and function of target protein and forms 

an active regulatory component of ciliary signal transduction processes  U i uitin plays an 

essential role in agellar disassem ly  he u i uitin proteasome system UPS  coordinates 

agellar a sorption prior to cell cycle re-entry  Using agella isolated from the green algae 

Chlamydomonas reinhardtii  uang et al  demonstrated that these organelles contain a fully 

functional u i uitin system  including oth free u i uitin and the en ymes necessary for 

activation  con ugation  and ligation 9  

2.3.1 Defective ubiquitination in ciliopathies
side from the essential role of proteasomal degradation in ciliary maintenance and 

disassem ly  mutations in a num er of  ligases  the en ymes that cataly es the a achment of 

u i uitin to target lysines  result in ciliopathies  amples of these mutated  ligases include 

P S in retinal degeneration  p L in L syndrome a disorder characteri ed y cysts in 

the idneys  pancreas  and genital tract  and L L  hich is found in comple  ith Cullin  

ligases  in retinitis pigmentosa  Polycystin-  the protein encoded y PKD2 that is mutated 

in the renal ciliopathy utosomal ominant Polycystic idney isease  P  re uires a 

proper alance et een the serine threonine inase - elated inase   and the 

 u i uitin ligase  the proper protein maintenance re uired for normal ciliogenesis  

U i uitin in the ciliary compartment has further een characteri e as essential for tra c ing 

activated PC  including SS  and P  out of the cilium  esai et al  and Shinde et al 

sho  that S  translocation in to the ciliary compartment is actively tra c ed out y the 

Some comple  upon  u i uitination  S  accumulates in the cilium in the a sence 

of ligand in the a sence of u i utination as it cannot e tra c ed out y the Some comple  

guether and colleagues descri e a role for C L  in ciliogenesis  C L  is a U  no n 

to speci cally cataly es the removal of  and linear chains 9  hich is especially interesting 

in light of the recent ndings that the cilium is enriched ith  u i uitin chains  escri ed 

mutations in the catalytic domain of C L  result in appendage tumors no n as cylindromas 

 C L  locali es to the centrosome and asal ody in non-cycling cells via its interaction ith 

the centrosomal protein C P  esearchers sa  that multi-ciliated cells did not readily form 

cilia in the presence of catalytically inactive C L  ho ever they found that in the complete 

a sence of C L  cells ere a le to undergo ciliogenesis   potential mechanisms for this 

is that in the a sence of C L  another U  is a le to coordinate the activity necessary for 
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normal ciliogenesis ho ever in the presence of the catalytically inactive form of C L  the 

mutated U  acts as a dominant negative  there y resulting in inding hich loc s the 

removal of  and or linear u i uitin chains from ciliary proteins  

C L  u i utination Cep  and inactivates the en yme istone deacetylase  C  

to aid in primary cilium formation  C  aside from acting as a histone deacetylase to alter 

chromatin structure also  plays a role in the aggresome-autophagy path ay  hich mediates 

destruction of damaged organelles and protein aggregates to prevent proteoto ic congestion 

of cellular compartments  and as previously mentioned  acts in ciliary disassem ly  C L  

noc out mice manifest ith symptoms of polydactyly  impaired sperm production  and 

decreased num er and length of cilia as ell as disorgani ation of the ciliary a oneme in the 

s in  tracheal epithelium  and idney tissue hen compared to ild type mice  he ciliary 

shortening defect as partially rescued ith administration of C  inhi itors  si  

depletion of C L  in P  cells resulted in decreased levels of centrosomal Cep  hich 

could account in part for the impairment in cilium formation  o ever it is interesting 

that ugether et al  found no ciliary defect in the a sence of C L  hile ang et al  found a 

phenotype reminiscent of ciliopathies in oth the mouse model and in vitro culturing system  

uring a oneme e tension  the C  a su strate adaptor  acting in concert ith the Cul  

 ligases degrades the negative regulator  trichoplein  leading to inactivation of urora  

inase  and cilium elongation  richoplein is located at the su distal medial one of the 

mother centriole  and upon serum starvation  trichoplein is degraded via the proteasome  

Utili ing a t o-step  ligase screening techni ue asahara and colleagues identi ed C  

as the su strate adaptor for the Cul -   en ymes that poly-u i uitination trichoplein 

leading to its proteasome mediated destruction  errant activity of the trichoplein- urora  

inase a is results in the a sence of C  there y inhi iting cilium formation  Ciliogenesis 

pertur ation results in response to proteasome inhi itor  ndeed  asahara and 

colleagues sho  that cilium formation is almost completely a rogated in response to  

treatment  and they are a le to a ri ute this dysfunction of the sta ili ation of trichoplein  

Ciliogenesis is intricately lin ed ith the cell cycle and the cell cycle ith its regulatory 

u i uitin machinery  Ciliary assem ly egins during the  phase of the cell cycle and 

disassem ly is initiated as the cell enters S phase revie ed in  he anaphase promoting 

comple  PC  hich regulates the onset of anaphase and allo s for sister chromatid 

separation  acts to desta ili e microtu ules in the cilium  there y aiding in its deconstruction  

PC achieves this y targeting the ciliary inase e  for degradation  ang et al have sho n 

in their recent or  on the role of PC in uiescent cilated cells  that the PC coactivator cdc  

sho n to locali e to the asal ody  plays an important role in ciliary disassem ly  nhi ition 
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of the PC-cdc  comple  results in elongated cilia hile overe pression of cdc  decreases 

ciliary formation  Several mitotic regulators have een implicated in ciliogenesis including 

Aurora A kinase  and the -related inases such as e   ang et al suggest that the 

 con ugating en yme U e s is re uire in con unction ith PC-cdc  for ciliary shortening  

hese data suggest important co-factors involved in cell cycle regulation also play an important 

role in ciliary construction and deconstruction  

mmuno uorescence studies have een used to visuali e the su cellular locali ation 

of proteasomal components and demonstrate an enrichment of proteasomal machinery 

near the mammalian centrosome  or  from erhardt and colleagues implicated 

pgrip l as an interactor of the 9S proteasomal su unit Psmd  and demonstrated that it 

regulates proteasomal activity at the asal ody via this interaction  pgrip l de cient mice 

demonstrate severely distur ed ciliary signal transduction hich as lin ed to a decrease in 

proteasomal activity due to the a sence of the interaction et een pgrip l and Psmd   Lui 

et al  sho ed that loss of ciliopathy associated proteins S  or oral-facial-digital syndrome  

 intracellularly located at the centrosomal satellites  leads to accumulation of signaling 

mediators that are normally targeted to the proteasome for degradation  n normal conditions 

S  and  associate ith su units of the proteasome and in conditions here S  and 

 are functionally impaired  multiple proteasomal su units that normally locali ed to the 

centrosome are a sent 

2.3.2 USP9X, a deubiquitinating protein at the nexus of ciliary and 
neuronal processes

he removal of u i uitin is mediated y isopeptidases no n as deu i uitinating en ymes 

U s  hese en ymes act to hydroly e the isopeptide lin ages that con ugates u i uitin to 

its su strate lysine or -termini and in that ay counteract the activity of  ligases  here 

are predicted to e appro imately 9  U s encoded for y the human genome  and 

theses en ymes display a high degrees of speci city due to multiple layers of regulation that 

modulate their activity  U i uitin homeostasis is maintained through the action of U s as 

they coordinate the e tent of su strate u i uitination and the availa ility of free u i uitin  

Speci c U s are responsi le for post-translational processing of the u i uitin precursor 

proteins U  and PS   U s are capa le of not only removing chains from target 

su strate ut also editing chain topology  there y rescuing a su strate from proteasome 

degradation  altering protein - protein interaction  or allo ing a su strate to e modi ed y 

an additional post translational modi er such as a phosphate group  
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USP9X encodes an X-lin ed U  that plays a pleiotropic role in a variety of cellular 

processes and appears to e essential for ne tuning protein locali ation and signal 

transduction  Since the rst male patients ith USP9X mutations ere characteri ed in  

y oman et al   and female patients Chapter  in  9  e tensive research has een 

done to unravel the role of USP9X in centrosomal and ciliary iology and understand its e ect 

on neural development in humans  USP9X locali es to the centrosome and cilium and has 

een lin ed to numerous ciliopathy associated proteins in proteomic studies  he su cellular 

locali ation of USP9X is dynamic and dependent upon cell type and cell cycle phase  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 ith the centrosomes during S and  phases  ut declines in  

t is largely a sent from the centrosomes during metaphase  uring S phase  S  acts 

to locali e USP9X to the centrosome here it acts to deu i uitinate and sta ili e S L and 

promote centriole duplication  uring   and S phase  P P  recruits a portion of the 

cytoplasmic pool of USP9X to the centrosome here the U  acts to protect P P  from 

there y supporting ciliary assem ly  eginning in the  and e tending into the  phase of the 

cell cycle  USP9X is translocated a ay from the centrosome  there y allo ing S  

to u i uitinate P P  via  chains resulting in its removal from the centrosome and ciliary 

disassem ly  

USP9X plays an essential role in cell cycle progression and centrosome duplication  

uring the  and S phase transition the single  centrosome egins its duplication process 

hich is completed during S phase such that t o centrosomes are present in  there y 

acting to facilitate ipolar spindle formation during metaphase  uring cyto inesis  the t o 

centrosomes are segregated ith one eing designated into each daughter cell  n essential 

feature of centrosome replication is centriole duplication hich occurs as the pre-e isting 

mother centriole  that nucleated the cilium during  and  duplicates itself and forms a 

daughter centriole  his process is regulated in part y the inase PL  and t o SC  u i uitin 

 ligases hich act to ensure that only a single replication event occurs per cycle  he loss 

of USP9X impairs centrosome duplication and gain-of-function or overe pression results in 

centrosome ampli cation and chromosome insta ility  

or  over the past decade has con rmed the essential role of USP9X in rain development 

and function  USP9X is highly e pressed in neural progenitor cells PCs  during mouse  and 

e ra sh  em ryogenesis  hile overall e pression levels are reduced in adulthood  they are 

maintained in the adult neural progenitor niches  USP9X is essential for PC polari ation 

and organi ation during nervous system development and su se uent cortical architecture  
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Loss of USP9X results in the disorgani ation of the ventricular  su ventricular and cortical plate 

architecture during early rain development  dditionally speci c deletion of USP9X from the 

dorsal telencephalon resulted in a reduction or complete loss of the corpus callosum and a 

decrease in hippocampal si e  

USP9X regulates primitive identity in progenitor cell types  as ell as the development 

and function of post-mitotic mature neurons  USP9X interacts ith n yrin-  a sca olding 

protein that lin s the plasma mem rane to the actin  eta-spectrin cytos eleton  to 

regulate dendritic spine development and in the a sence of USP9X synaptic a normalities 

result  including decreased cortical spine density and si e  he impairment results from a 

transient depletion of n yrin-  that leads to a persistent neuronal structural defects as ell 

a ehavioral issues  eletion of USP9X results in reduced hippocampal neuron outgro th 

due to deregulation of β signaling  USP9X oth positively and negatively regulates β

signaling  t functions to promote β signaling via the deu i utination and sta ili ation 

of Smad  eu i utination allo s Smad  to form a comple  ith phosphorylated receptor 

Smads  translocate to the nucleus  and modulate transcriptional responses to β family 

ligands 9  ouse neurons lac ing USP9X are unresponsive to β signaling activation  

Conversely USP9X suppresses β signaling y the sta ili ation of the  ligase S U  

hich promotes the degradation of β receptors 9 9  nterestingly β signaling directly 

regulates the function of USP9X in dendritic development via the serine threonine inase 

phosphorylation activity of the - eta receptor  and  9  y enhancing its the interaction 

et een USP9X and n yrin-  9  this activity is independent of the a ility of USP9X to 

modulate β signaling 9

The drosophila fat facets faf  the USP9X homologue  as rst identi ed in a mutagenesis 

screen as an essential protein in the development of the syncytial stage of em ryogenesis 

and in photoreceptor fate determination  vere pression of faf disrupts synaptic outgro th 

y increasing the num er of synaptic outons  synaptic ranching  and a enuated synaptic 

transmission at the neuromuscular unctions  nterestingly  dysregulated endocytosis may 

e a causative feature in the altered synaptic gro th 9  Conversely  in a separate study the 

overe pression of faf lead to a loss of synaptic outons due to a resultant Par  overe pression  

faf acts to deu i uitinate phosphorylated Par  enhancing its activity  af overe pression 

rescued the defect 9  
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2.4 CROSS TALK BETWEEN UBIQUITINATION AND 
PHOSPHORYLATION IN MTOR SIGNALING

e found that female patients ith loss of function mutations in USP9X present ith rain 

a normalities including intellectual disa ility  agenesis of the corpus callosum  andy- al er 

malformation  and asymmetric enlargement of the lateral ventricles ventriculomegaly  

Chapter  9  ale patients also present ith C S distur ances including hite ma er 

a normalities  thinning of the corpus callosum  idened ventricles and glo al delay 9  

entricular morphogenesis is a comple  process that relies on proper microtu ule regulation  

ciliary formation  and properly tuned m C  signaling 9  

he mammalian mechanistic target of rapamycin m  is a serine-threonine inase 

that is a ey modulator of meta olism in eu aryotic organisms  t functions to modulates 

a variety of cellular processes including protein translation and degradation  meta olism 

and cytos eleton dynamics  n mammals m  functions via t o distinct comple es m  

comple   m C  and m  comple   m C  Cilia play a role in restricting m C  

signaling hich is essential for cellular uiescence

t is possi le that L  mutations in USP9X result in disruptions in m C  signaling via the 

primary cilium and there y cause ventriculomegaly  entricular morphogenesis is disrupted in 

mutant  cells that lac  a primary cilium due to the a sence of IFT88 or KIF3A. Cilia regulate 

the si e of the ventricular apical domain of radial glia cells via m C  modulation  n the 

a sence of the primary cilium  the orientation of the mitotic spindle is disrupted and there is 

an increase in asal progenitor num er and a decreased num er of cortical neurons at later 

stages  nlarged apical domains of radial glia cells results in dilation of the ventricles  9  USP9X 

li ely plays a comple  role in the modulation of m  signaling hich may e cell type and 

developmental phase dependent  o ever  e found assessing m  in s in ro lasts to 

e a precarious underta ing  he varia ility in results and the changes over time lead us to 

venture to ards a more relevant cell types and disease model for neuronal ciliopathies and 

hile the a normalities e o serve in individuals ith L  mutations in USP9X could indeed 

e lin ed to a normalities in m  signaling via the primary cilium and further or  is need 

to understand the o served defects in a onal tract formation  
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Figure 5: mTORC1 signaling in the presence and absence of USP9X.
m  associated proteins that locali e to the ciliary compartment include liver inase  L  P-
activated protein inase P  and polycystin-  P  and  P  Several tumor suppressors and 
oncoproteins mediate m C  signaling  a ey regulatory comple  consists of SC  and SC  hich act to 
inhi it m C  y activating at the P comple  for the Pase he  n the a sence of gro th factors  
L  activity leads to the activation of P  hich in term phosphorylates SC  leading to the inhi ition 
of he  there y decreasing signaling via m C  

uch li e its relationship ith USP9X  m  signaling and the primary cilium have a 

comple  and seemingly contradictory relationship  t has een sho n that oth SC  and SC  

de cient cells possess longer cilia 99  ho ever other studies have found shorter cilia in SC  

de cient cells  dditionally m C  activation via he  overe pression leads to longer cilia 

 nd the induction of autophagy has een sho n to oth increase  and decrease ciliary 

length  t is of course possi le that m C  activation must e titrated to either increase 

or decrease ciliary length  the increase in m C  may provide the protein uilding loc s for 

elongations of the primary cilium there y indirectly promoting ciliary lengthening hereas 

autophagy may act directly to support ciliary formation and elongation and the inhi ition of 

this decreases ciliogenesis  hese e ects may e tissue  cell type  and stage of development 

dependent

USP9X has een sho n to e a regulator of m  via multiple a es  USP9X acts as 

a ey regulator of P -related inase activation via the removal of u i uitin chains to 

allo  for L  phosphorylation of U  and  polarity proteins  leading to their 

su se uent activation igure  urthermore  USP9X plays a comple  and dynamic role in 

m  signaling  it has een sho n to directly interact ith m  P  and C  

suggesting a role in the modulation of oth m C  and m C  signaling  USP9X can e ert 

in uence over multiple points of m  signal transduction  heoretically its role as a P -

li e inase interactor  speci cally ith  and U   results in m  repression  ia 

its role as an interactor of oth P  m C   and C  m C   USP9X ould 
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theoretically serve to activate m  signaling  n its association ith P  USP9X rescues 

P  from proteasomal degradation  ia its interaction ith C  USP9X ena les 

the interaction et een C  and m  there y playing an essential role in the formation 

of the m C  comple   ot surprisingly seemingly con icting data of the role of USP9X 

has emerged overtime  ho ever due to the comple  interplay et een USP9X here it acts 

as oth a positive and negative regulator  coupled ith di erential needs of m  signaling 

in varying cell types gives rise to the possi ility that USP9X has di ering roles in modulating 

m  signaling in di erent cell types  during di erent stages of development  hile oth 

m  and USP9X have een sho n to e indispensa le for proper neuronal development and 

plasticity  it ould e interesting to assess the divergence et een their mechanism of action  

Speci cally  m  has also een sho n to play an important role in cytos eletal plasticity via 

its regulation of actin dynamics  ndre s et al  demonstrated that m  signaling regulates 

the architecture of the neocorte  y curating the organi ation  morphology  and mitotic 

ehavior of o  cells and the radial sca old  m  acts to change the actin cytos eleton via 

the activity of the ho- Pase C C  
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