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SUMMARY

UNC-51-like kinase 4ULK4) is a novel gene encoding a potential serine/threonine
kinase (STK), and little is known about its functions. Limited studies have been
carried out so far, and most of the current 12 publications are genetic studies, which
suggest that ULK4 may be involved in hypertension, myeloma and
neurodevelopmental disorders. We were the first to showlh# gene can be a

rare risk factor for neudevelopmental/ neuropsychiatric disorders including

schizophrenia, autism, bipolar disorder and depregkemg, Pu et al. 2034

Increased copy number variatiol&N\Vs) were detected in patients of schizophrenia
and autism, and single nucleotide polymorphisms (SNP) ofuthie4 were also
found to be associated with the major depresf@iamg, Pu et al. 2034 Functional
analyses of th&JLK4 gene was carried oum vitro by a knockdown approach in
neuroblastoma cells, which showed that depleted ULK4 expression disrupted the
composition of microtubules, and compromised neuritogenasd cell motility.
ULK4 also modulated multiple signaling pathways including ERK, p38, PKC, and
JNK, which were implicated in neurodevelopmental disorders and involved in stress
responselUlk4 expression was regulated by developmental cues, and thera was
developmental switch ibJlk4 isoform expression during mouse brain development
and neuronal maturation. | contributed to the publicaflang, Pu et al. 2034y
providing evidence that targeted deletion was shown to compromise the integrity of
the corpus callosum in newborn mice, a phenotype which is commonly associated

with ciliopathies andheurodevelopmental disorders

We have additional unpublished data tb&i4 is deleted in a small proportion of
patients with heterogeneous clinical features including developmental delay,
language delay and severe intellectual disability. In a recent comparative study, we
characterized thbllk4 gene expression duririenopusdevelopment, and found <o
expression of th&Jlk4 mRNA with Sox3 (a neural stem/progenitor cell marker) and

Blbp (a radial glial marker) in the ventricular regions of the forebf@mminguez,

XIX



Schlosser et al. 201.5However, in both mouse and human adult brains, ULK4 was
co-expressed with GAD67/GABAergic neurons in cerebral cortex and hippocampus
(Lang, Pu et al. 2024 highlighting its potential function ofULK4 gene in
excitation/inhibition balance.

The aim of this PhD project is to investigate the roleBl&fl in brain development

and function. | have carried out a ®ysatic study in th&Jlk4” mice and littermate
controls, and the research outcomes of this PhD project are summarized in four
Results Chapters, which demonstrate that W1LK4 gene is crucial for cilia
development and flow of cerebrospinal fluid (CSF), (2K4 is essential for white
matter integrity and myelinatior{3) ULK4 regulates cell cycle and neurogenesis,
and (4) ULK4 regulates excitation and inhibition balance and anxieited
behavior.

Firstly in Chapter 3, | described that (@)k4 is predaninantly expressed in mouse
ventricular system(2) Ulk4” ependymal cells display reduced and disorganized
cilia with abnormal microtubular ultrastructure, (3) CSF flow is functionally
impaired in theUlk4” mice, (4) Ulk4 regulatesFoxjl, a master redator of
ciliogenesis and a range of other cilia components and ciliogenesis genes. This
provides the subcellular and molecular mechanisms and networks how disruption of
Ulk4 can lead to nocommunicating hydrocephalus phenotypalso proposed that

Ulk4 may act as a scaffold protein, in this aspect, regulating different processes of
ciliogenesis and coordinating cilia formation and ciliary beating, as Ulk4 lacks
evolutionally conserved critical amo acid in the Nerminus (see Rapter3) as a

kinase.

In Chapter 4, | followed up the early observation that the integrity of the corpus
callosum was compromised ldlk4” newborn mice(Lang, Pu et al. 2034 and
presentedhe evidence that (1)lk4 is involved in white matter integrity in postnatal
mice, (2) oligodendrocyte production and myelination are significantly reduced in
Ulk4™ mice, and (3) th&Jlk4” mice exhibit an increased netirdlammation which

includes ativation ofastrocytes and microglia (se@#&pter 4).
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In Chapter 5, | started with an initial observation that inti@” newborn mice the
subventricular zone (SVZ), where adult neural stem cells reside, was substantially
smaller. | followed up thisnitial observation and presented evidence that{J(&3

is expressed in a cell cy¢cl@ependent mannen vivo andin vitro, with a peak of
expression in the G2 and M phases of the cell cycleUJ(R3 deficiency reduces
middle neurogenesis and compromighe generation of layer -IV pyramidal
neurons, which are commonly implicated in neurodevelopmental disorders including
schizophrenia; (3) In the absence of tbék4, the neural stem cell pool is
dramatically reduced in the SVZ of newborn mice, whichhis starting point of
adult neurogenesis and neuronal renewal, and this will have a wide implication in
both neurodevelopmental and neurodegenerative disotdexddition, | identified a
cluster of genes, which are involved in cell cycle regulation andah stem cell
proliferation, but dysregulated in thék4™ mice. This suggests thalk4 regulates
neurogenesithrough the Wnt signaling (seén@pter 4).

In order to determine how Ulk4 deletion may impact on behavior, we performed a
series of behaviat tests on theJlk4”" mice, in collaboration with Dr Michelle
Roche in the NUI Galway and Dr Steve Clapcote in the University of Leeds. In
Chapter 6, | described theitk4"~ mice display an anxietselated phenotype. | also
provided the evidence that raduction in GABAergic neurons in amygdala and
hippocampus may partially account for the mechanisms of the amglatgd
behavior in theUlk4”" mice. In addition, | presented the negative data that the
immobility of depressive tests was not altered orcéd swimming and talil

suspension tests.

In summary, | demonstratethrough this PhD project, thaik4 is critical for proper
brain development and functioleletion, mutation and/or polymorphism of the
Ulk4 genemay have an implication in a wide rangé neurodevelopmental and

neuropsychiatric disorders.
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CHAPTER 1

GENERAL INTRODUCTION



ULK4 is a relatively novel gene and little is known about its function. In this PhD

project, | systematically investigated the role&Jt€4 in severabiological processes,

such as CSF flow and ciliogenesis, white matter development and myelination, cell

cycle and neurogenesis, GABAergic neuronal production and anxiety and depression

-related behaviour.

1.1 Unc51-like protein kinase family

Unc-51-like serine/threonine kinase (STK) family is comprised of Ulk1, Ulk2, Ulk3,
Ulk4 and Stk36. Ulk1/Ulk2 are known as the major regulators of autopkiaigi is

a basic catabolic mechanism and an adaptive stress response to degrssntial

or dysfunctional ellular components through the actions of lysosof&gan,

Shackelford et al. 2011.ee and Tournier 2031UIk3 is involved in the regulation

of the sonic hedgehog signaling pathway which is critical for brain development

(Fuccillo, Joyner et al. 200®/1aloverjan, Piirsoo et al. 20),0and UIK2 is reported

to be involved in the habenula development in the K{iaaylor, Qi et al. 201).

1.2Biochemistry and Biology of Ulk4

The humanULK4 gene is located on chromosome 3p22.1 and there are four

predicted isoforms in the UCSC database. The longest isoform encodes 1275 amino

acids via 36 exonscross 722kb of genomic DNA. Two addition s o f or ms
end of theJLK4 geneare predicted, with 580 aa and 732aa coded by exd6sahd

exons 12 O ,

respecti velWYLK4géne, anorcadingBsplieervariano f

is predicted to contain exons-36 of the fulllength gene (see imagelow).
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In mouse, the Ulk4 gene is located on chromosome (6hr9:120,964,000
121,279,00pand comprisesf >315kb of genomic DNA.There are five predicted
isoforms n the UCSC databasEigure 1-2). The longest isoform also encode’5
amino acidvia 36 exons; the 1118 aa isoforsnencodedy exons 133; the 1145 aa
isoformis encodedy exons 233 with an alternative exon 1; the 910 aa isoftsm
encodedy exons 124; and 405 aa isoforme encodedy exons R24. The knockout
construct (see Chapter Bigure 3-1) was designed to deleéxon 7and replace it
with a knockin cassette harbourin§AIRESLacZNea Therefore, thereotically,
four of the five isoforms wilbe disrupted, whereas tH@5 aa isoform encoded by
exons 924 may still remain intactlt is worth noing the alternative nowoding

transcript at the 30 of the human ULK4 gen

UCSC Genome Browser on Mouse Dec. 2011 (GRCm38/mm10) Assembly
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Figure 1-2. Mouse Ulk4 splicce variants predicted by UCSC databaseaafor

amino acids. E for exon.

For ULK4 protein domain function, the bioinformatic databases searchedandit
was found that he 1275aafull-length ULK4 isoform is predicted to contain four
structural domains édm N- to Ctermirus a Kinaselike domain from at aa 2282,
and threeArmodillo-type folds at aa 50762, 793854 and 889249 respectively

(see image below)


http://www.ebi.ac.uk/interpro/entry/IPR011009

Serine/threonine-protein kinase ULK4 (Q96C45)
Accession & Q96C45 (ULK4_HUMAN)

Species Homo sapiens (Human)
Length 1,275 amino acids (complete)

507 - 762, 793 - 854, 889 - 1,249,

DO m ai ns aﬂzd 2@ DGE’LTS three Armadillo-type fold

, Protein kinase-like domain
—— aEEEEEE———" I CEEEEEEESSSS———— > Domain

Figure 1-3. ULK 4 domain structure predicted by UCSC database

Table 1-1. The critical Lysine (K) residueis conservedamong ULK1, ULK2,
ULK3, STK36, but not ULK4 during evolution.

Human_ULK1 MEPGRGGTETVGKFEFSRKDLIGHGAFAVVFKGRHREKHIHEMKKNLAKSQTLL 60
Human_ULK2 - MEVVGDFEYSKRDLVGHGAFAVVFRGRHRQKTDMBEAIVRIKNLSKSQILL 53
Human_ULK3 -- MAGPGWGPPRLDGFILTERLGSGTYATVYKAYAKKDTREZVAKKSLN KASV 56
Human_STK36 MEKYHVLEMIGEGSFGRVYKGRRBAQVVAKFIPKLGRSEKELRN47
Drosophila _UNG 51------- MNIVGEYEYSSKDMLGHGAFAVVYKGRHRKMRMAIKCITKKGQLKTQNLL 52
C.elegans UNC -51 ------- MEQFDGFEYSKRDLLGHGAFAIVYRGRYVDRTDWAJAKKNISKSKNLL 53
Human_ULK4 ~  -—--eeeeeeee MENFILYEEIGRGSKTVVYKGRR&TINFVAI LCTDKCK---- RPEI 43
Mouse_Ulk4 mmmmmmmeeees MENFVLYEEIGRGSRTVVYKGRRKINFVAI LCTEKCK---- RPEI 43
Rat_Uk4 e MENFVLYEEIGRGSRTVVYKGRRKINFVAI LCTEKCK---- RPEI 43
Chimp_Ulk4 e MENFILYEEIGRGSKTIVYKGRRIGTINFVAI LCTDKCK---- RPEI 43
Cattle_Ulk4 ~ —-emeeeee MENFILYEEIGRGSKTVVYKGRRIGTINFVAILCTDKCR--- RPEI 43
Chicken_Ulk4 ~ ---mmemee MENFILYEEIGRGNKTIVYKGRRIGTINFVAI LCTDKCK---- RAEI 43
Zebrafish_Ulk4 ~ -----meeee- MENFILYEEIGRGSRSVVYKGRRBSIHFVAIl CSEKHK---- RPEL 43

The family members ULK1 and ULKBave #ready been investigated in detalil
previously. The amino acid K46 of ULK1 and the corresponding amino acid K39
in ULK2 are critical for the kinase activity. Mutation of the Lysine (K) to Arginine
(R) caused ULK1 and 2 to become kinase d@adan, Longatti et al. 2009l
carried out a bioinformatic analgsiwith CLUSTAL 2.0.10 multiple sequence
alignmentandshowed that this Lysine residue is conservedragrhuman ULK13,
STK36, Drosophila and C. elegans Unchigllighted in the sequence alignment
below). Surprinsingly this Lysine residue was altered tibeucine (L) in ULK4
genes from human, mouse, r@timpanzee, dtle, chicken and tésoleucine (I)in

zebrafish(Table 1-1.). This suggests that ULK4 may be a pseudokinase.



However, he evolutionaryconservation of the amino acid L34 amaalf species
(except Zebrafish) indicates that ULK4 may have a nique role which is
fundamentallydifferent from othe family membersWe speculate that ULK4 may
exercise its function through interactions with other proteins vidhitse ARM
domains, and subsequently activate and/or inhibit phosphorylation of the binding
partners, leading to activation and/or inhibitioh ULK4 complex membes for

various cellular functions.

In the Genecard database, Ulk4 is shown to be widely expressed in different systems,
including nervous system, immune system amdretion systemWe also have
unpublished Western Blotting data shog/that different sizes of Ulk4 proteins are
detected in the CNS and all peripheral organs examined. While less is known about
the localization of ULK4 in subcellcular compartments, weak levels of ULK4
protein weredetected irthe nucleus, cytosol and noithondrion, which implies that

ULK4 may be involved in a range of cellular functiortdowever, this has rarely

been investigated so far.

Recently, genomwide association studies suggest tbakK4 may be involved in
the function of peripheral organs anduntorigenesis, as singhaicleotide
polymorphism (SNP) markers rs1717027 and rs9815354 located WL« gene
are associated with hypertensi@revy, Ehret et al. 209; Franceschini, Fox et al.
2013 Lu, Wang et al. 2015 The haplotype containing SNP rs2700464irK4
was reported to bstrongly associated withiypertensior(Lang, Pu et al. 20146hen,
EspinGarcia et al. 204 Genomewide association studies (GWASs) in the
Chinese population have identified rs9815354 WhK4 was associated with
diastolic blood pressur@u, Wang et al. 2015 Konigorski showed that the whole
genome seagence variants in the gendLK4 on chromosome 3 suggest that
inference obtained from a copula model can be more informative than findings from
systolic blood pressure (SBBpecific and diastolic blood pressure (DE#pgcific

univariate models alongonigorski, Yilmaz et al. 2014

It also was reported that rs1052501 WOK4 is associated with multiple myeloma
(Broderick, Chubb et al. 201Z%reenberg, Lee et al. 200FRecently,ULK4 was
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identified as one gene which is under positive selection for somatic mutations i
endometrial carcinoma and clear cell renal carcinoma respect{Lelyovitz,
Robertson et al. 20)5

1.3Logic of the experimental approach

While these genetic studies suggest that ULK4 plays important roles in blood
pressure and tumorigenesis, my interest has been limited to the neuroscience aspect
in this PhD projectPrevious research from our grodpmonstrated that tHeLK4

gene could bea rare risk factor for neurodevelopmental and neuropsychiatric
conditions including schizophrenia, autism, bipolar disorder and depression in
humans (Lang, Pu et al.2014. Functional analyses of th&LK4 gene by a
knockdown approacim neuroblastoma celshowed that depleted ULK4 expression
disrupted the composition of microtubules, compromised neuritogenesis and cell
motility, and modulated multiple signalling pa&tays which were known to be
implicated in schizophrenia. AdditionallyJlk4 expression was shown to be
regulated by developmental cues, and there was a developmental switch in Ulk4
isoform expression during mouse brain development and neuronal matutation.
have participated in this research and showed that targesbetion also

compromised the integrity of the corpus callosum in rflieeg, Pu et al. 2034

Meanwhle our team membddominguezet alalso examinedllk4 gene expression
during Xenopusdevelopment, and found thbllk4 was ceexpressed with Sox3 (a
neural stem/progenitor cell marker) and Blbp (a radial glial marker) in the forebrain
ventricular regions tioughout development and in the adulthood, suggesting that
Ulk4 can be involved in neurogenegidominguez, Schlosser et al. 2015 hese
data suggest thdtllk4 could be critical for the development and function of the
nervous system. Interestingly, in a recent genetic screening study)lkwfamily
membersUlk4 and Stk36were identified among the 12 genésk{, Ak8, Celsr2,
Dpcd, FZD3, Kif27, Mboat7, Nme5, NmeRJKEN 4930444A02, Stk36, Uk4
associated with congenital hydrocephalus in genetically modified (vicogel, Read

et al. 2012



Our further genetic data (Chapter Figure 51) showed thatJLK4 is deleted in
1.2/1000 patients with pleiotropidevelopmental symptoms affecting both the
central and peripheral systems, leadingléoelopmental delay, language delay and
intellectual disability. Therefore, this PhD thesvas set to investigate the following
aspects: (1) | characterize theathology of hydrocephaluselated phenotype
(Chapter 3) anchow it relates to the pathology seen following ULK4 deletion and in
particular, the relevance of ULK4 to human brain; (2) | examined embryonic neurogensis
(Chapter 5) and investigated houlLK4 deletion affectsgrey matterand brain
formation; (3) Appropriate neuronal communications require white matter, |
therefore followed up the early discovery of Ulk4 effectsrdrgrity of the corpus
callosum (Lang, Pu et al. 2034 and further studied thevhite matter and
oligodendogenesisiow ULK4deletion affects the whilte matter and oligodendrog enesis
(Chapter 4); (4) Finally animal behaviour studies were carried out in collaborations
(Chapter 6), as this would enharmé understandingow ULK4 lesion may affect

behaviourin patients
1.4 Hydrocephalus

Since Ulk4”™ mice developed hydrocephajuso in this part | introduced the
definition, causes and treatment of hydrocephalus. | also reviewed the genetics of
congenital hydrocephaludysfunctional motile cilia and hydrocephalus. For a better
understanding of the complex progresses of cilia &vion, three main steps of

ciliogenesis were described in detail.
1.4.1 Overview of hydrocephalus

The term hydrocephalus comes from t@eek words "hydro'and"cephalus; so

the hydrocephal us was once known ims fiwat e
ceebrospinal fluid (CSF), which is a colorless bodily and serves as nutrients

supplier, cushion and disposer of waste in the brain and spinal cord. CSF is manly
produced from arterial blood by the choroid plexuses of the lateral and fourth
ventricles. The GF circulation within the ventricular systems is driven by the

pulsation of the choroid plexus and coordinated beating of motile cilia on the



ependymal cells. The pathway of CSF is from lateral ventricle to the third ventricle
via foramen of monro and theto the fourth ventricle through the aqueduct of
Sylvius. Then CSF flows from fourth ventricle to subarachnoid space through one
foramen of magendie and two foramen of luschka. CSF is believed to return to the
vascular system in the subarachnoid spacédéytachnoid villi or it is drained in to

lymphatic channels around the cranial cavity and spinal canal.

Although the high prevalence of hydrocephalus, the treatments options are limited.
Currently, there are two common treatments for hydrocephalus. i©rshunt
placement, which is considered the best treatment for hydrocephalus and
postoperative mortality rate for shunt placement is less than 5%. However it has
several drawbacks: like shunt failure occurs at a rate of approximately 20% and
surgical infetion occurs at a rate of 5% to 153oppeHirsch, Laroussinie et al.
1998. Another approach is endoscopic third ventriculostomy which is to create an

suarachnoid  Cerebrospinal Fluid Pathway

space
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Figure 1-4 Cerebrospinal fluid pathway (cited fromVirtualmedstudent.com)

Hydrocephalus is characterized by the excessive accumulation of CSF within brain
ventricles, which results in ventricular dilatation and damage to the surrounding
brain parenchyma. Thiaitial causes of hydrocephalus can be divided roughly into
two cases. One is the imbalance of production and absorption, which can be induced
by excessive CSF production or reduced CSF absorption. Another case is impaired
fl ow of CSF, w h sncobthly Gr&nfr prodwectiord dreaspt@a thes final
absorption area. Base on the different pathological conditions, hydrocephalus is

commonly classified into communicating or non communicating (also known as
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obstructive) hydrocephalus. Hydrocephalus may preseamyatime during the life,

so it is subdivide into congenital and acquired hydrocephalus according to the time
when the disorder occurs. It is considered to be congenital if the hydrocephalus is
present at birth or embryonic stages. The incidence of otagéydrocephalus
presently is 1 to 3 of 1000 children at bifbang, Song et al. 2006 Acquired
hydrocephalus may develop at any time after birth and is ysasdlociated with
traumatic injury, disease, tumor obstruction, intracranial hemorrhage, andoimfect
The complex nature of hydrocephalus make it is difficult to determine the overall

incidence of hydrocephalus.

opening in the floor of the third ventr&lto enable the passage of CSF. These
treatments of hydrocephalus often require lemgn care and lifelong follow up,
especially in children and neonates in whom there is a congenital cause. So a better
undersanding of the underlying molecular mechanisvhghe disease is an urgency
which may help identify some promising interventions and offer alternative

treatment strategies.
1.4.2 Genetics in congenital hydrocephalus

Congenital hydrocephalus is a complex and multifactorial disorder, which presents a
challenge to uncover its pathophysiologythe consequences of congenital
hydrocephalus are various and significant due to ventricular dilation and increased
CSF pressure. Before understanding the pathophysiology of congenital
hydrocephalus, it is importano tclarify two mechanisms: the primary genetic
defects which may contribute to congenital hydrocephalus and secondary effects

which may result from dilation of ventricles.

Genetic studies in human and animal models suggest that many genetic loci are
assocated with hydrocephalus. Hydrocephalus animal models may be the effective
tools to understand the unclear pathogenesis of hydrocephalus. Although genetic
research about the human hydrocephalus is limited, similar abnormalities in both
animal models and huens may guide us to know better about the human

hydrocephalus. And also identification of genes and signaling pathways in animal



models can be candidates of concern in humans. Review of hydrocephalus disease

from genetic aspect may provide new drug tarfgtshis neurological disorder.

Compared to animal studies, genetic factors contributing to human congenital
hydrocephalus have not been defined. It is estimated that about 40% of
hydrocephalus cases have a possible genetic etigldgyerkamp, Wolfle et al.
1999. At present, only one human genel{ixked) was reported tbe involved in

the human congenital hydrocephalldCAM (L1 Cell Adheson Molecule) is a
Protein Coding gene located at Xq29encodesan axonal glycoproteiwhich is a
member of theammunoglobulin superfamyl This cell adhesion moleculeas an
important role inthe different processes ofrvous system developmesuchas
neuronal migratiorand differentiationlt wasthe only gene that has been identified

in human to associate with hydrocephalus, and it accounts for 5% tmfliReély
hereditary cases. This-lked hydrocephalus characterized at the molecular level
has been estimated to constituté 5% of all cases of isolated congenital
hydrocephalus. The causes were unknown or poorly recognizable in 50% of
congenital hydrocephalus cag®®gel, Read et al. 20)12A newly report found that

57 clinical cases with deleterioud CAM mutations present 100% hydrocephalus. It
was weltknown that LICAM (L1 Protein) involved in several development
processes including neuronal adhesion, mignati neurite outgrowth and
development of ventricular system. Nevertheless, how hydrocephaly develops in the
L1CAMmutant patients remains uncléadle-Biassete, SaugieiVeber et al. 2013

In addition, 3.54Mb deletion of 17q2f23.1 in one female was reported to develop
human hydrocephalus. This patient displagathrged lateral ventricle and reduced
cortex at the first of life and severe hydrocephaluthatsecond week of her life.

This is a direct evidence emphasized the role of genetic factors in the development
of human hydrocephalus. Genes located in this region may be the candidates factors
involved in the hydrocephalus formati{lhattab, Xu et al. 201

In contract, numerous genes have been determined by establishing genetically
engineered hydrocephalus animal models. Products of these genes can lzk divide
into important cytokines, growth factors or related molecules, which play important
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roles in cellular signal pathways during the brain developr(igatiz, Paez et al.
2006. The establishment of animal models provides us effective tools to explore the
cause and pathogenesis of the hydrocephalus. Understanding of theyingderl
molecular signals and mechanisms in animal models may offer us a way to know the
uncertainand complex pathogenesis in human hydrocephalus. Characterization of
the various phenotypes in different models and identification of the underlying
signals occurred in the development of hydrocephalus may be the first step to
enhance the understandinghoiman hydrocephalus.

At present, there were several animal models of hydrocephalus involving
spontaneous gene mutations, transgenic mutations, gene overexpression or
immunoneutralization of brain proteifLuis Federico Ba'tiz and Jose” Manuel
Pe'rezF & E g a r)eAsher@diaéy Biydrocephalus animal model was established by
overexpressing of human PAC1 receptor in mowd&C1lgene ADCYAP1R] is
locatedat Chr7p15 and clinical evidence suggests that duplication of chromosomal
region 7pl5 in a patient developed the communicating hydrocephalus. The
transgenic mice were characterized by dilated ventricular systems and abnormal
cerebral cortex, corpus calloaysubcommissural organ (SCO) and ependymal cilia.
The mechanism lying in this hydrocephalus model may be the abnormalities in the
neuronal proliferation or apoptosis during the embryonic developfa@l is a G

protein coupled receptor. Binding of neueptide PACAP activates multiple
signaling pathways including PKA, PKC a@d* signaling. The component CREB,

a substrate of PKA, was detected has an abnormal expression in the ependymal cilia
at the molecular leve{fLang, Song et al. 2006 This work shows that elevated

signaling of Gprotein coupled receptors may cause hydrocephalus.

Another report demonstrated that hydrocephalus with hoplg4it knice developed
hydrocephalus in two to four days after biftNagner, Batiz et al. 2003Later, the
inherited hydrocephalus was also found in iy mouse carrying a point muiai
(M1051) i -BNAP (sauble Nethylrmaleimidesensitive factor attachment
protein alpha). This protein way encoded Ngpa gene located on chr7. The

neuropathological studies myh mice found that maternaand sexrelated factors,
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other than tB aSNAP mutation, were also associated with the development of
hydrocephalu¢Batiz, Paez et al. 2006

As an important gene associated with obstructive hydrocephatip4 mutants
developed hydrocephalus in both rat and moiMao, Enno et al. 20Q6Shen,
Miyajima et al. 2006 Characterizations oAgp4 null mice were well described. It

was reported thahe Agp4null mice displayed threfold increase in ventricular size
compared with wildype mice and obstruction of the cerebral aquedAgp4
encodes protein Aquapor#h (Agp4)which highly expressed in glia and ependymal
cells. Agp4 was also associated with various processes of brain development
including brain water balance, glial cell migration and neuronal excitékeng,

Papadopoulos et al. 2009

Recently, the gene Wave Associated #&P (Wrp) was also reported to associate

with obstructive hydrocephalus. It was involved in the process of cytoskeletal
organization and also was idéied as a factor of syndromic and psychiatric
disorders in human. Besides the common hydrocephalic phenotypes, massive cystic
cavities and debris also were predominantly observed in the corpus callosum. They
proposed that formation of cystic cavities atebris was induced by the disruption

of the corpus callosum where the neural progenitor was abnormally located. Then
debris produced in corpus callosum was released into the ventricular space and result
in the blockage of the aqueduct. So the abnormalitiethe migration of neural
progenitor may be the initial cause of obstructive hydrocepliiios, Carlson et al.

2012. Another study has independently strengthethedrole of neural progenitors

in the pathogenesis of hydrocephalus. Increased apoptosis and reduced proliferation
of NgZ'/Pdgfa® neural progenitors induced the development of hydrocephalus
(Carter, Vogel et al. 20)2This may provide us therapeutic targets to treat the

common disorder.

Polycystinl (PG1), encoded by Genekdl was identified as a genetic factor of
hydrocephalus. It is expressed strongly andrictedly in the ependymal and
choroid plexus of brain. PC mice by inactivation of genékdl exhibited

hydrocephalus phenotypes both in embryos and newborn stages. The morphology of
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choroid plexus and ependymal cilia were normal in model, suggestinth¢hBC1
involved in the ciliary function rather than in genesis of dWWodarczyk, Rowe et
al. 2009.

Recently, 12 lines of genetically engineered miceewestablished and all of them
displayed with autosomal recessive congenital hydrocephalus. 12 specific genes
(Ulk4, Nme5, Nme7, Kif27, Stk36, Dpddk7, Ak8, RIKEN4930444A02, Celsr2,
Mboat7,and FZD3) were indentified in knockout or overexpression miceeyrhll

played major roles in the development of congenital hydrocephalus. Among them, 7
genes encode kinases and the rest of genes encode microtubule motor,
acyltransferase, polymerase or Géogel, Read et al. 20)2Some genes are novel

with unclear function, while functions of some genes were well described in the
previous studiesCelsr2 was well studied and it played a major role in regulating
neurons migration angrowth of axons and dendrite in the brain development. As a
member ofNME/NM23 family, some studies reported thidme5was involved in
numerous regulatory processes including proliferation, development and
differentiation. All mutants of 12 lines exhibitedarious degree congenital
hydrocephalus form mild to severe. The common phenotypes were dome head and
enlarged ventricles system. Histological studies on these mice, dysfunctional motile
cilia may be the cause of the hydrocephalusJlk@ mutants, the &ia on respiratory
epithelium and ependymal cells were reported to be shorter than those in wild type
littermates, while cilia oNme5mice have the normal appearaif¢egel, Read et al.

2012.

Previous studies showed that the maturation of ependymal motile cilia occur form
P5P10 (Zhang, Williams et al. 200R According to histological studies,
hydrocephalus was present from PO in some knockout mice, in which dilation of
lateral ventricle and third ventricle were observed. The timing of initial
hydrocephalus observed was prior to theaaaturation. This mismatching time of
hydrocephalus development and cilia maturation may suggest that dysfunctional

motile cilia are not the only mechanism of pathophysiology of hydrocephalus or
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onset of hydrocephalus in these mutants occurs indepenadémpendymal motile

cilia function.
1.5 Dysfuntional motile cilia and hydrocephalus

The pathology of hydrocephalus is complex and one major cause is the dysfunction
of motile cilia. Motile cilia are the complex and highly ordered organelle which is
lining on the ependymal cells in the ventricular system. They have a basic structure
called axoneme which is consisted of nine peripheral microtubule doubles and a
centr al pair of mi crotubul es, termed (A9+
flow, becauseheir synchronized beating is the driving force for the CSF circulation
within brains and spinal cord. Abnormal or disturbed motility of ependymal cilia are
unable to drive the flow of CSF within ventricular system, which leads to excessive
CSF accumulatin in the ventricle systems, and development of hydrocephalus. Up
to now, numerous hydrocephalus animal models were showed to associate with
disturbed ciliary motility, although the precise mechanisms of how these genes

regulated cilia formation or functi@l maturation were not well understood.

Growing studies showed that the defective ciliogenesis resulting in altered CSF
dynamics is a prevalent cause for hydrocephalus. For example, disruption of the
outer dynein arm protein Mdnah5 results in impairdi enotility on ependymal

cells, which leads to hydrocephal(ibanezTallon, Pagenstecher et al. 200
Spermassociated antigen &agf null mice a significant number of mice died

with hydrocephalus and the abnormalities in cilia included a reduction of cilia
density, disorganized cilia arrays, random axoneme orientation, reduced number of
basal fee{Sapiro, Kostetskii et al. 2002Also Spag6deficiency exhibited defects in
ciliogenesis and cilia function: polarity, density, and beafifgves, Sears et al.
2014). Hydin mutants have defective central pair resulting in impaired ciliary
motility and CSF flow in the brain, which leads to hydrocephdluschtreck,
Delmotte et al. 2008

The cellular processes affected in the ciliary defects include loss and abnormal

length of cilia. Recently several regulators have been identified. It is worth to note
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that the studies uncoveréite mechanism of ciliogenesis may focus on the cells like
human RPEL cells or nanammalian vertebrate animals like zebrafish, paramecium
tetraurelia andKenopus The number of studies in mammalian models is limited due
to complexities of cilia types anflinctions and complicated pathway signaling

controls by other systems.

Recently, two gelsolin (GSN) family proteins GSN and AVIL were reported to
involve the regulating of cilia number. Depletion of actin filament severing proteins
GSN and AVIL by two indpendent siRNAs significantly reduced ciliated cell
numbergKim, Lee et al. 2010 Katanin p80, coding biatnbl, was recently shown

to have a role in regulating o centriole, mother centriole and cilia number. Loss

of Katanin p80 resulted in oweluplication of centrioles and excessive maternal
centrioles, which subsequently leading to supernumerary (tilie Pomp et al.
2014. PTPN23, a notransmembrane tyrosine phosphatase, was expressed at the
basal bodies. It was required for the ciliary vesicle targeting and silencing of
PTPN23markedly reduced the number of ciliatedlc¢Doyotte, Mironov et al.
2008. Knockdown ofASAP1 a gene required for pericentrosomal enrichment of
recycling endosomes, was showed to decrease the number of ciliated cells, which
linked the recycling endosas and ciliogenesi@noue, Ha et al. 2008 Depletion

of MKS3 (also known as Tmem67) exhibited global shortening and loss of cilia
(Picaridlo, Valentine et al. 2014

Actin-related protein ACTR3 (also known as ARP3) was showed to be a negative
regulator of cilium length. It combines another acgfated protein ARP2 to form

the ARP2/3 complex, which is essential for nucleating actin palyation at
filament branches. It was reported that loss of ACTR3 leads to an increase in ciliary
length, suggesting an inhibitory role of branched actin network formation in the
controlling of cilia length during ciliogenesi&ooper and Schafer 2000Focal
adhesion complex was known to regulate actin cytoskeletal dynamics and depletion
of a component of this complex;RARVIN (PARVA), led to lengthergk cilia. 3

OST-5, a family member of -®ST family, was showed to work together with FGF

15



signaling pathway to control cilia length via the transcription fackarsJlaand
Rfx2(Neugebauer, Cadwallader et al. 213

Foxjl (also known asHyh4), encodes a member of the forkhead family of
transcription factors. Growing evidences shown that this gerse amaimportant
regulator for ciliogenesis, specifically it has a role in the biogenesis of motile cilia.
The link betweenFoxjl and motile ciliogenesis has been confirmed in different
species.Foxjl mutant mice exhibited loss of cilia on the ependymalscelihich
subsequently resulted in hydrocepha{@hen, Knowles et al. 1998Also Foxjl
knockout mice showed a complete loss of the axonemes of motile multicilia of
airways cells, and disrupted the 9+2 motile cilia, whereas the 9+0 immotile primary
cilia were not altered. The defects in ciliogenesis were due to impaired process of
basal body docking to the apical cell membrane. Thus, in multiciliated EeXg, is
essential for basal body docking and for all of the subsequent steps involved in
ciliary differentiation. Knockdown ofFoxj1in both Xenopus and zebrafish caused a
loss of all motile cilia, and this further supported a role for Foxjl in the cilia
formation (Stubbs, Oishi et al. 200&aron, Xu et al. 2012 Taken together, it
appears thatoxjl plays an important regatory role in the biogenesis of the motile
cilia. RNA sequencing data showed that RNA expressidrogfl was increased in
Ulk4™ mice compared with littermate controls, suggesting everexpression of the

Foxj1 may also be pathogenic to ciliogenesis.

Stk36 (serine/threonine kinase 36), a family member of Ulk4, was showed to be
required for the central pair apparatus and cilia orientation of motile cilia in mouse.
Stk36deficient mice developed hydrocephalus and approximately 6(Bik86cilia
exhibited &normal ciliary ultrastructure. Loss of the central pair apparatus in motile
cilia axonemes or disturbed cilia orientation resulted in defects in cilia motion
abilities. TheStk36" cilia exhibited stiff movement and significant reduced stroke
amplitude, even some cilia were immotile. Also in contrast to the coordinated
beating in the wild types, cilia @tk36deficient mice beat disoriented with respect

to their neighbour§Nozawa, Yao et al. 20)3Similar hydrocephalic mmnotypes

and ciliary defects were presentUtk4” mice and this promoted us to seek the links
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betweenUlk4 and Stk36 The RNA expression level @tk36was not changed in
Ulk4™ compared tdittermate control mice, suggesting there was no compensational

changes in these two genes, and both are essential for ciliogenesis.

Spermassociated antigen &agg, was an axonemal protein which was essential
for stability of the axoneme central appiaus. Both studies @pagédeficient mice
showed that a significant number of mice died with hydrocephalus. They exhibited
defects in brain including reduced cilia density, disorganized cilia arrays, random
axoneme orientation and decreased number ofl Haea Spag6 was not only
important for the motility of ependymal cilia, but also essential for the sperm
flagellar motility. Spag6deficient mice exhibited abnormal sperm without sperm
head. The structures of flagella have been disturbed, includingpids® central

pair of axonemes and disorganization of the outer dense fibers and fibrous sheath
(Sapiro, Kostetskii et al. 200Teves, Sears et al. 2014n Ulk4” mice, the RNA

expression of Spag6 was increased compared with controls.

Celsr2andCelsr3 encode the planar cell polarity cadherins, was showed to govern
the formation and function of ependymal cilMice lackingCelsr2have abnormal
ependymal ciliogenesis resulting in defective CSF circulation and hydrocephalus. In
double mutant ofCerlsr2 and Celsr3 the ependymal cilia formation was
significantly disturbed, leading to lethal hydrocephdllissir, Qu et al. 2010 The
membrane distribution of another two key planar cell polarity proteins, Vangl2 and
Fzd3, were affected in the absenGHisr2separately or kb of Cerlsr2andCelsr3

These emphasized the role of planar cell polarity signaling in the controlling of
ependymal cilia development and in the pathophysiology of hydrocep(iatssr,

Qu et al. 201D In our study, thergvere no changes of RNA expressionGlsr2
Celsr3 Vangl2andFzd3in Ulk4™ mice and litter controls,, bur significant reduction

of their family members includingangll, Fzd2, Fzd6, Fzd1Mdicating there was
potential regulation relationship between Ulk4 and these regulators of ciliogenesis,
and they may participate in different signaling pathways including Wnt for

governing the cilia formation.

17



CEP83is a key gene encoding one componehistal appendages, which was
essential for the docking and anchoring of the mother centriole to the cellular
membrane during ciliogenesiSEP83is localized at the base of both primary and
motile cilia. Inactivation ofCep83led to ciliary dysfunctiorphenotype associated
with primary cilia defects like nephronophthisis and motile cilia defect like
hydrocephalus. A recent study of nephronophthisiated ciliopathy gene screening
showed that all eight ofCEP83 biallelic affected patients had infantile
nephronophthisis and four individuals presented hydrocephalus and other
neurological alterations including learning and language disability. During
ciliogenesis, the function &EP&3 is recruiting its partne€CEP164/NPHP 150 the
mother centriole, whichsirequired for the docking of the mother centriole to the
primary ciliary vesicle(Failler, Gee et al. 2034 In Ulk4” mutant, the RNA
expression ofCep83was fynificantly increased and RNA level @fepl64was not
altered compared with controls. This is not the only case, although the mechanism
remains to be characterized. Cell culture of primary skin fibroblasts from two
heterozygousCep83 mutations indicatedhat Cep83level was reduced whereas
Cepl6dlevel was unchanged, suggesting tBap83variations affect recruitment of
Cepl64at the centrosome without any change in its total protein level. Also
overexpression ofCep83 might somehow prevent the coordirhitassembly of
Cep/Dapsonto the mother centroléBailler, Gee et al. 20)4

Cepl120 which encodes a core centriolar protein, was shown to be associated with
hydrocephalus and skeletal ciliopathy like skeletal dysplasia. Knock@epi20in
zebrafish led to hydrocephal(Shaheen, Schmidts et al. 2Q.1Also inactivationof
Cep120in mouse brain resulted in hydrocephalus, due to the absence of cilia on
ependymal cell§Wu, Yang et al. 2014 These indicated the role Gfep120in the
cilia formation and function. IJIk4” mice, RNA level ofCep83 and Cepl2@as
significantly increased compared with controls, suggesting there was direct or
indirect relation between them, and the signaling pathway and mechanism remain to

be investigated
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KIF19A, belonging to the kinesin superfamily, is a ciliary tip protein. It has-ATP
dependent microtubuléepolymerizing activity. Recent genetic and biochemical
evidence showed that KIF19A is an essential for the controlling the optimal length
of maotile cilia in mice. Kifl9a mutant presented ciliary phenotypes including
hydrocephalus and female infertility. The pathology of hydrocephalus observed in
Kif19a mice might be due to the elongated cilia in the lateral ventricle, which were
not able to producerpper fluid flow. The mechanism of controlling the ciliary
length was thatif19a regulated the length of microtubules polymerized from
axonemegNiwa, Nakajima et al. 2032In Ulk4” mice, the RNA expression level is

significantly decreased than that in wildtype mice.
15.1 Overview of Ciliogenesis

Cilia are the complex organelles which are found in eukaryotic cells and have

various biological functions. They may serve as sensory organelles, clear the
pathogen from avays, mediate signal transduction in vision and olfaction, drive

CSF movement within the brain and affect fertility. Base on the different functions

that ciliaare involved, they show diverse changes in their shape, size, ultrastructural

details numberger cell, motility patterns and sensory capabilities, despite the basic
morphology is conserved. Cilia are generally divided into two types: motile cilia and

primary cilia. The axoneme of the motile cilia is composed by nine radially arranged
microtubule @ ubl et s with a central pair o f sing
which is important for the movement of cilia. The axoneme of primary cilia lacks

the central pair apparatus, and is therefo

Ciliogensis is a complicated and precisely colted process, in which hundreds or
even thousands of components are participated. Genecdllygenesiscan be
defined as three main stagék) generation of centrioles, (2) migration of amplified
centrioles,and (3) Intraflagellar transport andilia elongation.During each step,
numerous component proteins and transcriptional regulators are involved and they

exactly orchestrated with others.
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1.5.2 Generation and duplication of centrioles:

Generally, in mouse ependymal multiciliated cells, there tar®@ independent
pathways to generate hundreds of centrigels Jord, Lemaitre et al. 20)4 A
commoncentriolar pathwaycaurs during the S and G2 phases of dividing cells.
Another is acentriolar/deuterosome pathway which usually occurs at th@1GO0
phase in terminally differentiated multiciliated ceflgang 2013 Al Jord, Lemaitre

et al. 2014. The significance of hiring two independent pathways to generate the

same organelle is unknown.

In a recent study, Adel et g\l Jord, Lemaitre et al. 20)4ave suggested that the
socal l ed 6écentriolaré and 6édeuterosomebd
pathway orchestrated by the centrosome, and thiptome daughter centrosomal

centriole is involved in the formation of deutersome which produced over 90% of

the final centriole populatiofAl Jord, Lemaitre et al. 20)4Alsothey created a

new model of centriole amplification in multiciliated cells to further clarify the

complex progress.

They divided the process of centriole biogenesis in multiciliated cells inistages,

the procentriole initiation (halo stage/deuterosome formation) stage and the late
phases of centriole assembly (flower stage). The nascent halos budded from the wall
of one centrosomal centriole, detached and accumulated in the nearby cyt&yasm.
examination of the structural protein S&gSassp and the key regulators of
centriole biogenesi€epl52and PIk4, they found there was a switch between
symmetric centriole duplication in cycling progenitors to asymmetric centriole
duplication in postitotic ependymal progenitors. In the proliferating cells,
progenitors duplicate their centrosome, and these proteins were stained
symmetrically on both mother and daughter centrosomal centrioles. However, in the
postmitotic differentiating cells, these pems activities were mainly detected in the

daughter centrioles, not the mother centrioles.
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Figure 1-5 Model of centriole amplification in multiciliated cells, Adapted from
(Al Jord, Lemaitre et al. 2014.

The centrosomal daughter centrioles are mainly contributed to the production of
procentrioles which form halos and are released into the cytoplasm. As the cells
enteredhe halo stage, high level expression of Deupl (encodé&tdg67gene) in
daughter was shown to trigger deutersome formation. During the
halostage/deuterosome formation, procentrioles displayed alikebestructure
organized around a cartwheel containmgrotubule singlet¢Al Jord, Lemaitre et

al. 2014. Immediately after the formation of the last halo/ deuterosome at the
daughter centriole, all the halo cells simultaneously transformed into fldweer
structures. During the flower stage, the increasing rate of the precentrioles was
significant than the procentrioles in hatage, because all procentriole sizes were
similar and they grew synchronously. At the molecular level, the early markers of
centriole biogenesiLCepl52 Plk4, Sass6, Stil, CpagSass), Cepl20andCcpl10

were expressed in the halo stage procentrioles. While the markers for the late stages
of centrioleassembly like?oc5andGT335(=C210rf33 were detected in the flower
procentriolegAl Jord, Lemaitre et al. 20)4
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Extended Data Figure 10 | Hypothetical model of centriole amplification

procentrioles. During deuterosome formation (halo stage), procentrioles
through deuterosome formation. a, An unknown mechanism leads to Deupl

remain latent at an early stage of their biogenesis. Several deuterosomes can

and Cedc78 accumulation at the daughter centriole. b, Binding of Cep152 and
recruitment of Plk4 (refs 7,8) activate nucleation of the first procentriole.
¢, Accumulation continues from the same active site and displace the first

form concomitantly from different active sites on the daughter centriole
proximal wall. h, The cycle continues until centriole growth is triggered and
procentrioles grow from the walls of both centrosomal centrioles and

procentriole. d, The second procentriole arises from the new complex. e-g, The
process continues until the deuterosome detaches from the centriolar wall.
& The process begins again to form another deuterosome and nucleate new

deuterosomes (flower stage). See Fig. 4i, j and Extended Data Fig. 8f, g for
3D-SIM localization of structural and regulatory proteins depicted here.

Figure 1-6 Hypothetical model of centriole amplification through deuterosome
pathway, adopted fronfAl Jord, Lemaitre et al. 20)4

1.5.3 Basal body formation, migration and docking

During ciliogenesis, the centriole becomes a basal body once the adornment with
appendages projecting from the centriokearrel. The appendages include distal
appendages which are far from the nucleus anddmtal appendages which are

closest to the nucleus. Distal appendages are essential for the mother centriole
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anchors to a membrane of the ciliary vesicle or plasma maratand then become

the pin wheel shaped transition fibres or alar sheets. In mammalian cells, distal
appendage structures contalepl64, Ccdcl23/Cepl28nd Ofdl (orali faciali

digital syndrome gene OFD1).

Ofd1 is a domain distal centriole component amchlizes to the central region of
distal centriole. Ofd1 is required for controlling the process of recruewgl64to

the centriole and loss @fd1l results in failure of distal appendage formation and
affects the subsequent processes like centriol&imgpdo membranes and cilium
formation (Singla, RomaguerRos et al. 2010 The Ofdl is regulated by another

distal centriole component Pocb.

Ninein and Odf2 priein belong to sudistal appendages. Odf2 is essential for basal
foot formation, which is critical for the consistent beating of motile ¢Hianimoto,
Yamazaki eal. 2012. Another suldistal appendage component Ninerrecruited

by the Odf2 protein, and Ninein promotes centriolar microtubule nucleation and
anchoring(Singla, RomaguerRos et al. 2010

After basal bodies maturation, small vesicles generated from Golgi apparatus are
recruited and attach to the distal appendages of basal body. Subsequently, they fuse
with each other to form a large membranous capsdkalled ciliary vesicle, at the

distal end of basal body. The ciliary vesicles migrate to the cell surface and the
vesicles undergo fusion with apical membranes, allowing the basal bodies to anchor
to the cell surface. Recently a new hypothesis is ndetbat the basal bodies
migrate directly to the cell surface without attachment to vesicle, although details are

not clear(Reiter, Blacque et al. 201.2

The processes of basal bodies migration and docking to the c&kcesuare
complicated and numerous regulators were identified to control the processes. Distal
appendage protein Cepl64 is indispensable for the docking of vesicles at the distal
appendage$Schmidt, Kuhns et al. 20).2Recet report showed that basal body
component Chibby (Cby) is essential for efficient docking of basal bodies to the

apical cell surface in airway ciliated ce{Burke, Li et al. 2014 Moreover, Helen R
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et al demonstrated that Cby interacts with CEP164 and Rabin8 (encotkedh &ip)
to promote the timely recruitment of Rab8 vesicles to the basal bodies befor
docking to the apical membratBurke, Li et al. 2013 Actin-myosin system was

shown to be involved in basal bodies migratipawe, Farr et al. 2007

The forkhead box protein J1 (FOXJ1), a transcription factor expressed in ciliated
cells, was revealed to be central in centriole migration and apical membrane docking
during ciliogenesis(Vladar and Stearns 20p7Centriole docking itself requires
many other centrosomal proteins including Talpid3, ChibBy(), Ofd1l, Odf2
(Avasthi and Marshall 20)2The original positioning and orientation of the basal
bodies is impdant for the alignment of the forming cilia. Once the aligninis
determined axonemalmicrotubulesextend from théasal body and go beneath the

developing ciliary membran&rming the cilia.

Ofd1, Poc5

| Distal appendages
\ /_fTFs Odf2, Cep164,

Cecdc123/Cepi123,
HYLS-17
Subdistal

appendages
Qdf2, ninein

Figure 1-7 Substructures of the centriolar barrel, with the reported localization of

several components shown, adopted f{&witer, Blacquest al. 2012

1.5.4Intraflagellar transport and cilia elongation

The final step of ciliogensis is the extension of axonemal microtubules from the
basal bodies. During this process, proteins building for the axoneme were
transported to the tip of theliam by intraflagellar transpor{IFT). These proteins
cannot be synthesized within cilia and must be synthesized in the cytoplasm of the

cell. IFT is a bidiectional movement along axonemal microtubules. There are two
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different microtubulebased motors are responsible for the movement of IFT
particles along the microtubules. The anterograde movement is driidndsjn2
(KIF3A, KIF3B, and KAP in mammals) and the retrograde is powered by
cytoplasmic dynein 2 BYNC2H1) in vertebrates. When the cilium is completely
formed, it continues to incorpate newtubulin a t the tip of the
affect the cilia length, because older tubulin is simultaneously degraded. The
regulation role of IFT in twavay movements of tubulin andqieins suggests that

the ciliary length may be determined by the balancing assembly and disassembly of
tubulin (Avasthi and Marshall 2032 The ciliary length is not determined by total
amount IFT protein in flagella, but is controlled by the size and number of IFT trains
in flagella.

During the process of cilia elongation, some regulat@ge hbeen identified. A
member of the kinesi@ family, Kinesinll, was required for the assembly of central
pair of axoneme of motile cilia on sea urchin embryos. Morris and Scholey
microinjected the aritkinesinll monoclonal antibody into fertilized sesichin eggs,

and found the antibody injected embryo exhibited abnormal ciliary axoneme that
lacked the central pa{Morris and Scholey 1997The stability and midity of cilia

were dependent on the pdsinslational modification state of tubulin. The
acetylation, detyrosination, polygutamylation and polyglycylation of microtubules
were involved in controlling the assembly and motility of cjlzhoksi, Lauter et al.
2014).
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Figure 1-8 Direct and indirect targets of ciliary transcription factors (Choksi,
Lauter et al. 2014

Transcription factors regulatory factor X (RFX) family is essential for both motile
and primary cilia generation by activating core components necessary for both types
of cilia. One family membeRfx3is expresseh ciliated cell types in brain. In early
stages of mouse brain developmdrfx3is detected in ciliated ependymal cells
lining on the ventricular. During later stag@$x3expression becomes progressively
restricted to the cortex and to midline struesjrsuch as the choroid plexus (CP),
subcommissural organ (SCO) and the cortical septal bouiiBagas, Meiniel et al.

2006 Benadiba, Magnani et al. 2012n line with these expression patterns, mice
deficient inRfx3 exhibit the disruption of the differentiation of ciliated cells of the
CP and SCO, which leads to the disorganization of these structures and the
development of severe hydrocephaligaas, Meiniel et al. 2006Loss of Rfx3is

also associated with the malformation of the corpus callosum.
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1.6 White matter, myelin, myelination and myelination disorders

In the Chapter 4 we have demonstrate td#4 is involved in white matter integrity,
oligodendrocyte production and myelination. For a better understanding of the white
matter and related development processes, here | described some of the background

information and reviewed white matter related disorders.
1.6.1 White matter and its functions in brain

A major difference of the brain from other organs is the overwhelming connectivity.
Early neuroanatomy divided brain into gray matter (cell bodies) ante winatter

(cell projections). White matter is a component of the central nervous system and it
comprises over half the human brain, a far greater proportion than in other animals
(Fields 2008.

Within the white matter, there are three different types of tracts or bundles of axons.
First type is commissural tracts which connects the two sides of the cerebrum to
communicate with each other. A&\Wnown, corpus callosum, anterior and posterior
commissures were belonged to this kind of commissural tracts. Another type is the
association tracts which link the different area within the same side of the brain. The
third type of tract is used for camg the information between the cerebrum or the

higher brain and spinal cord centers.

White matter is composed of bundles of myelinated axons that connect various grey
matter areas of the brain to each other, and carry nerve impulses between neurons.
For carrying the information between areas or hemispheres, the very important
structure is the myelin of the tracts. Myelin is a fatty white substance that surrounds
the nerve fiber and its insulating character makes it to increase the speed of electrical
communication between neurons. Myelination is the production process of the
myelin sheath. The myelin sheath is a layer wrapping around the axon of a neuron
and is formed by the cell membranes of oligodendrocytes in CNS or Schwann's cells
in peripheral systenMyelination is an important process in brain development and

it greatly increases the speed and power of nervous system function (Bullock, 1984).
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Also myelin formation is critical for the proper communication and survival of
axons(Popko 201D

In humans, myelination begins in the 14th week of fetal development and the
process extends at least through the first 20 years of life. The prolonged period of
myelinationin humans coincides with the same period in which the human cerebral
cortex undergoes massive remodeling of synaptic connections, which are understood
to modify the brain according to experience. During infancy, myelination occurs
quickly, leading to a dhd's fast development, including crawling and walking in the
first year. In some animals, myelination is nearly completed by birth, such as horses,

which are precocial and can walk and feed independently soon after birth.

Myelinogenesis occurs predomitigrpostnatally, within the first 3 weeks in rodents
and first 2 years in humans which coincides with many neurodevelopmental
disorders (From, Eilam et al. 2004 During the stages of oligodendrocyte
development, oligodendrocyte progenitor cells (OPCs) undergo proliferation and
differentiation into mature myelinating oligodendrocytes through distinct stages,
characterized by sequential expression of developmentalensgiBaumann and
PhamDinh 200).

Corpus callosum is the major white matter fiber tract in the brain that centhect

left and right hemispheres. In mouse corpus callosum, myelin sheaths were first seen
at 11 postnatal days, and the most rapid phase of myelination occurred between 14
and 45 days when 13.5% of axons were myelinated, but myelination continued at a
reduced rateup to 240 days when 28% of axons were myeling&tdrrock 1980

The corpus callosum changes structurally throughout life, but most dramatically
during childhood and adolescenand finally it reaches to the adult morphology.
The number of callosal fibers is already fixed around birth, but the thickness of the
corpus callosum changes during postnatal development due to the degree of fiber

myelination, redirection and prunirfguders, Thompson et al. 20110
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1.6.2 Defects in whiter matter and disorders

White matter abnormalities have been involved in a wide range of psychiatric illness
including schizophrenia, chronic depression, bipolar disorder, obsessnfilsive
disorder and posttraumatic stress disorder. Changes in white matter also are
associated with neurodevelopmental, cognitive and emotional disorders including
autism, dyslexiaand attentiordeficit hyperactivity disorder(Fields 2008. For
example, schizophrenjaatients typically present white matter reductiortjuding
altered morphology, decreased dendritic arborization and agenesis of corpus
callosum(Douaud, Smith et al. 200Bose, Mackinnon et al. 20pBornito, Yucel et

al. 2009 Francis, Bhojraj et al. 20)1Corpus callosum is the major white matter
fiber tract in the brain, which coordinates the activity of the left and right
hemispheres. Growing evidence suggests that disruption of the corpus callosum
development is associated with cognitive and behavioral deficits. Although a
complete agenesis of the corpus callm exists in schizophrenia but rare
(Motomura, Satani et al. 200Zhinnasamy, Rudd et al. 2Q0Baul, Brown et al.
2007, mild alterations in intehemispheric callosal connections is not only common

in schizophrenigWolf, Hose et al. 2008 but also in autisnfinnocenti, Ansermet et

al. 2003 Wolff, Gerig et al. 201} bipolar (Caetano, Silveira et al. 20Q8and
attentiondeficit disorder(Hynd, Lorys et al. 1991 Furthermore, agenesis of the
corpus callosum is also a common pathology among >80 huroagenital
syndromes including ciliopathies and developmental diso(tagnani, Morle et al.
2015.

Numerous studies have also provided a link between destigallosal development

and genetic models of neurological disorders including hydrocephalus. For example,
expression of the truncatedisruptedin-schizophrenia 1(Discl) led to partial
agenesis of the corpus callosunDiiscltr transgenic micéShen, Lang et al. 2008
Overexpression of a -@rotein coupled receptor PAC1 was associated to corpus
callosum agenesis and hydrocephédlieng, Song et al. 2006Mutations inL1LCAM

also resulted in hydrocephalus, mental retardation and agenesis of the corpus

callosum(Chidsey, Baldwin et al. 20)4
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1.6.3 Relationship between whiter matter development and neuroinflammation

The development of white matter was not only affected by the genetic lesion, but
also was influenced by the early life et® like inflammatory. For example, to
determine whether the inflammatory disrupted the development of white matter,
Lieblein-Boff, McKim created an acute brain inflammation animal model by
injection theEscherichia colito the mice during the perinatabges. They found a
significantly hypomyelination and a decreased number of oligodendrocytes in
subcortical region and motor cortex, which suggested that the white matter
development was impaired by the infection at early(lifeblein-Boff, McKim et al.

2013. Also another study evidenced that the systemic inflammation could alter the
myelin formation by examining the mice with repeatlllb i nj e c tmice n s . The
exhibited defects in oligodendrocyte maturation and further myelingkawrais,

van de Looij et al. 2001 The mechanism of early life inflammation disruptiae

white matter development are poorly understood. Recently it was believed that the
altered iron hmeostasis in the brain may link early life inflammatory events to
subsequent myelirelated deficits in brain and behavigieblein-Boff, McKim et

al. 2013. The white matter is not only aelated with myelination, but also the

length/abundance of projections as well as number of projection neurons.

1.7 Cortex development and neurogenesis

In the Chapter 5 we showed thdfllk4 is involved in cortex formatiorand
neurogenesis including cell cycle, proliferation rate and stem cell pool. So in this
part, we described the processes of and current understanding of cortiogenesis

during embryonic and postnatal stages.
1.7.1 Overall of cerebral cortex

The cerebral atex is the most key structure in the mammalian brain, involved in
various cognitive processes such as leaning, memory, language, consciousness,
awareness, reasoning and thought. The performance of highly complicated neural
processes is based on the huddref distinct types of neurons. There are two main

kinds of neurons in the cortex, the excitatory pyramidal neurons and inhibitory
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interneurons. Different parts of cerebral cortex are associated with different specific
function like sensory, motor, langge, numeric processing etc, and association areas

contain specific groups of neurons that are specialized in particular tasks.

The cerebral cortex is laminated structure which consists of distinct layers. The
newest part of the cerebral cortex, the ne@soris comprised by six horizontal
layers, while the more ancient parts of the cerebral cortex, the hippocampus and

olfactory cortex are differentiated into three cellular layers.
1.7.2 Corticogenesis

Corticogenesis is the process by which the cerebrakxas formed by the
generated cortical neurons. In mouse brain, it starts from embryonic days 10 to 11.5
(E10 to E11.5) and is completed largely at birth. All pyramidal neurons and a
fraction of the inhibitory neurons arise from two germinal compartmehis
ventricular zone (VZ) and subventricular zone (SVZ). Before the neurogenesis
beginning, the neuroepithelial progenitors in the VZ undergo symmetric divisions to
continually replenish the progenitor pool. Around embryonic day E10.5, radial glial
cellsare generated from the neuroepithelial progenitors and became the progenitors
for the projection neurons. Radial glial cells undergo directly symmetric neurogenic
divisions and indirectly give rise to inter precursor cells. The inter precursor cells
will migrate away from the VZ to create SVZ, an additional proliferative zone, to

under further neurogenic divisions after only once or twice symmetric divisions.

The preplate is formed by the filsbrn or pioneer neurons and it is located between
the pia andhe ventricular zone. There also are predecessors in the preplate, which
later will become to subplate. At E11.5, the final cortical plate is created by the first
projection neurons generated from VZ. When the cortical plate formed, the preplate
are dividel into marginal zone (MZ) and subplate (SP), which are important for the
migration of later cortical plate neurons. From E11.5 to E16.5, various subtypes of
cortical neurons are generated in an ino@r manner. The later born cortical
neurons will acrosthe first born neurons and settle within the superficial location of

the cortical plate to form the upper layers. The first born cortical neurons will form
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the relative deeper layers. It is believe that the lower layer neurons are generated by
the VZ, andthe upper layer neurons are produced by the @&hay andKennedy
2007).

Each cortical layer contains different neuronal shapes, sizes and density as well as
different organizations of nerve fibers. Layer |, also called molecular layer, is firstly
produced during early neurogenesis, EAB12.5 in mouse. It cdains two kinds of

cells, CajalRetzius neurons and pyramidal cortical neurons. Reelin and transcription
factor T-box brain 1 is expressed in these cells. Laydll lis known as external
granular layer and the external pyramidal layer. Cortical neurotiese two layers

are created at E135B16 during mouse embryonic development. Various types of
cells including pyramidal neurons, astrocytes, stellates and radial glial cells are
located in these layers. SATB2 and CUX1 are expressed in the pyramidal and
stellate neurons. Layer IV is known as the internal granular layer. The function of
this layer is receiving thalamocortical connections, especially from the specific
thalamic nuclei. This is most prominent in the primary sensory cortices. Layer V is
calledthe internal pyramidal layer. The pyramidal cells are the main cell type within
layers V. These cells can be extremely large in layer V of the motor cortex, giving
rise to most corticobulbar and corticospinal fibers. Layer V gives rise to all of the
principal cortical efferent projections to the basal ganglia, brain stem and spinal cord.

Layer VI is the multiform or fusiform layer, projects primarily to the thalamus.

32



Cajal-Retzius neuron
Cortical plate

Embryonic day n (mouse)
Intermediate progenitor
Intermediate zone
Neocortical layer n
Marginal zone
Neuroepithelial progenitor
Preplate

Radial glial cell

Subplate

Subventricular zone

Order of birth date

Ventricular zone
White matter

Intracortical
(callosal)

J

Corticospinal 1
b

Corticobulbar subcortical

axon tracts

Corticotectal

) \\‘ Corticothalamic

[ | | =
e i))_\() )."?'

sP 6 ., LS L2/3
el - ez Y2 Bz Y ma ™ msae >E17

Gliogenesis

NP expansion .
Neurogenesis

Figure 2. Neurogenesis and neuronal migration in the mouse neocortex.

Figure 1-6 Neurogenesis and neuronal migration in the mouse neocorte€ited

from (Kwan, Sestan et al. 2012

1.7.3 Wnt signaling pathway and neurogenesis

Increasing evidence shows thamnt signalingis essential for both embryonic and
adult neurogessis. During early development Wnt signaling involved in
regulation of various progressesrarvous systemincluding cell fate specification,

cell polarity and cell migratioriBielen and Houart 20)4~or example, Wnts are
secreted glycoproteins which are necessary for the differentiation of precursor cells.
Also other Wnt signaling components like morphogens and gradients of Wnt will
have a key role in differ¢ration and migration of neural progenitor cells.
addition, Wnt signaling is involved in a seriesfohdamental biologicaprocesses

like neuronal formation, dendrite and axon developmaendritic spine formation

and synaptogenesi$nestrosa and Vareldallar 2015. In the adult brain, Wnts
have key regulation roles in hippocampal plasticity, synaptic transmission, and
neurogenesiglnestrosa and Vareldallar 2015. Dysregulation of Wnt signaling

pathway has been implicated in neurodegenerative diseases incAldivemer's
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disease (AD)and Parkinson'sliseae (Berwick and Harvey 20%2Inestrosa and
VarelaNallar 2014. Abnormalities in Wnt signaling may have aaberrant

regulation of new neuron developméHussaini, Choi et al. 20]4

1.8 Anxiety
1.8.1 Overview of anxiety

Anxiety disorders are a category of merdaorders including generalized anxiety
disorder, panic disorder and phobias, which are characterized by feeliagsiety

and fear. They are the most common mental health illness with an estimated
prevalence of 20%, and approximately 69 million peoate affected in the EU
alone(Wittchen,Jacobi et al. 20)1 The causes of anxiety disorders can be genetic

abnormalities or/and drug use.

Recently Viggiano et gViggiano, Cacciola et al. 201 5eported that 67 genes were
associated with anxious behavior. Among them, 33 genes whose deletions are
accompanied with increased anxious behavior and 34 other genes whose deletions
are related to decreased anxious behavior. Interestingly, they also show that
presynaptic genes are involved in the emergence of anxiety, and postsynaptic genes
in the reduction of anxiety after gene deletion by using gene enrichment analysis
(Viggiano, Cacciola et al. 2015~or example, deletion of different neurotransmitter
related genes for glutamatergiGRM8, GRIN3B, SLC18) GABAergic (GAD2,
SLC6A12, serotonergic HTR1A, HDQ, noradrenergic ADRA2A, cholinergic
(CHRNA4, somatostatergic SSTRP systems induces higher anxiety; whereas the
absence of some other genes for glutamate@RIN2D, GRIA) and dopaminergic

(DRD3, NURRI}signaling reduces anxiety.

For the pharmacological treatment of anxiety disorders, anxiolytic druts wi
different advantages and disadvantages are available. For example, benzodiazepines
is well known anxiolytic drug which was enhancing the affinity of the natural

agonist to the GABAreceptor by acting at the benzodiazepine binding site on the
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GABAA receptor (Sigel and Buhr 1997 Now diazepam iprobably the best known
anxiolytic drugs with relative safety. Lines of evidence showed that some
neuropeptides such as substance P, corticotropleasing factor and neuropeptide

Y were associated with the anxiety and may potentially serve as th@dbtca

targets for the treatment of anxiety disord@isdaan and Wilson 2009

1.8.2 The Amygdala and anxiety

The amygdala, belonging to the limbic system, was reported to play a key role in
emotions and emotional behavior. Alterations in neuronal excitability in the
amygdala are associated with psychiatigortlers including anxiety disorders and
depressive disorders. Basolateral nucleus of the amygdala (BLA), a key component
of amygdala, was patrticularly involved in anxiety. For example, growing studies
showed that facilitation of serotorBC receptor (BHT2CR)}mediated
neurotransmission in the basolateral nucleus of the amygdala (BLA) is associated
with anxiety generatiofVicente and Zangrossi 20l 2Neuropeptid Y (NPY), a 36

aa peptide, is highly expressed in the amygdala. NPY binding with the presynaptic
receptor Y2 has a potential anxiolytic effects.
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1.90bjectives

Unc51-like kinase 4(ULK4) was a relatively novel gene encoding a potential
serine/threome kinase (STK), and little was known about its functions. The
objective of this PhD project was to investigate the rolesU4 in brain
development and function usitglk4” mice. Systematic analyses were carried out

in this project, which uncoveredhe roles ofULK4 in ciliogenesis and CSF flow
(Chapter 3), in cell cycle and neurogenesis (Chapter 5), in white matter integrity and

myelination (Chapter 4), and in anxiegiiated behavior (Chapter 6).
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CHAPTER 2

MATERIAL AND METHO DS
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2.1 Material
2.1.1 Instruments list

Upright Fluorescent Microscope (Olympus BX51)
Stereomicroscope (ZEISS Germany, stemi SVII)

Cryostat (Leica CM1850)

Microtome (Leica RM2235)

Tissue cold plate (Leica EG1130)

Heated paraffin dispensing modijlesica EG1150 H)

Tissue processor (Leica ASP300)

Nanodrop Sepctrophotometer (Thermo Scientific NanodroplR@OD)
Mini-Protean Tetra Cell Electrophoresis Tank System

Alpha Innotech Gel Doc/Chemiluminescence System

PCR machine (6TORM)

24 Place Microlitre cemnifuge (Heraeus Biofuge Pico75003235
Electric homogenizer

UV Transilluminator (VWR)

Perfusion pump
2.1.2 Ulk4 gene targeting construct

Ulk4 targeted, conditional readyacz-tagged vector (PRPGS00083_ A CO05) was

constructed using knockafitst strategy Methods used to create the CSD targeted

alleles have been publishg&karnes, Rosen et al. 21T he 56 homol ogol
recombination arm was comprised of 56824 genomic DNA which harbored

2398 bp of intron 3, exon-@ and 1401 bp of i ntron 6 .
recombination arm (4084 bp) contained 951 bp of intron 7, extih@hd 610 bp of

intron 12.

After targeted integration, thé&1L2 Bact P cassette was inded at position
Chr9:121,260,507(Build GRCm38), upstream of the critical exon(s). The cassette
was composed of aRRT site followed bylac sequence and laxP site. This first

loxP site was followed by neomycin under the control of the human-dutita
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promoter, SV40 polyA, a secor€RT site and a secondxP site. A thirdloxP site

was inserted downstream of the targeted exon(s) at position Chr9:121,259,772.
Further  information on targeting strategies can be found at
http://www.knockoutmouse.org/aboutkompstrategiBise exon 7 with 76 bpJlk4

coding sequence was deleted by targeted integration, and replaced by a cassette
containing SAIRESI|acZ sequence, so thdhcZ reporter gene an be expressed

under the endogenous mousik4 regulatory machinery.
2.13 Ulk4 knockout mice

The ES cell clone EPD0182_4 E12 was generated by the Wellcome Trust Sanger
Institute using the knockout construct. This was used to ctildieknockout mouse

strain by the KOMP Repository (WWW.KOMP.org) and the Mouse Biology
Program (www.mousebiology.org) at the University of California Davis. We
acquired Ulk4"" breeding pairs on C57BL/6N strain background from KOMP
Repository (knockout mouse project, USA) at Ulavis. All experimental
procedures were conducted under a license approved by the Irish Department of
Health and Children in accordance with Cruelty to Animals Act of 1876 and under a
certificate approved by the Animal Care and Research Ethics Commit&EC)

of the National University of Ireland (NUI) Galway, Ireland.

Ulk4™ , Ulk4"" and WT littermates were obtained frastk4™" x Ulk4*~ mating.

Mice were genotyped by PCR, using genomic DNA with two pairs of DNA primers:

Ul k4 EndETARACTITGGT6E@ACGGATTGCTGS3 6 ) and Ul k4End|
( 5TGATCTGTAATCGCAGTGCAGG36) amplifying a 271bp

n7vF
DN

from the WT allele,-and Ul k4KOMPKOFor (560
GAGATGGCGCAACGCAATTAATG3 6) and Ul k4KOMPKORev (56
)

CTGAGGAGACAATGTAACCAGGC3 6

from the knockout allele, respectively
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2.1.4 A list of primary and secondary antibodies, justification of choice and
other details

Rabbit polyclonal AntULK4 (NBP1-20229, Novus Biologicals, 1:1000) against aa
750-800 of full length ULK4 proetin; Other ULK4ndibodies included\-15 against
aal-50, F18against aa 1000050 andy-13 against aa 1150200(Santa Cruz)
Mouse monoclonal AntAcetylated Tubulin (SigmaAldrich, T7452200UL,
1:1000) ciliary marker

Mouse monoclonal AntDlig2 (Millipore, MABN50, 11000), oligodendrocyte
marker

Rabbit polyclonal AntiMBP (8287), RTX1ML (Millipore, MAB386, 1:1000,
myelin marker
Rabbit polyclonal AntiGFAP (20334, Dako, 1:1000), astrocyte marker

Rabbit polyclonal Antilbal (Wako, 01919741, 1:1000), microgilia nker,

Mouse monoclonal ArtPhospheHistone H3 (Serl0) (6G3)Cell Signaling
Technology #9706, 1:1000), M phase marker

Rabbit polyclonal AntKi67 (Abcam,ab16667, 1:500proliferating cell marker
Mouse monoclonal AnitHuman Ki67, Clone B56 (RUO) (BD, 550609,1:1000)
proliferating cell marker

Rabbit polyclonal AntiCux1 (Santa Cruz biotechnology,-$8024, 1:1000), cortex
layer IHIV marker,

Rabbit polyclonal AntiCtip2 (Abcam, ab184651:500), cortex layer WI marker,
Rabbit polyclonal AntiTbrl (Abcam, ab3194Q1:500), cortex layer VI markger

BrdU In-Situ Detection Kit (BD Bioscience, 551321, 1:10);

Mouse monoclonal AMGADG67 (Millipore MAB5406 1:1000) for Gabaergic
neurons;

Anti-mouse IgG (H+L), F(aly) Fragment (Alexa Fluor®555 Conjugate) (Ce
Signaling Technology #4409, 1:1000);

Anti-rabbit 1gG (H+L), F(ab) Fragment (Alexa Fluor®488 Conjugate) (Cell
Signaling Technology #4412, 1:1000);

Anti-rabbit 1gG (H+L), F(ab) Fragment (Alexa Fluor®555 Conjugate) (Cell
Signaling Technology #4413;11000).
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2.2 Methods
2.2.1Preparation of genomic DNA for genotyping

A Tail Lysis Buffer (100 mM Tris.Cl pH8.0, 5 mM EDTA, 0.2% SDS, 200 mM
NaCl) was used to extract mouse genomic DNXdult mice were locally
anesthetized before tail biopsy, and embryesasecapitated before tail sampling.

A piece of tail (about 5 mm long) was obtained and transferred into an Eppendorf
tube.A 0.5 ml Tail Lysis Buffer and 80 pl of 20 mg/ml Proteinase K were then
added into each tube. The tubes were incubated and saak&b5°C overnight.
Efficient digestion would be critical. The next day, the tubes were vortexed and
microcentrifugated at the top speed for 10 min to pellet undigested hair, and the
supernatant was transferred to a new Eppendorf tube (Omit this stemiboyonic

tails). A 0.5 ml isopropanol was added and tubes inverted a few times. Genomic
DNA was pelleted by microcentrifugation at the top speed for 10 min at 4°C, and the
supernatant was poured off, DNA pellets were washed with 70% ethanol, dried by
Speed Vac (5 min, setting at Medium) or room temperature, and resuspended in 100
ul of dH20. DNA was dissolved by incubation at 50°C with regular vortex-24u1

of DNA (100 ng) was used for each PCR reaction in a total PCR volume of 25 ul for

genotyping.

2.2.2Polymerase chain reaction (PCR)

For amplification of DNA fragments from genomic DNA, PCR was performed.
About 100 ng of DNA template was used with the 2x PCR Mastermix in 25 pl total
reaction volume. The PCR reactions (25 ul in total) were preparda: dollowing:

1 ul of DNA (100ng), 1.5 pl of MgCI2 at 25mM; 0.125 ul of each of primers at 100
pmol,, Master Mix 2X (12.5 pul), Top up withJd to 25 ul per reaction.

The following cycles were passed:
95°C 2min 1 cycle

95°C 20 sconds
64°C 30 secaas } 5 cycles
72°C 30 seconds
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94°C 30 seconds

62 °C 30 seconds | 25 cycles
72 °C 30 seconds

72°C 5min 1 cycle

PCR products were stored at 4°C before agagtessrophoresis.

2.2.3Electrophoresis

A 1.5% agarose gel was used to resolve amplifiedh[prkbducts.Weigh out 1.5 g
agarose into an Erlenmeyer flask. Add running buffer (1x TAE) to the flask and
swirl to mix. Melt the agarose/buffer mixture by heating in a microwave. Add SYBR
safe 1:10,000 dilution into the flask. Place an appropriate coraliia gel mold to

create wells. Pour the molten agarose (cooled t6G6idto the gel mold. Allow the
agarose to set at room temperature. Remove the comb and place the gel in the gel
box with 1x TAE running buffer to cover the gel. Add loading dye to RGR
products. Program the power supply to IBDV. CarefullyloadDNA samplesnto

wells of the gelwith a lane ofLtkb DNA ladder for each rowRun the gel until the

dye migrated to an appropriate distance. Captur image of the gel on the UV

transilluminator. Examine the DNA bands for anticipated sizes to genotype mice.

2.2.4 RNA isolation from mouse brain tissue and quality assessment (Follwed
the protocol of Dr.Enda O'Connell RNA Isolation & Quality Assessment)
Use filter tips and Nucleadeee tubes Spray bench and pipettes with RNase Zap.
Add 1ml TRI Reagent into the frozen mouse tissue. Homogenize fully and transfer
the lysed tissue to new 1.5 ml tube, then incubate on ice for 5Adah.200

chloroform per 1 ml Tri reageftand shake vigorougffor 15 sec to allow layers to

separate for 15 min on ice. Centrifug#tte tubesat 12,000 xg at 4 C for 15 min.
Remove clear upper aqueous phase%0 m) and transfer to new 1.5 ml tube.

Slowly add 1 volume of 70% Ethanah (3 approximately equal igbotg and mix

by inversion. The remaining steps were p

instructions of RNeasy Mini Kit (Qiagen, Netherlands). Nanodrop was used to
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quantify RNA at O.D. 260 and calculate O.D. 260/280 and 260/230 ratios. Total
RNA in 1000 ng aliquots was stored-80 C.

2.2.5 Transcardial Perfusion of Mice

The mice were weighed and humanely terminated individually with-dose of
sodium pentobarbitone. The skin was removed and the heart of mouse was exposed.
A syringeneedle was insted into the apex of the left ventricle and the needle was
connected with the perfusion pump by long tube. Then a cut was made at the right
atrium using a pair of scissors at right angle, and the pump was turned on to drain
the 5ml PBS into the heart. Thdood was flowing out from thieft ventricleto the

right atrium. After draining of PBS, 10ml 4% paraformaldehyde (PFA)@twas

slowly pumped into the heart. The brain was dissected andipedtin 4% PFA for

24 hours.

2.2.6 Cryosection

After perfusion brains were podixed overnight at 4°Gn 4% PFAand equilibrated
in 25% sucrose solution o/n at 4°C. Brains with freezing medium OCT were frozen
on dry ice or at20°C and fixed on an object holder. On a cryostat, brain slices of 30
um were cut andnounted onto the slides, then the slides were ke@0TC freezer

before use.
2.2.7 Paraffin section
1) Paraffin embedding

After perfusion brains were peBked for 24 hoursin 4% PFAat RT, dehydrated in
an ascending ethanol scale, and equilibrated ambedded in paraffinThe
automated embeddingaohinewas used in this step.

2) Cutting paraffin embedded tissue with the microtome

Paraffin embedded brain tissue was first mounted on a tissue cassette with paraffin
and fixed on the microtome. Sectmat 20 um thickness were cut and put into a

water bath (3#42°C) for flattening. Sections were mounted on slides and dried on a
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heating plate and/or in an incubator at 37°C. Slides with brain sections were stored

at 4°C or used directly.
2.28 Hematoxylin and Eosin (H&E)

Pardfin section $ides were paced in a slide holder The sections were
deparaffinizedand rehydrate for 2 x 8 minutes in Xylene, 2 x 5 minutes in 100%
ethanol, thersequentially dipped in following solutions: 95% ethanol, 80% ethanol,
70% ethanol, 50% ethanol, then intoH They were &ined with Hematoxalin for

10 minutes, washed in flowing tap water for 15 minutes, and then rinsed in dH20
and in 90% ethanol. After thaslides were tained with Eosin for 30 seconds,
washed foB x 2min in 95% ethanol, 3 x 5 min in 100% ethanol, and cleared for 3 x
5min in Xylene. he slideswere overed bycoverslipwith mounting mediumand

dried overnight in the hood.
2.2.9 Immunohistochemistry

Firstly preheat brain secti@nat 60C for 20 min, thendeparaffinizesections in 2
changes of xylenel0O minutes eachand tydrate sections in 2 changes of 100%
ethanol for5 minutes each, 95%thanol for 1 minutethenrinse in distilled water.
Preheat water bath with staining dish containargigen retrivasolutions and load
the section slides into the disintil temperature reach&§ C. Incubatethe sections

in the solutiongor 20 minutesat 95100 C. After that turn off water battand allow
the slides to cool foat least20 minutesRinse sections iIPBSpH7.0for 3x10 min,
and teatwith 3% HO, for 10 min.Block sections witilL0% normal goat serufor

60 minutes then incubde sections with primary antibody at appropriate dilution in
primary antibody dilution buffer overnight at € in a humidity lmx. Next day leave
the humidity boxat the RT for 20 min firstlyand mse sections with PBS f@x10
min. Block sections withperoxidase blocking solution f&0 minutes.Rinse with
PBS for 3X.0 min before pplying the readyto-use StreptavidiHRP to ech slide,
and incubatdor 30 minutesat room temperatur&inse slides 3x in PBS, 2 minutes
each timePrepare DAB substrat®lsition by adding 1 drop of DAB chromogen to
1 ml of DAB Buffer. Apply DAB substrate solution to cover the tissue sections and
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incubate fo5 minutes or less until the desired color intensity is develdpiede the
slides 3x in water, 2 minutes each tinsain in hematoxylin for 30 60 seconds
and inse thoroughly in wateDehydrate through 4 changes ofalol (95%, 95%,
100%,100%) for5 minutes eactClear in 3 changes of xylene (or xylene substitute)

and mount with a coverslip

2.2.10lmmunofluore scence

The first few steps were exactly same as immunohistochemisty. After the incubation
in antigen retrival solution, skip thd202 treatment step and continue with the
blocking with 10% normal goat serufor 60 minutes.After incubation inprimary
antibody secondary antibody Antabbit IgG (H+L), F(aby) Fragment (Alexa
Fluor®488 Conjugate) and/or Antabbit 1gG (H+L), F(ab) Fragment (Alexa
Fluor®555 Conjugate) were used. Images were captured by upright fluorescent

microscope (Olympus BX51).
2.2.11Data acquisition of the immunohistochemistry andmmunofluorescence

A series of attempts were made to minimise the potentiadbiés in the statistical
analysis ofimmunohistochemical andnimunofluorescence assays; (1) Littermate
mice were used to avoid age interferencea(®)inimum of 3 micgn>3) from each
genotype group were used and the exact number for each experiment was
documented in each Chapter; (3) identical thicknesses of serial brain sections were
produced from each mouse; (4) sections were immunohistochemically processed
with the same durations for respective steps to maximise comparability of staining
intensity betwen different repeats; (5) images were acquired from only
anatomically comparable brain sections; (6) for each mouse in each experi@ent, 3
comparable brain sections were imaged, quantified, and only the average was taken
as the representative data for thdividuals; and (7) the images were blindedly and
independently validated by volunteers, summer students hamburs project

students
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2.2.12 Proliferation assay

The day plug found was recorded as EO0.5. Tinaed pregnant females were
injected with apulse of BrdU (i.p., 50 mg/kg body weight) at E15.5. 2 hours later,
embryos were fixed into 4% PFA overnight. BrdU incorporation assay (BD

Bi osciences) was executed according to

2.2.13 X-gal stainingfor brain sections

At P14, mice were briefly perfused. Brains were dissected;fpad in 4% PFA for

10 min, then were washed in PBS twice for 5 min each. Brains were cryoprotected
in 30% sucrose in PBS overnight at 4°C until brains were saturated and sunk to the
bottom of thetubes. Brains were embedded in OCT and immersed in isopentane

bath precooled with liquid nitrogen. The samples were sectioned on a cryotome at

t

he

30 ¢em and mounted onto VWRE SuperfrostE PI

postfixed in 4% PFA for 10 minutesn ice, rinsed twice in 1X PBS for 10 minutes
each on ice, placed in detergent rinse (2mM MgCI2, 0.02% Nonidé&;, B.01%
Sodium deoxycholate in PBS) for 10 minutes on ice, and staineeyal ¥6-bromo
4-chloro-3-indolyl-b-D-galactoside) staining soloth (1 mg/ml xGal, 5mM
Potassium ferricyanide, 5mM Potassium ferrocyanide, 2mM MgCI2, 0.02% Nonidet
P-40, 0.01% Sodium deoxycholate in PBS) overnight at 37°C in the dark. Next day
slides were washed twice in 1X PBS for 5 minutes each at room temperdtene. T
X-gal stained sections were rinsed in distilled H20, cowstined for 30 seconds

in the Eosin, washed three times in distilled H20 for 5 minutes each, and dehydrated
through ethanol (5 minutes each in 50%, 70%, and 100% ethanol). Sections were
cleaed twice for 5 minutes each in xylene before mounting for microscopic

examination.
2.2.14 Scanning Electron Microscope

Lateral wall of the lateral ventricles dissected from mice was fixed in primary
fixative solution (2.5% glutaraldehyde/ 2% paraformajdkti 0.1M sodium
cacodylate/HCI buffer, pH7.2) overnight at 4 °C. After dehydration through graded
alcohols, tissue samples are transferred to Hexamethyl disilizane (HMDS) for 2x15
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min changes. Then samples are allowed to dry for at least 2 hours in &doohe
Dried samples are fixed to metal stubs using either Carbon adhesive tabs or silver
dag paint, gold sputter coated and viewed on a Hitachi S2600N Variable Pressure

Scanning Electron Microscope.
2.2.15 Transmission Electron Microscope

Lateral wall of the lateral ventricles dissected from mice was fixed in primary
fixative solution (2.5% glutaraldehyde/ 2% paraformaldehyde/ 0.1M sodium
cacodylate/HCI buffer, pH7.2) overnight at 4 °C. After primary fixative, tissues were
fixed in secondary fixative sdion (1% Osmium Tetroxide in 0.1 M Sodium
Cacodylate/HCI buffer pH 7.2) for 4 hours. Then tissues were dehydrated through a
series of graded alcohols 50%, 70%, 90%, 95% and 100%. Then tissues were placed
in Propylene Oxide to replace the pure ethanol.rAfat, tissues were transferred to

a series of mixture of resin and Propylene Oxide, 50:50, 75:25, pure resin. Finally,
tissues were transferred to flat embedding moulds, clearly labeled and placed in 65
degree oven for 48 hours and allowed to polymeAder polymerization, blocks

are sectioned at 100nm, lifted onto 3mm copper grids, stained for 30min in 1.5%
aqueous Uranyl Acetate for 10 min in Lead Citrate. Sections are allowed to dry and

then viewed on the Hitachi H7000 Transmission Electron Micpmesco
2.2.16 CSF Circulation

P12 days old mice of)lk4” hydrocephalic and litter controls were anesthetized.
Then a 0.8mm burr hole was drilled 3 mm posterior and 3 mm lateral to the Bregma
as described previously studifeng, Papadopoulos et al. 2D0&vans blue dye
solution (4ul, 4% in phosphatbuffered saline, SigmaAldrich) was injected into

the right lateral ventricle through the hole by ag#ige needle athed to d0-IL
Hamilton syringe 20 min later, mice were humanely killed with an overdose of
pentobarbital sodium, and whole brains with a portion of the spinal cord were
surgically removed and fixed in 4% formalin solution for 24 hr. The fixed brains
were coronally sliced at -inm intervals from the anterior horn of the lateral

ventricles to the medulla oblongata with a sections chopper. The blockage site of
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CSF flow pathway in hydrocephalic mice was determined from the Evans blue dye

distribution(Feng, Papadopoulos et al. 200
2.2.17Statistical analysis

Most statistical analyses were carried out by-aag ANOVA with two-tail to
compare the WT and homozygously disrupted mice and SPSS statistical package
was used to analyze all data in Chapter 6 between WT and heterozyhous mice as
specified. The n number was larger than 3 but varied as specified in each experiment
in the figure legends. Most of the experiments were successfully repeated at least
three tines. Anatomically comparable and multiple sections were imaged and
quantified, and their average numbers were taken as the representative number for
each mouse. At least three coronal brain serial sections per mouse were analyzed.
Image J software packageasvused to quantify the brain areas from comparable
sections. The data were presented as mean + SEMwNANOVA or SPSS
statistical package was carried out vathwotail comparisonA p-value of less than

0.05 (*) indicated statistical significancend a p-value of less than 0.01 (**)

indicated statistically very significant.
2.2.18Whole genome RNA sequencing

To reveal the molecular network of Ulk4, we carried out whole genome RNA
sequencing with cortical RNAThree pairs ofUlk4”™ mice and WT littemate
controls at P12 were used in this study for whole genome RNA sequencing due the
costly nature of the experimentglice were euthanized by G@xposure, and then
humanely terminated by cervical dislocation. Mouse cortexes were quickly dissected
and s@ap frozen in liquid nitrogenAn RNeasy Kit (QIAGEN) was used for RNA
extraction and sample preparation procedures were performed according to the
manufacturer s i nstructions. Tusiag aRNA
Nanodrop Spectrophotometer. Equal ams of total RNA (6ug/sample) were sent

to BGI for commercial sequencing service. Libraries were constructed to convert
RNA to cDNA, and quantitative RNA sequencing was carried out by using the

lllumina HiSeq2000 next generation sequencer.
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A total of 19,661 reads of RNA sequencegere acquired,screenedvith gene IDs
validated from DNA databasgSee Figure2-1A for scatter plot below)Oneway
ANOVA was carried out to statistically compare the RNA transcriptional levels of
individual genes with onéail due to small sample size (n=3 each). A totak829
genes with significant change had been identified. Among ,tA@86 genes were
significantly downregulated and 1824 genes were significantly upreguldtedow
expression genes were filtered out with expression value of 1 in either WT or
Ulk4™ mice. Subsequently, the gene list was further reduced to 618, with >20%

reduction or >150% increase in thék4” mice (See Figur@-1B).

A. Scatter plot of 19651 genes B. Scatter plot of 618 potential Ulk4 targets
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Figure 2-1. Scatter plot of gene expression from twle genome RNA sequencing.
(A) Scatter plot of quantitative expression of 19651 genes in the WT (Y axis) and
Ulk4 knockout (X axis) cortex. (B). Scatter plot of quantitative RNA expression of
618 dysregulated genes in the WT (Y axis) ddlk4 knockout (Xaxis) cortex. The
diagonal lines in red indicate the position if they have identical levels of gene
expression. The majority of genes are not grossly deviated from the diagonal line.

Subsequentlythe dysregulated genes were analyzed for pathways u$iegree
online softwareéSTRING program(http://stringdb.org). The618 Ulk4 targets from

the whole genome RNA sequencingre analysed fopathwayg in the STRING
program, which provided the following of informatiorr feach pathwayTable 21.),

i.e.
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AGOO n u mbBC0048709);. e .

Pathway name, i.e. oligodendrocyte differentiation;

3. Significance of the pathway with three p values of i.e. 2.6@E3.52E02,
1.35E03;

4. Number of genes involved, i.e. 8,

The gene namese. Plpl, Cnp, Gm98, Fazh, Olig2, Tspan2, Sox10, Dspl

Table 2-1. An example of output of GO pathway analyses frBRRING program

No of
GO number Pathway genes p p p
oligodendrocyte
G0:0048709 differentiation 8 2.62E06 3.52E02 1.35E03

Plp1
Cnp
Gm98
Fa2h
Olig2
Tspan2
Sox10
Dusp10

Then, the expression data of individual genes were pulled out from the original RNA
sequencing dataséfable 22). The statistics was applied to calculate the mean of
WT (M-WT) and KO (MKO) mice; the standard error of mean (SEM); the
expression @ (KO/WT), p value. For example,

Table 2-2. An example of whole genome RNA sequencing and data analyses.

Mean SEM Ratio Mean SEM

Gene Transcript
ID ID(s) KO1 KO2 KO3 KO KO KO/WT p  WT1 WT2 WT3 WT WT
Cnp NM_009923 186.4 94.5 75.1 11851 34.3 0.53 0.029 188.2 227.9 265.2 225.56 22.2
Duspl0 NM_022019 2.3 2.8 23 2.53 0.2 0.77 0.028 3.0 3.1 3.8 3.27 0.2
Fa2h NM_178086 24.4 11.7 8.6 14.90 4.8 0.50 0.020 27.8 32.6 29.7 29.87 1.4
Myrf NM_001033481 12.3 9.7 5.2 9.06 2.1 0.62 0.036 12.8 14.9 16.2 14.56 1.0
Olig2 NM_016967 22.9 13.5 14.9 17.08 2.9 0.67 0.049 21.7 245 311 25.60 2.8
Plp1l NM_011123 748.9 502.1 272.0 506.53 137.7 055 0.024 813.6 1008.9 976.7 927.85 60.4
Sox10 NM_011437 27.1 20.8 15.3 21.04 3.4 0.66 0.030 28.2 31.2 36.8 31.87 25
Tspan2 NM_027533 56.7 50.9 24.7 43.95 9.8 0.60 0.025 65.6 79.0 75.6 73.00 4.0
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The final list of 618 Ulk4 dysegulated genes related to this thesis m@apresented

in an appendixhowever,it is acknowledgedherethat (1) these data require further
experimental validatign(2) neither gRTPCR nor Western blotting is sufficiently
sensitive to match the sensitity of quantitative RNA sequencingnd (3) these data

are confidentiabefore formal publications.
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CHAPTER 3

ULK4 IS ESSENTIAL FOR CIL IOGENESIS AND
CSF FLOW.
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3.1 Abstract

Ciliopathies are an emerging class of devastating disordenish pleiotropic
symptoms affecting both the central and peripheral systeimshvare commonly
associated with hydrocephalu®espite ciliary components and three master
transcriptional regulators identified, little is known about $ignaling molecules
involved. We previously identified a noveInc5klike-kinase 4(ULK4) as a rik
factor of neurodeelopmental disorders. Here we took multidisciplinary approaches
and uncoveredessential roles otJlk4 in ciliogenesis. Weshow thatUlk4 is
predominantly expressed in the ventricular systamd Ulk4” ependymal cells
display reducedidorganized cilia with abnormal axonemdlk4” mice exhibit
dysfunctional subcommissural organ, obstructive aqueduct and impaired
cerebrospinal fluid flow Mechanistically, we performed whole genome RNA
sequencing and discovered thik4 regulates thé&oxj1 pathway specifically and an
array of other ciliogenesis molecules. This is the first evidence demonstrating that
Ulk4 plays a vital role in ciliogenesiand deficiency ofUlk4 can cause

hydrocephalus and ciliopatirglated disorders.
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3.2 Introduction

Ciliopathiesare associated with neurodevelopmental disordepseadtropicclinical
symptoms, includingJoubert syndrome, BardBiedl syndrome, MeckeGruber
syndrome, Oriélfaciali digital syndrome type &nd Nephronophthisisall of which

are commonlyassociated with hydrocephal(lsee and Gleeson 20LHandedness,
linked to high rates of dyslexia and schizophrenia, is also shown to involve
ciliopathies (Brandler and Paracchini 2004MIPT3, an interactive protein of
Disruptedin-Schizophrenia 1 (DISC1), which is truncated in a large Scottish
schizophrenic familyMillar, Wilson-Annan et al. 2000 functions synergistically

with the BardeBiedl syndrome protein Bbs4 and plays a critical role in assembling
intraflagellar transpa (IFT) particle complexefLi, Inglis et al. 2008 Remarkably,

when 41l candidate genes associated with schizophrenia, bipolar affective disorder,
autism spectrum isorder and intellectual disabilitwere investigated in cultured
cells,23 were found to regulate cilium lendtfdarley and von Zastrow 20).2

Several lines of evidence point to a link of thec5Xlike-kinase 4(ULK4) gene to
human diseases which involve neurological abnormalities. We recently demonstrate
that the ULK4 geneis a rare risk factor for schizophrenia, autism and bipolar
disorder(Lang, Pu et al. 2034We have unpublished data th#itK4 is deleted in
some patients with berogeneous clinical features including developmental delay,
language delay and severe intellectual disability. Depleted ULK4 expression in
neuroblastoma cells disrupts microtubular composition, compromises neuritogenesis
and cell maotility, and modulatesuttiple signaling pathways which are associated
with schizophreniaUlk4 is developmentally regulated by morphogens, and there is
a switch inUlk4 isoforms during mouse brain formation and neuronal maturation.
TargetedUIk4 deletion compromises the integriof the corpus callosum in mice
(Lang, Pu et al. 2034 and agenesis of theorpus callosums a frequent brain
disorder found in >80 human congenital syndromeduding ciliopathies and
neurodevelopmental disorddisaclef, Anselme et al. 20)5

To investigate the role of Ulk4 during brain formation, we recently cheniaet
Ulk4 gene expression duringenopusdevelopment, and found @xpression of

Ulk4 mRNA with Sox3 (a neural progenitor cell marker) and Blbp (a radial glial
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marker) in the ventricular zone of the forebrédominguez, Schlosser et al. 2015

To understand # consequence of genetic lesions, here we systematically
investigatedUlk4™ mice. We demonstrate thallk4 is predominantly expressed in
the cells liningthe ventriclesand essential for ciliogenesikllk4”™ mice exhibit
dysfunctional subcommissural organ (SCO), obstructive aqueduct nemel
communicating hydrocephalu§he CSF flow is impaired irJlk4”™ mice, and
interestingly, Ulk4” ependymal cells dplay reduced/disorganized/dysfunctional
cilia with abnormal axoneme, which is required for directional beating of ependymal
cilia. Furthermore, w@resent molecular mechanism thHtk4 regulates expression

of Foxj1, a master switch of ciliogenesis, andmarous other ciliogenesis molecules.
Therefore, our findings indicate that ULk4 may act as a scaffold protein regulating
different processes of ciliogenesis and coordinated beating,Uakd may be
associated with human diseases of heterogeneous cligiogkt@ems in relation to

cilia dysfunction.

3.3 Materials and Methods

3.3.1Ulk4 knockout mice:

The Ulk4 mutant strain used for this research project was created from ES cell clone
EPDO0182_4 E12 generated by the Wellcome Trust Sanger Institute and neade int
mice by the KOMP RepositoryWWW.KOMP.org and the Mouse Biology

Program (www.mousebiology.orgat the University of California Davis. Methods

used to create the CSD targetecklab was published elsewhere (Skarnes et al,
2011). Breeding pairs obJIk4"”" mice on C57BL/6N strain background were
purchased from KOMP Repository. All experimental procedures were conducted
under a license approved by the lIrish Department of Health Gintdiren in
accordance with Cruelty to Animals Act of 1876 and under a certificate approved by
the Animal Care and Research Ethics Committee (ACREC) of the National
University of Ireland (NUI) GalwayUlk4” | Ulk4*" and WT littermates were

obtained fromUIk4"" x UIk4"" mating. Each mouse was genotyped by genomic
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PCR wi t h t wo pairs of PCR -pri mers

TAACTTGCTGGACGGATTGCTG3 06 ) and Ul kK4Endl n7Rev
TGATCTGTAATCGCAGTGCAGG3 0 ) t o uni quely ampl i fy
fragment from exon 7 in the WT lale ! e, and Ul k4KOMPKOF c
GAGATGGCGCAACGCAATTAATG3 6) and Ul k4 KOMPKOReV

CTGAGGAGACAATGTAACCAGG3 06) to produce a 621bp DNA
from the knockout allele.

3.3.2 Histology:

Ulk4™ and 4 litter controls were deeply anesthetized and-oardiacally perfused

with 20 ml of 4% paraformaldehyde in PBS. The brains were dissected and post
fixed in the fixative solution for 24 hours. Then brains were embedded into paraffin
blocks. Serial coronal sections at 10um were cut by with a microtome (SKM2000
Leica Instruments). The sections were stained with hemateaghim and imaged

under a bright filed microscope (IX41, Olympus) equipped with a camera.
3.3.3 CSF Circulation assay:

Mice at P12 (3UIk4” and 4 litter controls) were anesthetized by ipéritoneal

injection of ketamine ketamine (150 mg/kg)/xylazine (15 mg/kg). Thg®@e

needle attachedtoa-t0L gl ass syringe was positioned
mm lateral to the Bregma on the head. 4% Evans blue dye in PBS was slowly
injected nto the lateral ventricle of mice, and 20min later mice were sacrificed and

whole brains with a portion of the spinal cord were dissected and fixed into 4%
paraformaldehyde in PBS. 48 hours later, coronal sections at 1mm thick were made

by hand or tissue hopper. Images at 1x magnification were captured by a

stereomicroscope with a digital camera.
3.3.4 X-gal stainingfor brain sections:

P14 days mice were perfused and brains were dissected out. Brains weneedost
in 4% PFA for 10 min, then were washedPBS twice for 5 min. Brains were

cryoprotected in 30% sucrose in PBS overnight at 4°C until brains sink to the bottom.

56



Brains were embedded in OCT and immersed ircpiked isopentane bath cooled

with liquid nitrogen. Section the sample on a cryotaome 3 0e m and mount
coated slides. Postfix the sections in fixative solution (4% PFA) for 10 minutes on
ice. Rinse the slides twice in 1X PBS twice for 10 minutes each on ice. Place the
slides in detergent rinse (2mM MgCI2, 0.02% Nonide#tOP 0.01% Sdium
deoxycholate in PBS) for 10 minutes on ice. Stain the sectiongyal ¥6-bromao4-
chloro-3-indolyl-b-D-galactoside) staining solution (1 mg/ml-Gal, 5mM
Potassium ferricyanide, 5mM Potassium ferrocyanide, 2mM MgCI2, 0.02% Nonidet
P-40, 0.01% Sodiundeoxycholate in PBS) overnight at 37°C in the dark. Next day
slides were washed twice in 1X PBS for 5 minutes each at room temperature. Then
Rinse the slides in distilled H20O. Counter stain the sections for 30 seconds in the
Eosin. Wash three times in dilgd H20 for 5 minutes each. Dehydrate the sections
through methanol (5 minutes each in 50%, 70%, and 100% methanol). Sections were

cleared twice for 5 minutes each in xylene.
3.3.5 Immunohistochemistry:

Juvenile mice were humanely terminated with edege of sodium pentobarbitone

and newborn mice were humanely terminated by decapitation. Brainspaste

fixed in PBS containing 4% paraformaldehyde (PFA) at 4°C overnight. They were

then embedded in paraffin and sectioned :
30um for Xgal staining. Sections were immunostaining using the following primary

antibodies mouws monoclonal anthcetylatedU- tubulin  (1:1000, sigma),

Fluorescent secondary antibodies for immunofluorescence staining were Alexa Fluor

488 goat antrabbit or 555 goat antnhouse (1:500, Cell signalling). Sections were

mounted with mounting medium caming DAPI (Sigma).
3.3.6 Scanning Electron Microscope:

Lateral walls of the lateral ventricles dissected from P18 mice were fixed in primary
fixative solution (2.5% glutaraldehyde/ 2% paraformaldehyde/ 0.1M sodium
cacodylate/HCI buffer, pH7.2) overnigat 4 °C. After dehydration through graded

alcohols, tissue samples are transferred to Hexamethyl disilizane (HMDS) for 2x15
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min changes. Then samples are allowed to dry for at least 2 hours in a fume hood.
Dried samples are fixed to metal stubs using ei@&bon adhesive tabs or silver
dag paint, gold sputter coated and viewed on a Hitachi S2600N Variable Pressure

Scanning Electron Microscope.
3.3.7 Transmission Electron Microscope:

Lateral walls of the lateral ventricles dissected from P18 mice wexd fixprimary
fixative solution (2.5% glutaraldehyde/ 2% paraformaldehyde/ 0.1M sodium
cacodylate/HCI buffer, pH7.2) overnight at 4 °C. After primary fixative, tissues were
fixed in secondary fixative solution (1% Osmium Tetroxide in 0.1 M Sodium
Cacodylag/HCI buffer pH 7.2) for 4 hours. Then tissues were dehydrated through a
series of graded alcohols 50%, 70%, 90%, 95% and 100%. Then tissues were placed
in Propylene Oxide to replace the pure ethanol. After that, tissues were transferred to
a series of miture of resin and Propylene Oxide, 50:50, 75:25, pure resin. Finally,
tissues were transferred to flat embedding moulds, clearly labeled and placed in 65
degree oven for 48 hours and allowed to polymerise. After polymerization, blocks
are sectioned at 100m lifted onto 3mm copper grids, stained for 30min in 1.5%
aqueous Uranyl Acetate for 10 min in Lead Citrate. Sections are allowed to dry and

then viewed on the Hitachi H7000 Transmission Electron Microscope.
3.3.8 RNA sequence

Three pairs ofJIk4” mice and wildtype controls at P12 were used in this study. All

mice were euthanized by a two minutes exposure tg T@n cervical dislocation

was carried out to humanely terminate the mice. Cortexes of mice were quickly
dissected out and snap frozen in lgjmitrogen. RNeasy Kit (QIAGEN) was used

for RNA extraction and sample preparation procedures were performed according to

the manufacturerds instructmeasued byifhe conc
Nanodrop Spectrophotometer. Equal amounts of RNA (~&ugample)vere sent

for sequencing (BGI). Libraries were constructed to convert to cDNA, and RNA
sequencing was carried out by using the Illlumina HiSeq2000 next generation

sequencer.
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Using bioinformatics tools and databases, tens of thousands genes (E9@SY

have been screened. The overall transcriptome analysis by compék#igmice

and wildtype controls, 2829 genes with significant change had been identified.
Among them 1005 genes were significantly downregulated and 1824 genes were
significantly upregulated. In this study, we screened a small proportion of genes
which are important for ciliogenesis and they were categorized by their functions
during different stages of cilia formation. gvalue of less than 0.05 indicates
statistically significat. Statistical analyses were carried out by-aagy ANOVA

with onetail due to the small sample size.

3.4 Results
3.4.1 Lack of Ulk4 leads to significant growth retardation and preweaning loss

To investigateUlk4 gene function, we acquiretdlk4*~ breedng pairs on the
C57BL/6N background from KOMRepository and the Mouse Biology Program at

the UC Davis. The gene targeting strategy was designed to replace the exon 7 of the
Ulk4 with anIRESlacZ reporter cassette (FigBab). The breeding of/lk4”" male

with wild type (WT, UIk4"") female resulted in offspring of expected Mendelian
ratio. For example, 117 pups were born from 19 litters. The average litter size
(6.2+0.6, meantsem) was standard for the C57BL/6N strain. Among the 111 mice
(95%) survivedo the weaning stage, 52 were genotyped as WT and B%4¥".
Therefore, one copy of thélk4 deletion did not affect mouse survival.

However, a significant preveaning loss was observed frastk4™” x Ulk4™- mating.
Among the 82 pups born from 12 éits (6.8+0.5/litter), 53 (64.6%) survived to the
weaning stage, with a ratio &flk4*"*:UIk4":UIk4" = 16:37:10. To determine if
Ulk4™ mice were embryonic lethal, we genotyped additional 4 liters of 27 pups from
Ulk4™ x UIk4"" mating (6.7 pups/ligr) at birth (P0), and detected a ratio of
Ulk4™ :Ulk4" :UIk4™ = 9:11:8, showing thatUlk4” mice were not under
represented at birth. Subsequent genotyping further confirmed it mice were

born in Mendelian ratio but rarely survived to P28.
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Ulk4™ mice also displayed marked postnatal growth retardation. At P12, the body
weight of theUlk4” mice was 5.10+0.65¢g (n=$<0.01), ~30% lighter than that of
UIk4*™ (7.10+0.15g, n=12, Fig-3 e-g) or Ulk4"" littermates (7.20+0.21g, n=12).
However & PO, the body weight of thelk4” mice (1.52+0.02g, n=5) did not differ

from WT (1.53+0.04g, n=8; Fig:3 h) orUIk4™". ThereforeUlk4 gene is essential
for postnatal growth and survival.
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Figure 3-1. Ulk4 is essential for postnatalgrowth and survival. The mouseJlk4
genomic structure was presented in panel
fragment containing exons@!, and the 36 arm was a 4084hb
exons 812 (b). The exon 7 was replaced by a knockassett€a) harbouringSA
IRESLacZNea Genotyping was carried out by PCR with two pairs of primers to

amplify a 271bp DNA from the exon 7 of the WT allele and a 621bp band from the
knockout (KO) allele (d). The body weight of P12 (#k4™* n=12, Ulk4"" n=12,

Ulk4™ n=5, p<0.01) and PO (hUlk4"™ n=8, Ulk4"" n=9, Ulk4™ n=5) mice were

quantified statistically. At P12 thelk4” mice (f) were significantly smaller than

WT littermates (e). +/+ foulkd™ | +/- for Ulk4"" and-/- for Ulk4™. ** for p<0.01.

The arrow in f highlighted a domesthaped headData were analyzed bytest and

presented as mean + SEp0.01was considered to be statistically significant.

60



3.4.2Ulk4™ mice exhibit hydrocephaluslike phenotype

The majority of Ulk4”™ mice exhibitel a typical hydrocephalus appearance with
domedshaped heads after 2 weeks of birth (arrow, Figf3 To investigate the
neuroanatomical abnormalities, four pairs of R1R4” and Ulk4™* littermates
were histologically examined. Ventriculomegaly wasdent in theUIk4” mice,
which included dilation of the lateral ventricle (LV, FigR3af) and third ventricle
(3V, Fig.32 gh), although there was no significant difference of brain size (&ig.3
0, WT 46.0+4.1mrfy Ulk4”™ 45.2.0+4.5mr, p=0.79). The Ulk4" LV size
(7.00+1.48 mrf) at the anterior commissural level was fall larger £<0.01)
than that of WT littermates (0.40+0.11 MnFig.32 r), and theUlk4” 3V
(0.122:0.070 mn?, Fig.32 h,s) was also significantly dilated (Figg=0.03 in
comparison to the control$(026:0.003mnY, Fig.3-2 g).

The subcommissural organ (SCO) is important for the CSF flow within the
ventricles, and the relationship between the abnormal SCO development and
hydrocephalus has been well documented in animal st(lcheg, Song et al. 2006

Lee, Tan et al. 20)2We quantified the cell number in the SCO, and found no
significant dfference between th&Jlkd” and WT mice (Fig.2 i,jt, p=0.67),
despite the ventricle at the posterior commissural (pc) level viwisl Slilated in the
UIk4” mice (Fig.32 i,j,u, p<0.05).

The SCO generates and sec hel@Ss whidngrowRei ssner
and extends caudally through the cerebral aqueduct to the fourth ventricle and the

spinal cord. Impaired RF production and secretion can lead to aqueduct stenosis
causing obstructive hydrocephaliMcAllister 2012. Whereas the RF was apparent

in the WT littermates (arrow, Fig-3i), we failed tadetect RF extension in thdk4

" mice (Fig.32 j), suggesting a dysfunction of thik4” SCO.

Aqueduct of Sylvius is a narrow channel connecting the 3V and fourth ventricles
(4V). Remarkably, th&JIk4” aqueduct was not overtly dilated (Fie23,k). Further
scanning electron microscopy (SEM) showed the blockage of the aqueduct in the

mutant mice (Fig.2 n,p), which was not present in the WT aqueduct (R2g130).
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These data demonstrated tHalk4” hydrocephalus was associated with SCO

dysfunction and aqueduct stenosis.
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Figure 3-2. Ulk4” mice display hydrocephalus phenotype at P1Brain sections
of P12 Ulk4™ (d,ef,h,jl) and WT (a,b,c,g,i,k) littermaterains were analysed
statistically, showing significantly LV (r), 3¥g-h,s), and SCO ventricle-fju), but
not the aqueduct {k) of theUlk4” mice. SEM images showed the blockage in the
mutant aqueduct (n,p), but not in the WT aqueduct (rBcgle bar=1 mm in-§ 50
um in g,h,i,j; 100 pm in k, ;500 pymin m-n, 200 pm o,p. * for p<0.05; ** for
p<0.01. 3V, third ventricle; LV, lateral ventricles; pc, posterior commissRFg;
Rei s s n e $@Dsubfomrmissargl organ

62



3.4.3 TheUlk4” hydrocephalus is congenital

Congenitalhydrocephalusaccounts for approximately %o of all hydrocephalus
cases(Carter, Vogel et al. 20)2To determine whether theydrocephalus in the
Ulk4™ mice was congenital or acquired, Wistologically analyzedUlIk4™ brains

and littermate controls at PO, when they did not show gross abnormality. A
significant dilation of the LV and 3V was detected in B4’ mice (Fig.33).
However the LV enlargement in PO mice (Fi®.8l, 5fold) was not as dramatias

in P12 (Fig.32 r, 17.5fold). These results showed tHatk4” hydrocephalus was
congenital, but the phenotype was progressiwadysened during the early postnatal
period, which coincided with the development and maturation of ependymal cilia,

andsuggested that the CSF flow might be compromised itlkg”™ mice.
3.4.4 CSF flow is obstructed in tha&Jlk4” aqueduct

The majority of CSF is produced by the choroid plexus in the LV. The CSF flows
sequentially to the 3V, aqueduct and 4V. It then entersubarachnoid space which
covers the brain and spinal cord, and is drained into the blood primarily through
arachnoid granulations. Aqueduct obstruction is the common cause of hydrocephalus
in animal models. Evans Blue is an azo dye with a high affipihding serum
albumin. The dye can flow with the CSF after injecting into the LV, and is therefore

used to trace the CSF flow in animgtsm, Carlson et al. 2012

To investigate the CSF flow in thdlk4” mice, we injected 5pl of Evans Blue dye
(4% in PBS) into the LV of P12 mice, and 20min later examined the dye distribution
(Fig.34). The dye in WT littermates (n=4) was detected throughout all ventricles,
including the LV (Fig.34 a), dorsal 3V (Fig-3 b), ventral 3V (Fig.3t b), SCO
(Fig.34 c), aqueduct (Aq, Fig-8 g), 4V (Fig. 34 h) and spinal canal (SC, Fig43

i). However, there was little evidence of CSF flow in tHk4” brains (n=3).
Although the dyewvas strongly detected in the LV (Fig:43d) and 3V (Fig. 31 e),

very little dye was reached to the SCO ventricle (Fid.fBin theUlk4” mice, even

20 min after dye injection. No dye was accumulated inikd” aqueduct (Fig. &

), 4V (Fig. 34 k), or SC (Fig. 34 I). These functional data demonstrated that the

63



lack of Ulk4 was a pathological factor of nemommunicating hydrocephalus and

thatUlk4 deficiency impaired CSEirculation
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Figure 3-3. The Ulk4” hydrocephalus iscongenital Brain sections from PO WT
(a,e) andJlk4” (b,f) mice were stained with H/E. The relative brain section size (c),
the LV (d) and 3V at the SCO position (g) were quantified, *#e0.05, ** for
p<0.01. Scale bar=1mm irkg 100um in €. pc, posterior commissure.
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Figure 3-4. Impaired CSF circulation in the Ulk4”™ mouse brain Mice were
intraventricularly injected with 5 pl dEvans Blue dyé4% in PBS) and20min later,
mouse brains were fixed and sectionBde distributon of the dye in thanatomical
positions of the LV, 3V, SCO, aqueduct (Aq), 4V and spinal canal (SC) of WT
littermate brains (a, b, ¢, g, h, i) abtk4” mouse brains (d, e, f, j, k, I) was arrowed.
Note the dye was completely absent in the Ag/4V/S@hefUlk4” brain (j, k, 1),
demonstrating an impaired CSF flow in 4" mice. Scale bar =1mm.
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3.4.5 Ulk4 is predominantly expressed in the ventricular system

The impaired CSF flow suggested a failure of ependymal function. To explore the
pathobgical mechanisms of hydrocephalus in th#k4” mice, we firstly
investigatedJlk4 expression pattern using-gal staining (Fig.®), since that &A
IRESlacZreporter gene was knocked into the exon 7 otitkd locus, therefore, an
Ulk4-IRESlacZ fusion mRNA could be transcribed under the endogeridikg
promoter. We stained the P14 brain sections with X | and obsgalrved
activity in the choroid plexus where the CSF was produced (CP-Fig)3and in

the subfornical organ (SFO, Fig53c) which was previously reported to be involved

in hydrocghalus.

Ependymal cells are a single layer lining on the ventricles of the brain. They are
covered by motile cilia which are complex and highly ordered organelle, which are
essential for CSF flow. The most intense lacZ staining was detected in the
ventricdar system, including the ependymal cells in the LV (Figl3), 3V (Fig.35

c,d), SCO (Fig.®d e) and aqueduct (Aq, Fig33f). Notably Ulk4 was highly
expressed in the lateral wall of the aqueduct with motile cilia (arrowheads; 5.3
whereas almosto expression was present on the roof of the aquedhich was
occupied by noriliated cells(Collins 1983 (arrows, Fig.3 f). The predominant
Ulk4 expression in the mature ependymal cells also suggestsikdaplay a vital

role in the function of the CSF circulation.
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Figure 3-5. UIk4 is expressed in the ventricular system, andlk4” ependymal

cilia are disorganised (af) The X-gal staining (in blue) was carried out to reveal
Ulk4 expressiompattern. A moderate level of lacZ expression was observed in the
choroid plexus (CP, a) amglibfornical organ (SFO, c), and a hilgivel of b-gal
activity was detected in the ependymal cells along the LV (b), dorsal 3V (D3V, c),
3V (d), SCO (e) and aqueduct (Aq, f). Black arrows in f showing no expression in
the roof of aqueduct which was occupied by -+cdiated ependymal cell&Collins,
1983, and black arrowheads showing strong expression at the lateral wall of the
aqueduct with motile cilia. ) Immunohistochemical staining with an anti
acetylateda-tubulin showing densely clustered cilia in the WT (white arrowhead, g),
but fewer and digganised cilia (white arrowhead, h) and absence of cilia (white
arrow, h) in theUlk4” mice. (ij) Scanning electronic microscopy (SEM) confirmed
highly organised cilia irJlk4*" (i) mice, but disorganised/dysfunctional cilia, with
the absence of cilim large areas of thelk4” (j) mice. Bar =100um in-, ij.
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3.4.6Ulk4™ mice display impaired motile cilia

CSF circulation is largely considered irectional, and directional flow of the
CSF is driven by coordinated beating of motile cilia of #pendymal cells. To
investigate the development of the ependymal cilia inUhe”™ mice, we firstly
carried out immunohistochemical staining with an antibody against a ciliary marker,
acetylateda-tubulin in P14 mice when motile ciliavere fully devebped and
matured. Highly organized cilium bundles were shown to line on Ut
ependymal wall (arrowhead, Fig53g). In contrastJlk4™ cells exhibited disrupted,
less dense and disorganized cilia (arrowhead, ¥sidis or absence of cilia (arrow,
Fig.3-5 h). Shorter cilia were previously reported in hydrocephalus m@detsel,

Read et al. 20)2however, the cilia length appeared comparable betweddlkdé

and control mice (Fig-3 g,j).

We subsequently performed SEM to examine the LV surface (bik® and
compared the morphological difference of cilia betweskd”™ and Ulk4” mice.

The ependymal cilia were largely normal on the LV wall of tHe4”" mice, and
most cilia bundles were highly organized and orientated towards the same direction
(Fig.3:5 i), indicative of coordinated and directional beating. In the respective area
of theUIk4”" mice, the number of cilia bundles was dramaticallyiced (Fig.35 j),

and a large proportion of cells did not have cilia arrays, suggestive of either
underdevelopment and/or a massive loss of cilia. Although the lengttk4f cilia

was not shortened, they were highly disorganized and randomly scattdde on
surface of the ependymal wall, a sign of dysfunctional cilia with no directional
beating (Fig.35 j).
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Figure 3-6. Ulk4 mutation impairs the axoneme structure and ciliary function

TEM images of radial sections of ependymal cell§).(&luster of multicilia with

same orientation appeared on P18 WT ependymal cells (a,d, arrowed), but reduced
(b,c.e) or absent (f) in thelkd” (b,c,e,f). Black box in (b,f) showed an immature
cilium, namely BB vesicle fusion complex, beneath th#k4” cell membrane,
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which appeared normally in the first postnatal week. Cilium length were not
shortened in th&Jlk4” mice (a,c,d,e), but the BB orientation was dispersed in the
Ulk4a™ (a,d). Arrows showed normally embedded BBs in WT (d), but diffgren
orientated in th&Jlk4™ (e). Black box in (e) showed cresection view of a BB foot
in a vertical orientation. Black box in (f) showed a BBesicle fusion complex
orientated in parallel to ependymal membrane, with @ference to normal

situatiol. WT | i ttermates presented noUldal axone
motile cilia exhibited A9 + 20 (h), but o
(A9 + 00, i) or with disorganization of

missed a pepih er al doubl et but with supernumerar
| ost a peripheral and centr al doubl ets (0

a,b,c, 500 nmin d,e,f, and 100 nm #h ¢nsets in b,e,f were magnified 3 times from
the respectivémages. BB, basal bodies; KO, knockout; MV, microvilli; N, nucleus;
WT, wild type.

3.4.7 Ulk4” mice display major defects in cilium development, axonemal

organization and basal body orientation

Motile cilia have a basic structure called axoneme whatsists of nine peripheral
doubl ets and a centr al pair of microtubul e
the motile cilia is the driving force of CSF circulation. To study the effects of Ulk4
inactivation on cilium development, we carried out traission electron
microscopy (TEM) to examine multiciliated ependymal cells lining the LV at P18.
In WT ependymal cells, multiilia were fully developed, matured and organized
into clusters, and oriented in a consistent direction (F8ga3d). The lengthfahe
Ulk4™ cilia, if developed (Fig-® a,c), were not markedly shortened. However,
fewer cilia or even the absence of cilia were observed odli# ependymal cells.
Instead, abundant microvilli of smaller and shorter projections were evideneon th
surface of theUlk4” ependymal cells (Fig-8 b,c,e,f). The presence of immature
cilia, i.e., basal body (BB) vesicle complex, was found beneath the ependymal cell
membrane in P181k4™ mice (Fig.36 b,f, black box).

To further investigate the uadying mechanism of disorganized cilia observed in

the UIk4” mice, we examined the position of BB, which determined the cilium
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orientation during ciliogenesis. In the WT mice, all the BBs were lined in parallel
and leaned towards the same direction (BBrows, Fig.%6 a,d). However,
dispersed and randomly orientated BBs were present itJit® mice (Fig.36
b,c,e,f). Some BBs were orientated towards completely different directions, and this
was evident from the detection of cresetion view of a B foot (see black box in
Fig.3-6 e) and BB- vesicle fusion complex orientated in parallel to ependymal cell
membrane (Fig-® f). These situations could only be observed when the cilium
(Fig.36 e) and fusion complex (Fig® f) were organized 90to the normal

orientation.

+/+

Next we examined the ultrastructure of ciliary microtubule by TEM. InUtkd
mi c e, al | the axonemes exhibited a typic:
motile cilia across sections (Fig&3g). In the Ulk4” mice, some motilecilia

exhibited normal structure (Fig® h), whereas others showed various defects in
axonemes, . e., mi ssi ng ¥H)eithadisotganadd doubl e
peripher al doubl et and | acking t-6j centr a
|l osing a peripheral doubl et but gabi ning st
k), and missing the central and a peripher
Fig.36 I). Together, these data showed that Wik4” ependymal cilia were
underdeveloped, disorganized, structurally errored and functionally impaired.

3.4.8 Alterations of molecular pathways associated withllk4™ hydrocephalus

Ulk4 is a novel Ser/Thr kinase, and virtually, nothing is known about the function of
the Ulk4. To umderstand the molecular mechanisms of cilium dysfunction in the
Ulk4™ hydrocephalus, we carried out whole genome RNA sequencing and analyzed
RNA expression profiles in P12 cortex. DNA sequence databases and bioinformatic
tools were used to identify andahdate 19652 genes after filtering. We then
statistically compared gene expression levels among the tkéé and three WT
controls, and identified 1824 genes significantly-ragulated and 1005 genes

significantly (<0.05) downrregulated in the P10Ik4™ cortex.
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Figure 3-7. Changes in mRNA expression of genes associated with ciliary
formation and function in the Ulk4™ mice. Whole genome RNA sequencing was
carried out with P12 RNA from 3 WT and 3 KO cortex. The abundance of RNA
expression wastatistically analysed by one way ANOVA. (a) Th#k4 family
members showed no compensation changes. (b,c) Ulk4 regbatgdout not other
master ciliogenesis genes. Key genes involved in (d,e) centriole amplification, (f)
axoneme ultrastructure, (g) lBhdody orientation, (h) IFT and (i) ciliary beating
were statistically analyzed. Data were presented with folds of changesUtktHe

mice (KO/WT, meanzsem). * represenied.05 and ** representqek0.01.
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We first analyzed the expression of thestea regulator$-oxj1, Rfx3 and Mcidas
Neither the 8Rfx family members Rfx1-8, p>0.05) nor theVicidas (30% reduced,
p= 0.098) was significantly altered in th#élk4” mice (Fig.37 a,b). However, the
expression ofFoxjl andFoxj3 was increased by 1.58ld (p= 0.027,Fig.3-7 8 and
1.33fold (p= 0.043, respectively Despite that no literature supports the
involvement of thd=0xj3in ciliogenesis, thé&oxj1 has been overwhelmingly shown
as a master regulator, which activates a series of ciliogenenis @aneNg et al.
2008 Skarnes, Rosen et al. 2Q0Xdhoksi, Lauter et aR014. ThereforeUlk4 gene

deletion specifically altereBoxj1 pathway.

Ciliogensis is a complicated and precisely controlled process, and amplification of
tens or hundreds afentrioles is an initiation stegAmong the key genes @&uvil,
Tmem67 Gsn Katnbl, Asapl Ptpn23 Poc5 Cepl20 Cepl52 Deupl Ccde78,
PoclandPlk4, which were involved in the centriole amplificati@keller, Geimer

et al. 2009 Al Jord, Lemaitre et al. 20)4five of themAvil (2.09fold, p=0.003,
Tmem67 (1.28fold, p=0.013, Poc5 (1.27fold, p=0.037), Cepl20 (1.19fold,
p=0.039 and Cepl52(1.26fold, p=0.049 were significantly ugegulate in P12

Ulk4™ mice. On the other han@snwas 40% dowsregulated ¢=0.033), and®oc1b

was reduced 20% with a marginal significanpe((066). By P12, the ependymal
cilia should completely be formed and matured. Increased expression of procentriole
compnents (Cepl52, Cepl20 and Poc5) suggested that ciliogenesis could be
delayed in th&JIk4” mice.

It was shown tha©df2, Nphp4 Tmem67Vangll, Pcml Nedd1Celsr2andCelsr3
regulate orientation of the BB#nsley, Badano et al. 2002\rts, Doherty et al.
2007 Tissir, Qu et al. 20L0Kunimoto, Yamazaki et al. 201¥ladar, Bayly et al.
2012 Leightner, Hommerding et al. 201®hile the expression of th@df2 (1.11-
fold, p=0.049, Nphp4(1.43fold, p=0.029 and Tmem67(1.28fold, p=0.013 was
significantly increased, th¥angll was 33% §(=0.017) dowrregulated inUIk4”
mice. Previous report showed that in the absencéaofyll and Vangl2, cilia are

positioned randomlysong, Hu et al. 2030
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A centriolar satellite componenBCM1, isinvolved in ciliogenesis. PCM1 was
shown to interact and docalize with BBS8 to centrosomes and basal bodies, a
gene was mutated in a family with randonti@a of leftright body axis symmetry
and known ciliary defectAnsley, Badano et al. 20p3Pcmlwas 19 % increased

in the knockout mice p£0.014) On the otherhand, he neural precursor cell
expressed, developmentally dowagulated gene INgdd) is a key component of
the basal bodiocalized at the root of ciliated microtubul@danning, Colussi et al.
2008, and a30% reduction of th&ledd1in theUlk4” mice (=0.031).

Two gelsolin (Gsn) family proteins, Gsn and Avil, were shown to regulate
cytoskeletal actin organization by severing actin filaments, and reghlateilia
number(Kim, Carlson et al. 2092 While Avil expression was increasepk(.01),
the Gsnexpression was decreased by 40% inhel” mice =0.033). It isworth
to note thatAvil was expressed at an extremely low level in P12 cortex, @sle

expression was hundreftsld more abundantly.

The TEM data showed that Ulk4 was required for the axoneme assembly both in
central pair formation and peripheral mieroule doublet organization. The genes
Spag6 Rsph4a Rsph9and Rsphlencode the central pair components, which are
also the target genes Bbxj1l (Choksi, Lauter et al2014. RNA sequencing data
showed thafoxjl and its three target geneSpag6(1.46fold, p<0.001),Rsphda
(1.75fold, p=0.002) andRsph9(1.31fold, p=0.006) were significantly ugregulated

in the Ulk4”™ mice.Dnahg an axonemal dyneins (outer) @ogl genes, was also up
regulated (2.4old, p=0.006).

C140RF179Wdr35and Ttc30bgenes encod#-T43, Ift121 andTtc30b, which are
subunits of the IFT complex A (IFA) machinery involved in retrograde ciliary
transport along axonemal microtubules (Artslet 2011 Mill et al., 2011;Howard
et al., 2013 In the Ulk4™ brain, thelft43 was 34% reducedp£0.03), whereas
expression ofVdr35and Ttc30bwas 1.34fold (p=0.016) andl.35fold (p=0.015)
increased in th&Jlk4”™ mice. Cluap1 is localized to thkase and tip of cilia and is
required for ciliogenesis in the mouse embryo. TBkiapl” mice showed
impairment of ciliogenesis with pronounced dewegulation of theGdfl gene
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(Botilde, Yoshiba et al. 20)3Gdf1 expression was also 19% reduced in e’
mice (=0.047). Therefore, Ulk4 deletion may be associated with disturbed
intraflagellar transportation

In addition,Odf2, Spag6 Lgals3 Tekt2 Dnah10,Dnall, Ttll6 andDrcl genes were
known to involve in ciliary beatingMitchell, Jacobs et al. 200BuryavanshiEdde
et al. 2010 Mazor, Alkrinawi et al. 2011 Kunimoto, Yamazaki et al. 2012
Wirschell, Olbrich etal. 2013 Clare, Magescas et al. 2014and four of them,
Spag6(1.46fold, p=0.001), Tekt2(1.38fold, p=0.034),0df2 (1.11fold, p=0.049,
Lgals3 (7.48fold, p=0.007) andLgals3bp(1.59fold, p=0.007)were significantly
up-regulated in th&Jlk4” mice. On the other hand, the expression ofTitié gene
encoding aubulin tyrosine ligasevas reduced by 49%»+£0.06).Dnall, encodinga
component of outer dynein arms, the highest expressing gene of the@nemal
dyneins, and in theJlk4” brain, the Dnall expression was reduced 0%
(p=0.035).

Together, these data showed tbi#ik4 deficiency disturbed expression of thexjl

and a series of ciliogenenic genes, which consequently compromised the ciliar
development, axoneme structure, intraflagellar transport and coordinated ciliary
beating (Fig.38).
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HYDROCEPHALUS
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Figure 3-8. A working model for the molecular pathways leading to the
hydrocephalus in theUlk4™ mice. Key genes, that were altered in tHik4” mice

and involved in either the centriole amplification, basal body orientation, cilia
number, axoneme structure, IFT or cilia beating, were listed above. Arrows in the
boxes showed the uggulation ) or downregdation ® of mMRNA expression in

the Ulk4” mice. Genes colored in red are known targets ofthgl. Genes in blue
were not listed as diretoxjl targets, but altered in thélk4” mice. Ulk4 is likely

to act as a scaffold protein, modulates expression ofFox¢l, a master regulator,

and aswell as an array of other ciliogenenesis factors, and therefore regulate
ciliogenesis and cilia function. Deficiency of the Ulk4 led to malformation and
dysfunction of cilia and thereby caused hydrocephalus.

76



3.5Discussion

As introduced in the Generatttoduction Chapter, the moukik4 gene is located

on chromosome 9 and predicted to encode five splicing isoforms by the UCSC
databaseHRigure 12). The longest isoform of 1275 amino acids is enddmeexons

1-36; the 1118 aa isoform by exon83, the 145 aa isoform by exons33 with an
alternative exon 1; the 910 aa isoform by exor&l;land 405 aa isoform by exons
9-24.

During the design of the Wellcome Knockout construct, not much was known about
the Ulk4 gene, but exon 7 was considered as acatigexon: (1) it contain6 bp
therefore, the deletion will introduce a reading frame shift, if an alternative splicing
exits to skip the exon 7 and/or the system leaks; (2) an interti@GRESIacZ
cassette with transcriptional termination signablyR signal) to ensure that

transcription is stopped after the insertion cassette.

Now an alternative splicinigoformof 405 aa is predicted to be coded by exoi24 9

with an alternative promoter. The actual existence of this predicted isoform requires
confirmation by cDNA cloning. If it does exist, this isoform may still jpresent

intact in the knockout mice. In addition, another alternative promoter is predicted in
t he 30 o f UlK# gene hwhioha transcribes a nooding transcript
comprising of Exas 3536 of full length ULKA4. It requires further bioinformatic

and experimental analyses to validate if this splicing variant also exists in the mouse
Ulk4 gene.

The theroretical presence of additional Ulk4 isform(s) may partially explain why
Ulk4 antibalies detected bands in the Ulk4 KO tissues (data not shaltim)ughit

was questionable if the antibodies are suitable for immunoblotting.

The knockout allele will encode a fusion mMRNA transcript UBaP-SAIRESI|acZ-

PA (Table 3-1.), comprisingUlk4 exons 16 (underlined, 727 nt), 184 nt Bh2

exon (highlighted in Red), 594 nt of IRES (colored in Purple), and 3060 nt of lacZ
coding sequence (colored in Blug&able 3-1. Predicted fusion mRNA transcribed
from theUlk4 knockout allele.
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ATGyaaaactt cgtc ttgtatgaggagattggcagaggaagcaggactgtcgtatataaggggcgecg
gaaaggaaccatcaactttgtagccatcctttgtactgagaagtgcaaacggcctgaaataaccaact
gggtccgectcacccatgaaataaaacacaagaacattgtaacttttcacgagtggtacgagaccage
aatcatctctggttggtggtggagctttgcacag gtggttctctagaaaccgtgattgctcaggacg a
aaacctcccagaagatgtcgtgagagagtttggggtggacctggtcacagggctgcaccatctccaca
ggctgggcatcctcettttgtgacctttctcctgggaag attctcttggaagggcctggaacactgaag
ttcagcaatttctgcctggccaaggtggcaggggagagtctggaggagttctttgctttggtggeage
agaagaaggaggtggtgacagtggagagaacgcactgaagaaaagcatgaa gacccgagtcagag  gct
ctctgatctatgcggcetccggaaatcgtgaaggggactgaattctccgttaccagtgacctctggtct
ttgggctgtctactttatgaaatgttttcag ggaaacccccattcttctcagaaacggtgtcagaact
cgttgagaagattctgtatgaagacccattgccaccaatcccaaaag

gaattccgcccctcetcectccceccccecce taacgttact g9
ccgaagccgcttggaataaggccggtgtgegtttgtctatatgttatt ttccaccatattgccgtctt
ttggcaatg TGAgggceccg gaaacctggcecctgtcttcttgacgagcatt cctaggggtctttccect
ct cgccaaaggaatgcaaggtctgttgaatgt cgtgaaggaagcagttcctctggaagcttc ttgaag
acaaacaacgtctgtagcgaccct ttgcaggcag cggaaccccccacctggcgacaggtgcecte tgcg
gccaaa agccacgtgt ataagatacacctgcaaaggcggcacaaccccagtgccacgttgtgagttgg
ata gttgtggaaagagtcaaatggctctcctcaagcgtattcaacaaggggctgaagg atgcccagaa
ggtaccccattgtatgggat ctgatctggggcctcggtgcacatgctttacatgtgttta gtcgaggt
ta aaaaacgtctaggccccccg aaccacgggg acgtggtttt cctttga aaaacacgatgataagctt
gccacaacc AT&aagatcccgtcgttttacaacgtcgtgactgggaaaaccctg gcgttacccaact
taatcgccttgcagcacatccccctttcgccagctggegtaatagcgaagaggcccgcaccgatcgec
cttcccaacagttgcgcagcectgaatggcgaatggcegctttgectggtttccggcaccagaageggtg
ccggaaagctggctggagtgcgatcttcctgaggecgatactgtcgtcgtceccctcaaactggcagat
gcacggttacgatgcgcccatctacaccaacgtgaccta tcccattacggtcaatcecgcecgtttgttc
ccacggagaatccgacgggttgttactcgctcacatttaatgttgatgaaagctggctacaggaaggc
cagacgcgaattatttttgatggcgttaactcggcgtttcatctgtggtgcaacgggcgetgggtcgg
ttacggccaggacagtcgtttgccgtctgaatttgacctgagcgcatttttacgcgccggagaaaacc
gcctcgeggtgatggtgetgege tggagtgacggcagttatctggaagatcaggatatgtggcggatg
agcggcattttccgtgacgtctcgttgctgcataaaccgactacacaaatcagcgatttccatgttge
cactcgctttaatgatgatttcagccgcgctgtactggaggctgaagttcagatgtgcggcgagttge
gtgactacctacgggtaacagtttctttatggcagggtgaaacgcaggtcgccagcggcaccgcegect
ttcggcg gtgaaattatcgatgagcgtggtggttatgccgatcgegtcacactacgtctgaacgtcga
aaacccgaaactgtggagcgccgaaatcccgaatctctatcgtgecggtggttgaactgcacaccgecg
acggcacgctgattgaagcagaagcctgcgatgtcggtttccgcgaggtgcggattgaaaatggtcetg
ctgctgctgaacggcaagccgttgctgattcgaggcegttaaccgtcacgagcatcatcc tctgcatgg
tcaggtcatggatgagcagacgatggtgcaggatatcctgctgatgaagcagaacaactttaacgccg
tgcgcetgttcgeattatccgaaccatccgctgtggtacacgcetgtgcgaccgctacggcectgtatgtg
gtggatgaagccaatattgaaacccacggcatggtgccaatgaatcgtctgaccgatgatccgegcetg
gctaccggcgatgagcgaacgcegtaacgcgaatggtgcagegce gatcgtaatcacccgagtgtgatca
tctggtcgctggggaatgaatcaggccacggegctaatcacgacgegctgtatcgetggatcaaatct
gtcgatccttcccgeecggtgcagtatgaaggcggcggagcecgacaccacggccaccgatattatttg
cccgatgtacgegcegcegtggatgaagaccagcccttccecggetgtgccgaaatggtccatcaaaaaat
ggctttcgctacctggagagacgegcec cgctgatcctttgcgaatacgcccacgcegatgggtaacagt
cttggcggtttcgctaaatactggcaggcgtttcgtcagtatcceegtttacagggeggcttcgtctg
ggactgggtggatcagtcgctgattaaatatgatgaaaacggcaacccgtggtcggcttacggecggtg
attttggcgatacgccgaacgatcgccagttctgtatgaacggtctggtctttgccgaccgcacgcecg
catccagcgct gacggaagcaaaacaccagcagcagtttttccagttcecgtttatccgggcaaaccat
cgaagtgaccagcgaatacctgttccgtcatagcgataacgagctcctgcactggatggtggegetgg
atggtaagccgctggcaagcggtgaagtgectctggatgtcgetccacaaggtaaacagttgattgaa
ctgcctgaactaccgcagccggagagcgcecgggcaactctggctcacagtacgcgtagtgcaa ccgaa
cgcgaccgcatggtcagaagccgggcacatcagcgcectggcagcagtggegtctggcggaaaacctca
gtgtgacgctccecgecgegtecccacgcecatcccgeatctgaccaccagcgaaatggatttttgcate
gagctgggtaataagcgttggcaatttaaccgccagtcaggctttctttcacagatgtggattggcga
taaaaaacaactgctgacgccgctgcgcgatcagttcaccegtgecac cgctggataacgacattggcg
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taagtgaagcgacccgcattgaccctaacgcctgggtcgaacgctggaaggcggegggcecattaccag
gccgaagcagcgttgttgcagtgcacggcagatacacttgctgatgcggtgctgattacgaccgctca
cgcgtggcagcatcaggggaaaaccttatttatcagccggaaaacctaccggattgatggtagtggtc
aaatggcgattaccgttgatgttgaagtggce gagcgatacaccgcatccggcgcggattggectgaac
tgccagctggegcaggtagcagagcegggtaaactggctcggattagggccgcaagaaaactatcccga
ccgccttactgccgcectgttttgaccgcetgggatctgccattgtcagacatgtataccccgtacgtct
tcccgagcgaaaacggtctgegetgcgggacgegcgaattgaattatggcccacaccagtggcegegge
gacttccagttcaac atcagccgctacagtcaacagcaactgatggaaaccagccatcgccatctgcet
gcacgcggaagaaggcacatggctgaatatcgacggtttccatatggggattggtggcgacgactcct
ggagcccgtcagtatcggcggaattccagctgagcgecggtcgctaccattaccagttggtetggtgt
caaaaa TAA

From this fusion mRNA,two proteinscan betranslated: tb b-Galactosidase

encoded by the lacZ gene (in bluapda 343 amino acid fusion protein (39kD)

from the 506 end of .ThaUlkhexoni 16 comemblagnly 727 ans cr i f
coding nucleotidesfor the first 242 amino acid of the Ulk4vhereas the three
predictedUlk4 protein interaction domains are situated in regions of aa76@7

793854, 8891249, and the kinadike domin (aa 282) may have no kinase

activity. Therefore itis unlikely that theUlk4" mice have any gain of function

effects due to &ck of kinase activity or protein interaction donsihlowever, we

have no data to exclude thp®ssibility either. Neverthelss, the knockout construct

would disrupt 4 of the 5 predicted mouse Ulk4 isoforms.

Ciliopathies are pathogenic features of numsrdwman diseases including
hydrocephalus. Here we have characterigéidt’ mice, and showed that targeted
disruption of theUlk4 caused congenital hydrocephalus, which became severer
postnatally. Histological, SEM, TEM and functional analyses reveakeddture of
obstructive aqueduct, dysfunctional SCO, impaired CSF flow amoh
communicating hydrocephalus The subcellular changes include
reduced/disorganized/nonfunctional ependymal cilia with defects in axoneme
organization. RNA sequencing analyses aweared molecular mechanism of
dysregulation ofoxj1 and other ciliogenesis genesUtk4” mice. Therefore, Ulk4

is likely to act as an essential scaffold protein regulating ciliogenesiS-)ig

The Ulk4 family consists of five members. Ulk1/2 are anaggulators of autophagy,
a catabolic mechanism and an adaptive stress response to degrade unessential/
dysfunctional cellular componenf&gan, Shackelford et al021;, Lee and Tournier

2017). UIk3 is involved in sonic hedgehog signalifeuccillo, Joyner et al. 2006
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We reported that ULK4 was reqgad for neuritogenesis vitro andin vivo (Lang,

Pu et al. 2019 Ulk4 deficiency compromised neurite outgrowth in neuroblastoma
cells and the integrity of the carp callosum in mic€Lang, Pu et al. 2034 Our
unpublished data showed tHaLK4 can be a rare risk factor (1/1000) for patients
with developmental delay, languadelay and intellectual disability.ack of Stk36
was reported to cause hydrocephalus in njMerchant, Evangelista et al. 2005
however, neitherStk36 nor otrer Ulk4 family members was compensationally
changed inUIk4™ mice (Fig.7g). Therefore botblk4 and Stk36are indispensable

for proper CSF circulation.

Congenital hydrocephalus occurs in approximately 1~3/1000 child births. We
analyzed the neuroanatoney newborn mice and identified significantly enlarged
ventricles before the maturation of motile cilia. We, therefore, consideliE"
hydrocephalus congenital. However, the phenotype was worsened during the
postnatal period. The aqueduct is a narjoim connecting the 3V and 4V, and
commonly blocked in nosommunicating hydrocephalus. Our SEM study also
demonstrated aqueduct stenosis Uk4” mice. Functional analysis of CSF
circulation usingevans Blue further confirmed thmpairment of CSF flowas little

dye reached the SCO k4" mice, after 20 min of injection.

The SCO cells secrete high molecular weight glycoproteins to form RF, which is
required to maintain the aqueduct patency and CSF flow. Impaired production/
secretion of the RF caredd to obstructive hydrocephalscAllister 2012.
Overexpession of Sox3was shown to result in SCO dysplasia, abnormal RF
formation and obstructive hydrocephal(lee, Tan et al. 20)2We showed co
localization of Sox3 mtein with Ulk4 mRNA in Xenopusbrain (Dominguez,
Schlosser et al. 2015 but currently have no evidence to sup@wk3dysregulation

in Ulk4”™ mice currently.The SCO morphology and cell number were not overtly
altered. However, the RF extension was not detectedkiéi” SCO. Therefore both

the aqueduct stenosis and SCO dysfunction may contributé4d hydrocephalus.

The characteristic feature of hydeghalus is an expanded ventricular system with
excessive CSF accumulation. The experiment with Evans blue showed no
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directional CSF flow, but passive diffusion of the dyeUtk4” brain. Directional

CSF flow requires motile cilia on ependymal cells, Vhiare developed and
matured within the first postnatal week, and this coincided with progressive severity
of Ulk4” phenotype. Indeed, Ulk4 is highly expressed in ependymal cells of
ventricles, SCO and aqueduct consisting of multiciliated cells. IntegbstiUlk4 is

not expressed on the roof of the aqueduct, which is populated witiliated cells,

suggesting the function of Ulk4 may be specifically related to motile cilia.

Multicilia from a single ependymal cell beat coordinately in one directiot,tlae

sum of the beats from multiple cells produces stereotypical flow of the CSF

(Breunig, Arellano et al. 20}0 Clinically, abnormal cilia are associated with
hydrocephalus in patien{Eliegauf, Benzing et al. 20Q1.ee and Gleeson 2011n

mice, mutations ifroxj1, Rol, Polaris/Ift188 Mdnah5 Hydin andSpag6also result

in dysfunctional ependymal cilia and hydrocephgldsh, Todd et al. 2099 Our
immunohistochemical study showed abnormal and disorganized dilidk4d mice,

which was consistently supported by SEM and TEMdence. ManyUlk4”

ependymal cells lacked motile ciliaJlk4” cilia were highly disorganized and

randomly scattered on the ependymal wall. They showed no consistent orientation,

which was strikingly different from the WT cilia, which were tightly ¢kred and

uniformly orientated for coordinated beating. The TEM also revealed fewer cilia

with dysalignment of BBs, which provided the subcellular mechanism for
disorganization of th&Jlkd” ci | i a bundles. The fA9+20 micrc
the didinguishing feature of motile cilia, and the central pair is crucial for beating.

Ulk4™ mice displayed an array of abnormal microtubular organization including
n9+00, A8+40 and A8+00. Toget her , these d

developmentad function.

ULK4 is a hypothetical kinase and nothing is known about its substrates or
interactive partners. Other Ulk4 family members have kinase activities with a critical
Lysine residue conserved at UL¥E, ULK2"%®, ULK3"%® and STK3&°3. Mutations
of ULK1¥*®N or ULK2***Tinactivate kinase activity and exert a dominaegative

effect (Chan, Longatti et al. 2009 However, the respective residue Utkds a
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Leucine, not Lysine. It would be interesting to test whether Ulk4 has kinase activity
by further biochemical assays. We performed whole genome sequencing to identify
genes which were dysregulatedUtk4” cortex.Foxj1, Rfx3andMcidasare master
ciliogenesigyenes regulating overlapping sets of target gériesNg et al. 2008El

Zein, Ait-Lounis et al. 2009Thomas, Morle et al. 201@hoksi, Lauter et al. 20)4

We showed thafoxjl was specifically altered itulk4™ brain. This is the first
evidence suggesting thateehtedFoxj1 signaling may also be pathogenic to the

ciliogenesis and function.

Consistent withFoxj1l upregulation a whole array of ciliogenesis genes were
modulated in Ulk4” mice For example, among genes involved dentriole
amplification (Keller, Geimer et al. 20QAl Jord, Lemaitre et al. 20)4Tmem67
Poc5 Cepl20and Cepl52were upregulated, meanwhil§sn was 40% down
regulated, consistent with a previous study that knockdown of Gsn significantly
reduced ciliated cell numbefKim, Lee et al. 2010

The BBs were dyorientated inJIk4™ mice. Odf2, Nphp4 PcmlandTmem6dvere
shown to involve in BB formation and orientatipansley, Badano et al. 2003rts,
Doherty et al. 2007Kunimoto, Yamazaki et al. 2012eightner, Hommerding et al.
2013, and their expression was sificantly increased. In contrasteddlwas 30%
downregulated inUIk4™ mice, in line with the study that Nedd1 is a critical BB
component localized at the root of ciliated microtubulsinning, Colussi et al.
2008. Vangll was also33% downregulated,and interestingly,mutations of
VANGL1were identified in sporadic and familial neural tube defé€ilsar, Torban
et al. 2007, and loss ofVangl2 causedneural tube defects ibp/Lp mice (Kibar,
Vogan et al. 2001 Therefore decised expression dfleddland Vangll may
contribute to dysalignment of BBs irJIk4 mutants.

Ulk4™ mice showed defects in axoneme ultrastructure which is vital for motor
function. Tu b b 4 a, t he pr ed dubulinsannthe brain(leangrgg e o f
Garcia, Leskela et al. 201L@vas significantly reduced itllk4 mutants.A kinesin

protein Kif5a functioning as a microtubule motor also was 19% decredsed.
addition,the expression dbnall and Ttll6 were downregulated b{0% and49%,
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respectively. This is consistent with a role Tfl6 in ciliary motility through
posttranslational moditation of inner dynein arniSuryavanshi, Edde et al. 2010

and role ofDNAL1 as a component of outer dynein ar(Wazor, Alkrinawi et al.

2011). DNAL1 mutationswere identified in patientaith CILD16, a disorder with
abnormalities of motile ciligMazor, Alkrinawi et al. 201l Together, these data
showed thatJlk4 disruption resulted in disturbed balance of an array of ciliogenesis
genes, which consequently impaired cilia development, axoneme structure, and

coordinated beatn.

We also found thatllk4” mice died early postnatally. Hydrocephalus phenotype
may partially contribute to this, but peripheral defects are likely. ULK4 is associated
with hypertension(Levy, Ehret et al. 2009and multiple myelomaBroderick,
Chubb et al. 2012 We had no evidence of tumor formation, or differencgross
morphology of heart, liver, lung, kidney and splegtk4” stomach was smaller but
colored white, suggestive of reduced food intake. Functional defects in lung and
kidney are likely, given the major phenotype in motile cilia. The current study
revealed defects in the structure, abundance, organization and function of ependymal
motile cilia in Ulk4” mice, together with aqueduct obstruction, SCO dysfunction
and impaired CSF flow. This is the first comprehensive report demonstrating that
Ulk4 is crugal for survival, postnatal growth and ciliogenesis, which support a wide

implication of theULK4 gene in human conditions.
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CHAPTER 4

ULK4 IS ESSENTIAL FOR
OLIGODENDROGENESIS AND WHITE
MATTER INTEGRITY
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4.1 Abstract

White matter integrityis implicated in neurodevelopmental and neuropsychiatric
illness, in whichUnc-51-like kinase 4ULK4) gene is proposed as a rare risk factor.
Defects in myelination of white matter are increasingly recognized as a common
pathology underlying brain injues, neurodegenerative, neuropsychiatric and
neurodevelopmental disorders. Key transcription factors of oligodendrogenesis are
identified, but less is known about how they are regulated. Here we discover a novel
role of Ulk4 as a key regulator oligodendrogsis and white matter integritylk4
deficiency compromised the corpus callosum integrity and reduced myelination by
half. RNA sequencing analyses demonstrated that both the genesis of axons and
dendrites was impaired in thék4” mice. Ulk4 was requéd for proper expression

of key myelination regulators includin®lig2, Oligl, Myrf, Sox10and Sirt2
Oligodendrocyte progenitors, differentiation, maturation and myelination were
severely affected in th&llkd” mice. ULK4 may therefore become a novel giru

target for hypomyelinaticlassociated diseases.
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4.2 Introduction

The most distinct feature of the brain is cell connectivity, achieved through the white
matter that occupies almost one half of brain volume. It is not surprising that
changes in white atter are widely associated with cognitive, emotional,
neurodevelopmental and neuropsychiatric disorders including dyslexia, attention
deficit hyperactivity disorder, autism, schizophrenia, chronic depression, bipolar,
obsessiveompulsive and posttraumatstress disordgiFields 2008. For example,
schizophrenic patients typically present with white matter reduction, altered
morphology, decr@sed dendritic arborization and agenesis of the corpus callosum
(CC) (Douaud, Smith et al. 200Bose, Mackinnon etl. 2009 Fornito, Yucel et al.
2009 Francis, Bhojraj et al. 20)J1A complete CC agenesis is rare but exists in
schizophrenigMotomura, Satani et al. 200€hinnasamy, Rudd et al. 2Q0Baul,
Brown et al.2007), while mild alterations in intehemispheric callosal connections
are not only common in schizophrerfswayze, Johnson et al. 199¥olf, Hose et

al. 2008, bipolar disorde(Caetano, Silveira et al. 200®ut alsoin attentionrdeficit
disorder(Hynd, Lorys et al. 1991and autism (Innocenti, Ansermet et al. 2003
Wolff, Gerig et al. 201p The agenesis of th€C is also a common pathology
among >80 human congenital syndromes including ciliopathies and other
developmental disorder@enadiba, Magnani et al. 201Raclef, Anselme et al.
2015.

The CC is a nerve fiber tragct the brain that coordinates the left and right brain
activity. Disruption of CC development is associated with animal models of
neurological disorders. For examplel, CAM mutatons resulted in hydrocephalus,
mental retardation and agenesis of @@in humans, with failure ofallosal axons

to cross the midline in mig@®emyanenko, Tsaitel. 1999. Overexpression of a-G
protein coupled receptor PAC1 was linkedXG agenesis and hydrocepha(lising,
Song et al. 2006 An idiopathicmodel of autism, BTBR mice, exhibited selective
impairment in the longange intrahemispheric connectivity in the frontmrtical
area (Sforazzini et al., 2014). xjession of the truncatedisruptedin-
schizophrenia IDiscl) gene led to partial agenesis of tB€ in Discltr transgenic

mice (Shen, Lang et al. 2008A moderate reduction (40%) of Zic2 expression in
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Zic2 (kd/+), mice displayed the schizophrenic neuropathologydiuuthinning of
the cerebral cortex andC (Hatayama, Ishiguro et al. 20l Abnormal myelination
can therefore be an underlying mechanism of impaired white rmategrity in

animalmodels

Myelinogenesis occurs predominantly within the first 3 weeks of postnatal period in
rodents and the first 2 years in humans, a period that coincides with many
neurodevelopmental disorddiisrom, Eilam et al. 2004 During oligodendrogenesis,
oligodendrocyte progenitor cells (OPCs) undergo proliferation and sequential
differentiation into pro-oligodendrocytes, immature oligodendrocytes, n-no
myelinating mature oligodendrocytes, and myelinating mature oligodendrocytes
(Baumann and Phadinh 200). Key ranscription factors have been identified and
Olig2 is proposed as a master regulator of oligodendrogenesis, because the
oligodendrocyte lineage is absenttig2” mice (Zhou, Choi et al. 2001u, Sun et

al. 2003. Olig2 regulates and coordinates other transcription factors, including
Oligl, Sox10, Myrf, Ascll, Nkx22, Yyl, Tcf4, 1d2, 1d4, Hes5, Sox6 and Sox5
(Emery, Agalliu et al. 2009

In a recent genetic screening for association of serine/throenine kinase genes with
neurodevelopmental disorders, we discovered thrat51-like kinase 4(ULK4) is
hemizygously deleted in approximately 1/1000 patients with autism, schizophrenia
or bipolar disordefLang, Pu et al. 2004A SNP ofULk4 is alsoassociated with
bipolar disorder and depressi@drang, Pu et al. 2034In addition, ar unpublished
genetic data showed thdt. K4 is hemizygously deleted #1.194000 patients with
heterogeneous clinical features includiohgyvelopmental delay, language delay and
intellectual disability (Liu et al., in revision of Stem Cells). Interestinggpleted
ULK4 expression in neuroblastoma cells was shown to disrupt ogenésis.
TargetedUlk4 deletion also compromises the integrity of &€ in newborn mice
(Lang, Pu et al. 2034 suggestingan important role of ULK4 in white matte
development
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To understand the relationship betwédk4 lesions and white matter development,

in this study we investigated t@&C in the Ulk4” mice, and showed compromised
integrity of the CC at postnatal stages. The molecular network of the geoésis
axons and dendrites were systematically downregulated, whereas axonogenesis
inhibitory molecules encoded I§dh1, Vim and Gfap genes were induced lolk4™

mice. Ulk4™ mice displayed hypayelination with a reduction of ~50% in myelin,
and a systemit reduction in expression of myelin components. Oligodendrogenesis
factors including Olig20ligl, Nkx22, Sox10 and Myrf were significantly down
regulatedsuggesting thatllk4 is critical for myelination. Taketogether, this is the
first report demonsating thatUlk4 acts as a key regulator of oligodendrogenesis
and white matter integrity, which may have implications in a wide range of
neurodevelopmental and neuropsychiatric disorders.

4 .3 Materials and Methods
4.3.1Ulk4 knockout mice:

The Ulk4 mutant strain used for this research project was created from ES cell clone
EPDO0182_4 E12 generated by the Wellcome Trust Sanger Institute and made into
mice by the KOMP RepositoryWWW.KOMP.org and the Mouse Biology
Program(www.mousebiology.orgat the University of California Davis. Methods

used to create the CSD targeted alleles was publisisedleere (Skarnes et al,
2011). Breeding pairs oBJlk4”" mice on C57BL/6N strain backmund were
purchased from KOMP Repository. All experimental procedures were conducted
under a license approved by the Irish Department of Health and Children in
accordance with Cruelty to Animals Act of 1876 and under a certificate approved by
the Animal Cae and Research Ethics Committee (ACREC) of the National
University of Ireland (NUI) GalwayUlk4™ , Ulk4*" and WT littermates were
obtained fromUIk4"" x Ulk4"" mating. Each mouse was genotyped by genomic
PCR with two pairs of PCR primers: Ulk4EndEY7F -(560
TAACTTGCTGGACGGATTGCTG3 6 )
TGATCTGTAATCGCAGTGCAGG3 0 )
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fragment from exon 7 i n t he WT- al

| el e

GAGATGGCGCAACGCAATTAATG3 6 ) and Ul K4 KOMPKOREeV

CTGAGGAGACAATGTAACCAGGC3 0 ) protluce a 621bp DNA fragment solely
from the knockout allele.

4.3.2 Histology:

Four pairs ofUlk4” and litter controls at P12 were deeply anesthetized and intra
cardiacally perfused with 20 ml of 4% paraformaldehyde in PBS. Brains were
dissected and ptfixed in the fixative solution for 24 hours. Then brains were
embedded into paraffin blocks. Serial coronal sections at 10um were cut by with a
microtome (SM2000R, Leica Instruments). The sections were stained with
hematoxylineosin and imaged under aight filed microscope (IX41, Olympus)

equipped with a camera.
4.3.3 Immunohistochemistry:

P12 mice were humanely terminated with eslese of sodium pentobarbitone and
newborn mice were humanely terminated by decapitation. Brains weréxsosin

PBS ontaining 4% paraformaldehyde (PFA) at 4°C overnight. They were then
embedded in paraffin and sectioned at
were immunostaining using the following primary antibodies: rabbit polyclonal anti
Anti-rabbitCux1 (Santa @iz biotechnology, s¢3024, 1:1000), AntrabbitCtip2
(Abcam, ab18465,1:500), AnttrabbitTbrl (Abcam, ab31940,1:500), rabbit
polyclonal aniGFAP (1:1000, Dako), rabbit polyclonal afital (1:000, Wako),
rabbit polyclonal antMBP (1:500, Millipore), mouse monoclonal ar®lig2
(1:1000, Millipore). Fluorescent secondary antibodies for immunofluorescence
staining were Alexa Fluor 488 goat ardbbit or 555 goat anthouse (1:500, Cell
signalling). Sections were mounted with mounting medium contaifAd|
(Sigma).
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4.3.4 Transmission Electron Microscopy:

Lateral ventricle walls were dissected from P18 mice and fixed in 2.5%
glutaraldehyde/ 2% paraformaldehyde/ 0.1 M sodium cacodylate/HCI buffer (pH7.2)
overnight at 4 °C. Tissues were subsequently ensed in secondary fixative
solution containing 1% Osmium Tetroxide in 0.1 M Sodium Cacodylate/HCI buffer
(pH 7.2) for 4 h. They were then dehydrated through a series of graded alcohols
(50%, 70%, 90%, 95% and 100%), placed in Propylene Oxide, and tradstfera
series of mixture of resin and Propylene Oxide, (50:50, 75:25, pure resin). Finally,
tissues were transferred to flat embedding moulds, clearly labeled and placed in a
65 C oven for 48 h to polymerize. After polymerization, blocks were sectioned a
100 nm, lifted onto 3 mm copper grids and stained for 30 min in 1.5% aqueous
Uranyl Acetate for 10 min in Lead Citrate. Sections were dried and viewed on the

Hitachi H7000 Transmission Electron Microscopy.
4.3.5 RNA sequencing

Three pairs ofJIk4” mice and wildtype controls at P12 were used in this study. All

mice were euthanized by a two minutes exposure tg T@n cervical dislocation

was carried out to humanely terminate the mice. Cortexes of mice were quickly
dissected out and snap frozen in idqmitrogen. RNeasy Kit (QIAGEN) was used

for RNA extraction and sample preparation procedures were performed according to

the manufacturero6s instructions. The conc
Nanodrop Spectrophotometer. Equal amounts of RNA (f&tgsample) were sent

for sequencing (BGI). Libraries were constructed to convert to cDNA, and RNA
sequencing was carried out by using the Illlumina HiSeq2000 next generation

sequencer.

Using bioinformatics tools and databases, tens of thousands geneg (&6s)
have been screened. The overall transcriptome analysis by compék#igmice
and wildtype controls, 2829 genes with significant change had been identified.
Among them 1005 genes were significantly downregulated and 1824 genes were
significantly upregulated. In this study, we screened a small proportion of genes
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which are important for ciliogenesis and they were categorized by their functions
during different stages of cilia formation. pvalue of less than 0.05 indicates
statistically signifiant. Statistical analyses were carried out by-wag ANOVA

with onetail due to the small sample size.

4.3.6 Statistical analysis.

At least three different mice per genotype from two or three litters were used in per
experiment. For histology experimeat,least three coronal brain serial sections per
mice were analyzed. Image J software package were used to quantify the brain areas
from comparable sections. Statistical significance was evaluated byaited

St u d etest, Withp <t0.05 as indicate of statistical significance. The number of
animals used for quantification is indicated in the figure legends. Most of the

experiments were successfully repeated at least three times.

4.4 Results

4.4.1 Defects of the corpus callosum (CC) in ROIk4™ mice

In a previous report, we showed that knockdown of ULK4 in human neuroblastoma
cells reduced neurite outgrowth and branching, and that in newborn (PO)Mkite,
deficiency led to compromised integrity of the CC, with numerous pockets of tissue
un-occwied by nerve fibers (Lang et al., 2014). To follow up this observation, we

investigated white matter developmenttk4”™ mice.

In the anterior mouse brain, two distinct bundles of nerve fibers connect the two
cerebral hemispheres across the midlihe:dorsal CC, projecting from the majority

of intracortical neurons, and the ventral anterior commissure (AC), projecting from
the most lateral cortical areas. We compared coronal brain sections isolated from 5
PO WT, with 5 fromUlk4™ littermates. The C in WT mice was densely occupied

by cortical projections (Fig-4A,C). However in 8UIk4™ littermates, the CC was

filled with numerous spaces lacking nerve fibers (arrow, FH§D}% The posterior

commissure (PC) above tlsibcommissural orgaalso dispayed pockets of un
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occupied space in tHdlk4™ mice (arrow, Fig. 4.F). However, the integrity of the
AC appeared less affected (FiglA-D).

The CC changes structurally throughout life, but most dramatically during childhood
and adolescence before @i@ally attains adult morphologfluders, Thompson et
al. 2010Q. To investigate the effects @JLK4 deletion on postnatal white matter
development, we examinedettCC in P12 brain sections and found deterioration of
CC integrity (Fig.41M-P). In contrast to a thick layer of dense nerve fibers in the
CC of WT mice (Fig. 4LM,0), the integrity of the CC across the midlineUtx4”
mice, was severely damaged (F4r1N). The nerve fibers were substantially
reduced in thaJlk4™ CC and were structurally disrupted and rectional when
crossing the midline (Fig.-4N) or at the dorsdhteral position (Fig. 4P). In
contrast, highly organized and directionallyeotated nerve fibers were densely
occupying the CC in the controls (Fig:1#,0). These data demonstrate that the

Ulk4 plays an important role in the postnatal development of the white matter.

The agenesis of the CC can result from reduced numbersratarical neurons.

We therefore stained the PO section with -&fguN, which demonstrated a subtle
reduction of mature neurons in the mutants (Fi@§G4H). This was confirmed with
layerspecific markers (Fig.-4l-L). Although the deep layer neurons i@ Bice
showed comparable number of Cfipéells (Fig. 41K-L), the superficial layers
exhibited a mild but reduction of CDReurons in th&Jlkd” mice (Fig. 411-J). In
agreement with deteriorated white matter in RIRA" mice (Fig. 41N,P), the
cortical thickness was more dramatically reduced in P12 mutants (not shown). These
data demonstrate that the reduction of intracortical neurons can partially account for
reduced nerve fibers in the Ulk4 mutants.
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KO Ctip2

W e N O Tsiesra P <
Figure 4-1. Compromised integity of the white matter in the Ulk4” mice. PO

(A-L) and P12 (MP) brain sections were stained with NisstA H/E (EF, M-P),

or antibodies against NeuN {&), CDP/Cux1 (J), or Ctip2 (kL). (A-B) PO whole

brain images. (D) Enlarged images showirdpmaged integrity in the CC (arrow

in D), not much in the AC, of KO mice. {E) The integrity of the PC was also
affected in the KO mice (arrow in F). {&) Anti-NeuN staining, showing a mild
reduction of mature neurons in PO mutantsl)(A mild but sigificant decrease of
layer 1FIV neurons in PO KO mice. (K) Anti-Ctip2 staining, showing no
significant effect on deep layer neurons. At P12, the CC at the midlind) (bt
dorsatlateral position (GP) were more severely damaged (N, P) than at/iRg”

mice. While CC inUlk4” mice had abnormal structure with loose, fractured; dys
orientated and collapsed fibers, the CC in WT mice had a normal structure, with
dense orientated fibers. AC, anterior commissure; CC, corpus callosum; KO,
knockout mice; PCposterior commissure. Bar=10¢Q@n in A-B, =100 pum in CD,

=50 um in EP.
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4.4.2 Significant downregulation of the neuronal projections in theUlk4” mice

The apparent agenesis 0fk4” CC may result from shorter cortical projections

and/or reduced brahimg. To objectively analyze the molecular bases of CC

agenesis, we carried out pathway analyses for thedJ#dBtargets from the whole

genome RNA sequencing, which were significantly altered by a reduction of more

than 20% or by an induction of 6ld or more p<0.05; RNA expression level >1)

in P12UIk4™ brain. The pathway analyses from the STRING progtaip:(/string

db.org) demonstrated a systematic devegulation of genes associated¢hwvhite

matter, incluéhg both dendrites and axons in thék4” mice (Fig. 42). These
included 21 genes in the fs2Ampaltod2) éndr i ti c
genes in the fADendr i £k p=b4DEOF)Hh 6 geneseis i s 0 ( F
ARegul ati on of d e (fFid.r 42C,ep=0.620)y & gememennt O
AAXonogene2D,ps0. OBBbYy, 4 genes in ARegul ati c
4-2EEp=0. 192) , 6 genes i n2FRpA0@NandGl gedes mc e o ( F
AAXxon enshea®@Gm230EN®). (Fig. 4

In contrast,Cdhl, Vim and Gfap genes were induced by 2-8dd (p=0.011), 1.9%

fold (p=0.014 and2.86fold (p=0.036), respectivelyin the Ulk4” mice These were
consistent with their negative roles in axonogenesis. For exaviphentin and
Gfap are major interméate filaments of reactive astrocytes, and both have
inhibitory effects on axonal growth. Knockout of the Gfap and/or Vim increases
plastic sprouting of axon@Venet, Prieto et al. 2003Ribotta, Menet et al. 2004
Cdhl1 knockdown is also shown to dramatically increase axonal length, both
accelerating the rate of growth and significantly augmenting the final axamghle
(Konishi, Stegmuller et al. 2004Therefore, the quantitative RNA sequencing data
provides convincing evidence that the development oivthiee matter in P2 Ulk4

/

" mice is grossly reduced. Meanwhile dewre gul ati on of the 13 g

ensheat hment 6 pat hway suggests 2@). i hvol ven
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Figure 4-2. Systematic underdevelopment of the white matter in theUlk4™

mice. (A) 21genes i n the fASomat AdtylnApda Atpla;, c o mp a
Bcan, Casr, Ddc, Ermn, Grin2c, Grm3, Homer2, Itgal, Lparl, Lrp4, Mbp, Myold,

Ntsr2, Pura, Pvalb, Shankl, Sirt2 and Slc1p20.022); (B) 6 genes relating to

AiDendr i te moEphdh Bryle lnpd,sPres2p ShgnkBhank3 p=1.40E
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04) ; (C) 6 genes i n fiRegQaprm2, Lparh, PAM5, dendr i t

Semadd, Shankp=0. 020) ; ( D) 9 genAps Cnp,nICxcli2AXx onoger
Ephbl, Etv4, Fgfr2, Nfasc, Sema6a, Unc5).p45); (E)dgenes i n ARegul at
ax onogeClxel, Dnm2, (rp4, Semadd=@® . 192) ; ( F) 6 genes

Gu i d a@GxelB2pEphbl, Etv4, Nfasc, Sema6a, Unc5.@64) and (G) 13 genes
i n AAXo0nNn e nAshgeflf, ICldmhk Rakh) Ga(3stl, Gjc3, Myrf, Mbp, Nfas
Olig2, Plp1, Sirt2, Tspan2, Ugt8a~p.30E09). Data were presented with mean
fold of changes in relation to WT as 1, with SEM (n=3 each). All these genes were

downregulated significantly itlk4” mice. * for p<0.05; ** for p<0.01.

4.4.3 Reduced exgession of myelin basic protein (Mbp) P12JIk4” mice

The white matter is myelinated by oligodendrocytes and this occurs predominantly
within the first 3 postnatal weeks in rodentsrom, Eilam et al. 2004 To
investigate the potential involvement of myelination in reduced CC iblikemice,
comparable brain sections were immunostained withMbf, a marker of myelin
produced by mature oligodendrocytes. In WTceniMbp was abundantly expressed

in myelinated fiber tracks of the CC (Fig-3#). However, the Mbp was barrenly
expressed in th&Jlkd” brain (Fig. 43D). In the Ulk4” CC fibers, Mbp was
restricted to the dorsahost line of the projections (CC, Fig-3D). In the dorsal
lateral ependymal region, the projections from the cortex were dramatically reduced
(CX, Fig. 43E). In the lateral cortex close to the SVZ region, the dense axonal
bundles projecting to the thalamus (CPU, FBQG) were lacking, andrpjections

from the deep cortex were markedly reduced (CX, RH8F% Mbp is produced by
mature oligodendrocytes. Therefore, these data demonstrated a marked impairment

of mature oligodendrocyte function in thiék4™ mice.
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Ulk4** ™ Mbp Ulk4™" 'Mt)vp‘ i

Ulk4" . Mbp

Figure 4-3. Ulk4™ mice exhibited decreased myelination in the CC and cortex at
P12. Immunohistochemical staining of the WT @) and Ulk4™ (D-F) brain
sections with antMbp, showed dense and directional nerve fibers in the CC of WT
mice (A-C), while CC in theJlk4” brain (D-F) showed a dramatic reduction in anti
MBP staining. Bar=100 pm in 4. CC, corpus callosum; CPU, caudate putamen;
CX, cortex; LV, lateral ventricle.

The RNA sequencing data provided strong support for myelination deficiency in
Ulk4™ mice. Consistent with the reduced aiithp staining,Mbp mRNA expression

in the Ulk4”" cortex (1318.23+0.14) was decreased by 53%, compared with that in
the WT controls (2775.67+ 0.1f50.02). In contrast, there was no difference on the
Nefh mRNA expressin between the WT (19.72+0.08) akk4” cortex (19.98+
0.14,p=0.469). TheNefhencodes the heavy neurofilament protein, which plays an
important function in mature axons, and is commonly used as a biomarker of
neuronal damage and susceptibility to amyphic lateral sclerosis. The type IV
intermediate filament heteropolymers are composed of light, medium, and heavy
chains. They comprise the axoskeleton and are functionally involved in the
maintenance of neuronal caliber and in the mutual sustenansermd and myelin
(Larsen, DaSilva et al. 20R6There was no significant change Nefl (1.01-fold,
p=0.47) or Nefm expression (0.95fold, p=0.36) These data suggted that
neurofilaments as axonal skeleton in the cortex were not affecteitkBydeletion.

97



The overall undedevelopment of the CC may therefore be significantly attributed

to reduced myelination.

4.4.4 Reduced Olig2cells in the CC of theUlk4™ mice

In the CNS, mature oligodendrocytes synthesize myelin, extending processes to
contact multiple neighboring axons and enwrapping short axonal segments
(Baumann and Phainh 200). To become functional, oligodendrocyte progenitor
cells undergo differentiation, maturation and finally become
myelinatingoligodendrocytedBaumann and Phaiinh 200). To access the effect

of Ulk4 deficiency on the development of the oligodendrocyte population, we first
investigated the expressi@lig2, which is restricted to the oligodendrocyte lineage

and is expressed in progenitors and myelinating oligodendrocytes.

In the whole regions of the CC including the middle (FigiB) and lateral (Fig.4

4D) parts, the number of Oli§2cells in Ulk4”™ mice was markedly reduced
compared with that in the WT littermates (Fig4A,C). Quantification of Olig2

cells in comparable regions of the CC showed a modest reduction (~17%) of Olig2
cells in theUlk4™ (Fig. 44F,G) compared with that in the controlom (Fig. 44E).

In addition, based on Hoechst staining, the total cell numbers in the CC were
comparable (Fig. 4E-G). The loss of 17% Olig2progenitors in the CC partially
contributed to 53% decrease Mbp mMRNA expression. This suggested that in the
absence ofUlk4, the generation of oligodendrocyte population was compromised,
while the maturation of oligodendrocytes was more severely affected.
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Figure 4-4 Anti-Olig2 staining showed a significant reduction of Olig2 cells in
the CC o the Ulk4™ mice. P12 brain sections from WT littermate controls (A, C, E)
andUlk4™ mice (B, D, F) were stained with ai@ilig2. The number of Olig2cells
was quantified in defined areas (5&® x 100nm) in E and F, and showed a loss of
17% Olig2 positive cells in thellk4” mice (G, n=4* for p<0.05). Bar=100 pm in
A-F.

4.4.5 Ulk4 deficiency leads to fewer myelinated axons and decreased axon
caliber at P18

To determine whether the decre@seyelination in theJlk4”™ mice was transient or
sustained, we investigated the myelination of the CC at a later stage, P18.

Transmission electron microscopy showed less myelin ittké’™ mice (Fig.4-5D)
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compared to the WT littermates (Fig:5A). In addition to a reduced number of
myelinated axons, a decreased diameter of axons was also seerUik4heCC

(Fig. 4-5B,E). We failed to detect differences in the structure of the myelin sheath
between the WT antllkd”mice, as most axons in both geéypes displayed loose
wrapping (Fig. 45C,F). Most Ulk4” mice had died by P18 and we could not
perform similar experiments on older mice. The electron microscopic images of P18
CC provided further evidence of reduced number of axons and a decreased size
axons sizes together with reduced myelination inUHel’” mice, suggesting that

Ulk4 deficiency may delay maturation of myelinating oligodendrocytes.

Ulk4** CC

(o]

Ulk4"

Figure 4-5 Electron microscopic images of the white matter tracts in cross
sections of the CC o018 mice.Fewer myelinated axons were preserntheCC of

Ulk4”™ mice (* in D showing ummyelinated areas) compared with the WT
littermates (A), which was fully occupied by myelinated axons. The diameter of
myelinated fiber was substantially smallertire Ulk4™ mice (E) compared to WT
controls (B).It appeared that there was more space between the different layers of
the myelin sheath iUIk4” mice (F) and thereforeUlk4” sheaths seemed less
compactedhan WT controls (C), consistent witeducedMbp which has role in
myelin compactionBar=2 pm in A and D, 100 nm in B, C, E and F.
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4.4.6 Elevated reactive astrogliosis in thellk4” mice

Oligodendrocytes and astrocytes are differentiated from glial progenitors, which
depart from the neuronal qmenitor lineage during CNS development. Also,
astrogliosis is a common phenotype in hydrocephalic ani(iialsei, Shapiro et al.
1987. In a parallel study, we showed thaltkd” mice developed congenital
hydrocephalus (manuscript under review), which became sevaneearly postnatal
stage due to impaired CSF flow and abnormal ciliary ultrastructure and function. To
determine the gliosis status in tbi&4” mice, we carried out immunohistochemical

staining on P12 brain sections with aBtAP, a marker for astrgtes.

Elevated GFAP expression was detected in the CC and deep layer WiktHe
cortex at the level of the lateral ventricles (FigoBl) when compared to littermate
controls (Fig. 46A). Under higher magnification, resting astrocytes with lightly
staned cell body and thin processes predominantly occupied the corpus callosum
and deep cortical gray layer in the WT mice (Fig6@). In contrast, massive
reactivated astrocytes with enlarged cell bodies and thicker processes appeared in
equivalent areasfothe Ulk4” mice (Fig. 46D). The same phenomenon was
observed in the posterior part of the CC at the level of the hippocampus-@ry. 4

The altered cell morphology indicated that astrocytes irUtkd” mice were in the
status of activation, whichvas different from the resting astrocytes in the WT
littermates (Fig. 46E).

During glial differentiation, Olig2 is expressed in progenitors of both
oligodendrocyte and astrocyte lineages. A recent study using-tehortlineage

tracing showed that OligZells in the astroglial lineage were the essential source of
reactive astrocyte@€hen, Miles et al. 2008To determine if Olig2+ cell reduction

in the Ulk4™ CC wa accompanied with changes in astrocyte lineage, we performed
double staining with anDlig2 and antiGfap (Fig. 46A-B, -BAGO) . There was
co-localization of Olig2 and GFAP detected. Therefore lack of OMgEAP" cells

showed that reduced Olijdligodendrocytes were not a consequence of increased

astrocyte production.
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4.4.7 Reactivation of microglia in periventricular white matter and deep cortex.

The presence of predominant reactivated astrocytes suggested a higher degree of
neuroinflammation irJIk4” mice. To further validate the neuroinflammation status,

we examined alterations in microglial cells, which are considered as the most
sensitive sensors of brain pathology. Microglia undergo a complex and multistage
activation process that convertsthermt o fAacti vated microgl i al

of lesion signs or nervous system dysfuncf{igattenmann, Hanisch et al. 2011

We performed immunostairgnwith antitlbal, an antibody against the ionized

calcium binding adaptor molecule 1, a marker of microglia. ‘lbedlls were

detected throughout the cortex in baftk4™ and WT mice (Fig. 6E-H 6 ) . I n the
superficial cortex, there was no obvious chaimgide number or morphology of the

Ibal" cells between th&llk4™ mice (Fig. 46F) and the controls (Fig-8E). These

cells displayed a typical ramified morphology as resting microglia. However, there

was a dramatic increase of the Ibaklls in the dege cortex and periventricluar

white matter of th&JIk4” mice (Fig.46 H, H6) compared with the r
in the WT mice (Fig. 4 G, G0 . Ex ami n & tellsounder chighert he | b
magnification revealed dramatic alterations of microglial morpholagthe Ulk4™

mice, with characteristics of activation: they became amoeboid with round cell shape,

and had reduced or an absence of processes (big14d ) . This did not ¢
increased microglial differentiation in the whole cortex #mel expresion of a key
moleculeTspan2for microglial differentiation was actually 40% reducge@.0249.

However, theimi cr ogl i al c e | | Tiragene ifov ToHllike teceptor Mo | e c ul €
was induced 2.2#bld in theUIk4”™ mice (p=0.047). Together these dataowed that

UIk4” mice are undergoing striking neuroinflammation.
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+/+ Ibal

Figure 4-6. Elevated neuroinflammation in P12Ulk4™ mice. WT (A, A6, C, E, G, G
andUlk4a” ( B, B, D, F, H, H6) coronal b rGkEAPfor sect i on
astracytes (green, A, A 6 B 6-Qlig2 far oligodendrocytes (red,-B 6 ) ,-lbaa nt i

for microglia (EH 6 )  a n-stainedomithnDXAPI for nuclei (blue). Images of A and

B were sampled from the CC adjacent to th
the highemagnification images of A and B respectively. Images of C and D were

sampled from the hippocampal level showing reacted astrocytes in the mutant (D).

Images in E and F showed the superficial layers and in G and H from the deep
cortical |l ayand. HEbmavgee® imagGdfied view of
and D respectively. +/+and indicate theJlk4 genotype status. Note that increased

numbers of reactivated GFARells were present in both anterior (B) and posterior

parts (D) of the CC oblk4” mice compared to the WT littermate controls (A,C).

There was no ctabeling of antiOlig2 and antiGfap in WT orUIk4™ mice. Also,

mi croglia in deep cortical | ayers were a
A,B,C,D,E,F,G,H;, 50 Om in A6B6; 20 Om in C
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4.4.8 Oligodendrocyte differentiation, maturation and myelination were
disrupted in the Ulk4” brain

Oligodendrogenesis in the vertebrate CNS is regulated by both intracellular
transcriptional factors and extracellular signgBmery 2010. To build a
developmental @file and gain a better understanding of hblk4 deficiency
affected oligodendrocyte lineage progression, we carried out pathway analyses on
the whole genome RNA sequencing data, which identified a series of genes which
were not only involved in oligodeinocyte lineage differentiation but also
myelination. Remarkably, all of them were significantly denggulated in thé&Jlk4

" prain.

Among the 618JIk4 targets for which mRNA expression was significantly reduced

by >20% or was induced by >1iéld, 8 gens (Cnp, Duspl0, Fa2h, Myrf, Olig2,

Plpl, Sox10, Tspan2 wer e i denti fliegoddmadr oecy taed edli ft foe
(p=2.62E06, Fig.4-7D) and these were significantly reduced by5286. Three

genes Duspl0,0lig2, Sitd associ at e Regudion di oligoderdrodyte

di fferentiati ono -360e (Fig. 4-tFepx0.08)a Sweldegebeg 3 3
(Arhgefl0, Fa2h, Gal3stl, Gjc3, Myrf, Mbp, Nfasc, Olig2, Plpl, Sirt2, Tspan2,
UgtBar el at ed t o pAlMIEDS) wereadbwiregulated by between 30

and 53% Fig. 4-7E, p<0.095, and18 genesAtpla2, Car2, Cldnll, Cnp, Ermn, Gjc2,
Gjc3, Mag, Mbp, Mobp, Mog, Myold, Nfasc, Pllp, Plpl, Rapla, Sirt2, T3pan2

i nvol vedyaelni n hgshHBAS iy.4-{G)were reduced by 236%.

These data comphmnensively support the immunohistochemical observation that

oligodendrocyte development and maturation were compromised tHK&E mice.

Gliogenesis includes production of astrocytes and oligodendrocytes. We next
investigated if the reduced oligodendemesis is accompanied with an increase in

astrocyte production. FourteéHk4 targes (Arhgefl0, Cnp, Duspl0, Erbb3, Fa2h,

Geml, Myrf, Lamc3, Lefl, Olig2, Plpl, Sirt2, Sox10, Tspav&e identified as

NGl i ogenep=0.6l4 and they evare réducdry 2247% (Fig.4-7A). Two
genesGemlandOlig2)inii G1 i al cel | fp=0102)) were radoncet oye nt 0 (
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33-36%, 3genes Mag, Olig2 andSox10i n A Poeiguil aéi on of
(p=6.21E02) and 2 genesDysplOand Sirt2) i n t he A Ne ga dofi v e
gl i ogenes i0%)averd gise dowredlBted by 2319% (Fig. 4-7C). Four
genes Geml, Lamc3, Plpl, Tspan2n the "astrocyte differentiation” pathway
(p=0.002), theMag as "positive regulation of astrocyte differentiation”, and 3 genes
(Grm3, Nfasg Sirt2) involved in "Astrocyte projection” were all dowegulated

(Fig. 47A). These data together showed that Ulk4 deficiency systematically reduced
the whole gliogenesis in the mutants.

In contrastMRNA expressiorof Ccl3, Gfap, Vim and TIr7 genes was induced by
6.16, 2.86, 1.91 and 2.Z8ld, respectively(Fig. 4-7F), which were more likely to
co-relate with the inflammatory responisethe Ulk4” mice TheTIr7 is known to

be involved inmicroglia reactivation The Ccl3 ischemokine (&C motif) ligand 3

that binds CCR1, CCR4 and CCRS5, andshinflammatory and chemokinetic
properties, which play a role in responding to brain injuries. Vimentin is altlass
intermediate filament and marker for relatively later steps of gliogeneS$ap is

oneof the major intermediate filament proteins of mature astrocytes and a marker to

distinguish mature astrocytes from other glial cells during development. Its

upregulation is consistent with increased reactivated astrocytes detected by IHC.

Therefore, uprgulated expression of these markers is likely to reflect
astrogliogenesis and reactivation of astrocytes and microglia kA& mice.

Oligodendrogenesis can be divided intéb 4tages, which can be identified by
morphological changes and overlappimgrkers: bipolar progenitors (A2B5, GD3,
NG2, Pdgfra, DM20, Cnp), proligodendrocytes (A2B5, GD3, NG2, Pdgfra, DM20,
Cnp, O4), immature oligodendrocytes (DM20, Cnp, 04, Rip, GalC),- non
myelinating mature oligodendrocytes (DM20, Cnp, O4, Rip, GalC, Rhd, Mag)
and myelinating mature oligodendrocytes (DM20, Cnp, O4, Rip, GalC, Fipq,
Mag, Mog)(Mattan, Ghiani et al. 20}0(Fig. 4-8).
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