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Abstract

Intellectual disability (ID) has a high prevalence in individuals with neurodevelopmental
disorders. Despite the high number of ID-associated genes, the genetic cause remains
unclear in a considerable proportion of pedigrees and similarly the cellular and
molecular mechanisms underlying the neurodevelopmental function of these genes

remain poorly understood.

The main aims of my PhD project was to (i) identify ‘novel’ genes causing ID and
characterize their pathophysiologic role in brain development, and (ii) characterize
pathomechanism of known ID disorders and expand their clinical and cellular

phenotype.

First, we approached the model disorder for congenital microcephaly and ID,
autosomal recessive primary microcephaly (MCPH). MCPH is a clinically and
genetically heterogeneous neurodevelopmental disorder with reduced brain volume at
birth, ID, and lack of extracranial malformations. The hypothesis for MCPH-
pathomechanism entails a premature shift from symmetric to asymmetric neuronal
differentiation, resulting in progenitor pool depletion, thereby microcephaly and ID.
Biallelic Cyclin-dependent kinase 5 regulatory-subunit associated protein 2
(CDK5RAP2) mutations cause MCPH3. Our data from Cdk5rap2-depleted murine
embryonic stem cells revealed that in addition to premature neural differentiation,
accumulating proliferating defect and increased apoptosis of differentiating- and early-
postmitotic cells contribute to microcephaly. We reported for the first time the cellular
phenotype of abnormal cell cycle apparatus (mitotic spindles, centrosomes), and
lagging chromosomes in a MCPH2 patient with compound heterozygous WD-repeat
domain 62 (WDR62) mutations. Reduced centrosomal CDK5RAP2 in MCPH2 patient’s

cells indicates converging functional role of MCPH genes.

Further, we identified a homozygous mutation in the previously not disease-linked
gene Rho guanine nucleotide exchange factor 2 (ARHGEF2) in two patients with ID,
congenital microcephaly, and mid-hindbrain malformation. We showed that the loss of
ARHGEF2 causes abnormal mitotic spindles, spindle pole distance, impaired
RhoA/ROCK/MLC pathway, and inhibits neurogenesis. We recapitulated the human
brain phenotype in Arhgef2”- mice and identified abnormal migration of precerebellar

nuclei components as the underlying pathomechanism.



Further, we reported a biallelic mutation in zinc-finger and BTB-domain containing
protein 24 (ZBTB24) in a patient with immunodeficiency-centromeric instability-facial
anomalies syndrome 2 (ICF2) characterized by immunodeficiency, developmental
delay, and facial anomalies. Initially, ICF2 was acknowledged as an isolated B-cell
defect. We extended the phenotype spectrum by describing the development of
combined immunodeficiency with age in ICF2 as well as putative autoimmune
phenomena (hepatitis, nephritis). We showed that impaired proliferation, increased
apoptosis, and abnormal mitotic spindles are likely contribute to immunological and non-

immunological phenotype in ICF2.

With our studies, we demonstrated that abnormal proliferation, apoptosis, and/or
migration due to defective cell cycle apparatus underlies as a common
pathomechanism in ID and associated disorders.



Zusammenfassung

Eine Intelligenzminderung (ID) tritt mit einer hohen Pravalenz in Patienten mit einer
neurologischen Entwicklungsstérung auf. Trotz der hohen Anzahl an ID-assoziierten
Genen, bleibt die genetische Ursache sowie die zugrunde liegenden zellularen und

molekularen Mechanismen in vielen Fallen noch unbekannt.

Die Hauptziele meiner Promotionsarbeit waren (i) neue Gene zu identifizieren, die
zu ID fuhren und deren pathogene Rolle in der Gehirnentwicklung zu untersuchen und
(i) den Pathomechanismus bekannter Erkrankungen mit ID zu charakterisieren und den

klinischen und zellularen Ph&notyp zu erweitern.

In ersten Studien untersuchten wir die Modellerkrankung fir angeborene
Mikrozephalie und ID, die autosomal-rezessive primare Mikrozephalie (MCPH). MCPH
ist eine klinisch und genetisch heterogene Entwicklungsstorung des Gehirns, welche
durch eine starke Verringerung des Hirnvolumens bei der Geburt, ID, sowie dem Fehlen
von extrakraniellen Fehlbildungen gekennzeichnet ist. Die gegenwartige Hypothese zur
Entstehung von MCPH beschreibt eine frihzeitige Verschiebung der symmetrischen zu
einer asymmetrischen neuronalen Proliferation, die zu einer Verringerung des
Stammzellpools fiuhrt. Mutationen im Gen Cyclin-dependent kinase 5 regulatory-subunit
associated protein 2 (CDK5RAP2) verursachen MCPH3. Unsere Experimente mit
Cdk5rap2-herunterregulierten murinen embryonalen Stammzellen zeigten, dass neben
einer vorzeitigen neuronalen Differenzierung, ebenfalls ein Proliferationsdefekt und eine
erhohte Apoptoserate von friilhen postmitotischen Zellen zur Mikrozephalie beitragen.
Zudem zeigt diese Studie zum ersten Mal Veradnderungen im Aufbau des
Zellzyklusapparates (Mitosespindel, Zentrosom) und der Chromosomenkondensierung
in einem Patienten mit einer compound heterozygoten Mutation im WD-repeat domain
62 Gen (WDR62).

In einer weiteren Studie wurde eine homozygote Mutation im bisher nicht
krankheitsassoziierten Gen Rho guanine nucleotide exchange factor 2 (ARHGEF2) in
zwei Patienten mit ID, kongenitaler Mikrozephalie und einer Fehlbildung des Mittel- und
Hinterhirns untersucht. Wir konnten in funktionalen Studien zeigen, dass der Verlust von
ARHGEF2 zu Veranderungen in Mitosespindeln und dem Spindelpolabstand sowie
einer Beeintrachtigung des RhoA/ROCK/MLC-Signalweges fiuhrt, welches zur

Hemmung der Neurogenese beitrdgt. Der humane Phanotyp konnte in Arhgef2-
vi



knockout Mausen rekapituliert werden und zeigte zudem eine gestorte Migration von

prazerebellaren Zellen.

Weiterhin berichten wir Gber eine biallelische Mutation im zinc-finger and BTB-
domain containing protein 24 (ZBTB24) in einem Patienten mit immunodeficiency-
centromeric instability-facial anomalies syndrome 2 (ICF2), charakterisiert durch
Immunschwéche, Entwicklungsverzégerung und Gesichtsanomalien. Bislang wurde
ICF2 primar als isolierter B-Zelldefekt anerkannt. Wir erweiterten das
Phanotypspektrum, indem wir zum ersten Mal die Entwicklung einer kombinierten
Immunschwéche und eines vermutlichen Autoimmunphanomens (Hepatitis, Nephritis)
beschrieben. Weiterhin konnten wir nachweisen, dass Verédnderungen in der
Zellproliferation, Apoptoserate und Veranderung in der Chromosomentrennung zu dem
beschriebenen immunologischen und nicht-immunologischen Phéanotyp in ICF2

beitragen.

Mit unseren Studien konnten wir nachweisen, dass eine abnormale Proliferation,
Apoptose und / oder Migration aufgrund eines defekten Zellzyklusapparates als

gemeinsamer Pathomechanismus bei ID und assoziierten Stdrungen zugrunde liegt.

Vil



Introduction

1.1 Microcephaly

Microcephaly is clinical sign defined as a significant reduction in the occipito-frontal
head circumference of at least two standard deviations (SD) below the ethnically
matched age- and sex-related mean. Microcephaly can be caused genetically or
through environmental factors and is divided into two types: primary (congenital)
microcephaly already present at birth and secondary (postnatal) microcephaly. About
2% of the general population are microcephalic, and the incidence of primary
microcephaly is 1:30,000-1:250,000 live-births.(1-3) Microcephaly represents a high risk

factor for developmental delay including intellectual disability (ID).
1.2 Intellectual disability (ID)

ID is characterized by significant limitations in intellectual function and adaptive
behavior, and has a prevalence of 2-3% in the general population.(4) Based on its
severity measured with the intelligent quotient (IQ), ID is classified into mild (IQ 50-70),
moderate (IQ 35-49), and severe (1Q<34) forms.(5) Similar to microcephaly, ID can be
caused by various environmental and/or genetic factors; however, in about 60% of the
cases the cause remains unknown.(6) Clinically, ID is categorized into two types:
syndromic and non-syndromic. In syndromic ID, patients are usually accompanied with
one or more clinical features such as facial dysmorphism, whereas in non-syndromic ID,
ID is the only clinical phenotype. ID can be associated with radiologically identifiable
developmental disorders of the brain such as corpus callosum agenesis, gyration
defects, and cerebellar hypoplasia. Thus, proper structural development of the nervous

system is highly important for the cognitive function.(6)
1.3 Central nervous system development

Human brain development begins around the 3@ week of gestation with proliferation,
and differentiation of neural precursor cells.(7,8) Various environmental and genetic
factors contribute to pre- and post-natal developmental processes, i.e., neurogenesis,
migration, dorso-ventral patterning, synaptogenesis, myelination, and apoptosis.
Disturbances in the fine-tuned process of nervous system development can result in

malformations and functional disabilities (Figure 1).(9)
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Figure 1. Nervous system development and related neurodevelopmental disorders. Processes
during brain development (proliferation, migration, synaptogenesis, and myelination) are timely controlled
through a multitude of genetic and environmental factors. Perturbations in these process leads to specific

disorders (figure adapted and modified from (8)).

An array of spatially and temporally regulated genes lead the process of nervous
system development through exertion of range of cellular functions. More than 800
genes have been linked to ID, most of which are key to nervous system
development.(10) In the following, | will briefly introduce different types of ID associated
with or not associated with brain malformation and microcephaly that are relevant to my

thesis.
1.4 Non-syndromic ID with microcephaly

Autosomal recessive primary microcephaly (MCPH, Microcephaly Primary Hereditary) is
a clinically and genetically heterogeneous rare disorder characterized by microcephaly
at birth and ID. More than 300 families with MCPH have been identified with mutations
in 17 different genes world-wide (see Table 1). (11-13) These 17 microcephaly genes
have been reported to control brain size and function by regulating cell cycle,

chromosome condensation, spindle formation, centrosome function, and apoptosis.(1,3)
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MCPH models signify that the loss of MCPH-related proteins favors premature transition
from symmetric to asymmetric neuronal differentiation through a shift of the cleavage
plane, leading to depletion of the precursor pool and reduction of the number of
neurons, ultimately causing microcephaly. (reviewed in (14) Two of the well-studied
MCPH subtypes, MCPH2 and MCPH3, which were also subject of research work

presented in this dissertation will be discussed in detail in the following.

Table 1. Types of MCPH and its causative genes

MCPH1  Microcephalin MCPH1 251200
MCPH2 WD repeat-containing protein 62 WDRB2 604317
MCPH3 CDK5 regulatory subunit-associated protein 2 CDKSRAP2 604804
MCPH4  Cancer susceptibility candidate 5 CASCS 604321
MCPH5  Abnormal spindle-like, microcephaly associated ASPM 608716
MCPHE  Centromeric pratein J CENPJ 608393
MCPHT  SCLTAL1 interrupting locus STIL 612703
MCPH8 Centrosomal protein 135kDa CEP135 614673
MCPH2  Centrosomal protein 152kDa CEP152 6514852
MCPH10  Zinc finger protein 335 ZNF335 615095
MCPH11  Polyhomeotic-ike protein 1 PHC1 515414
MCPH12 Cyclin-dependant kinase 6 CDKG 616080
MCPH13 Centromeric profein A CENPE 616051
MCPH14 C.elegans homolog of SASH SASS6 616402
MCPH15 Major facilitator superfamily domain-containing protein 28  MFSD2A 616486
MCPH16 Ankyrin repeat- and LEM domain-containing protein 2 ANKLE2 616681
MCPH17 Citron kinase CIT 617090

Biallelelic mutations in the WD repeat domain 62 gene (WDR62), located on
chromosome 19g13.12, cause the second most common MCPH subtype, MCPH2
(MIM*613583).(15) WDR62 contains 1523 aa with 15 WD or beta-transducin
repeats.(16) While most patients with MCPH have no gross brain malformation, this
certainly does not hold true for MCPH2. Patients with MCPH2 can display severe brain
malformations including pachygyria, lissencephaly, schizencephaly, and corpus
callosum hypoplasia. In mice, Wdr62 is expressed in neural progenitors in the
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ventricular/subventricular zone. siRNA knockdown of Wdr62 induces early cell cycle
exit, reduced cell proliferation, spindle orientation defects and decreased centrosomal
integrity.(17,18) However, the effect of WDR62 dysfunction has not been studied in

humans.

A more rare MCPH subtype, MCPH3, is caused by biallelic mutations in the
Cyclin-dependent kinase 5 regulatory-subunit associated protein 2 gene CDK5RAP2
(MIM*604804).(19) CDK5RAP?2 is a centrosome-associated protein composed of 1893
aa, required for processes such as centrosome function, spindle checkpoint regulation
and orientation. Cdk5rap2 mutant mice have small brains with abnormal orientation and
morphology of mitotic spindles in neural progenitors, premature neuronal differentiation,
reduced proliferation, and early cell cycle exit.(20-22) Despite the ubiquitous expression
of CDK5RAP2, the neural-specific phenotype of MCPH3 needs to be addressed.

1.5 Syndromic ID with microcephaly

Mid-hindbrain malformations can occur during embryogenesis through a disturbance of
transient and localized gene expression patterns within these distinct brain
structures.(23,24) One group of such proteins known to contribute to localized gene
expression is Rho guanine nucleotide exchange factor (ARHGEF) family members,
which play key role in regulation of cytoskeleton dynamics, cell division, and cell
migration.(25) In the dissertation work a novel mid-hindbrain defect associated with mild
microcephaly and ID caused by a homozygous mutation in the Rho guanine nucleotide
exchange factor 2 (ARHGEF2) gene will be presented. ARHGEF2 catalyzes the
exchange of GDP to GTP on Rho-related proteins and thereby controls the spatial and
temporal activation of various Rho GTPases such a RhoA. ARHGEF2 is required for
microtubule organization, spindle formation and orientation, neurogenesis, and neural
tube closure.(26-30) Mutations in other ARHGEF family members have been reported
to cause non-syndromic intellectual disability (ARHGEF6), epileptic encephalopathy
(ARHGEF9), and peripheral demyelinating neuropathy (ARHGEF10).(31-33) However,
ARHGEF2 has not been previously linked to human disease and further studies on

underlying pathomechanism are crucial.



1.6 Syndromic ID without microcephaly

Disturbances in gene products for epigenetic functions such as DNA methylation,
histone modifications, and chromatin remodeling can lead to ID.(34,35) Several of these
epigenetic regulators play a key role in neural development by controlling the
expression of various genes. For example, DNA methyltransferase 3 (DNMT3) is an
epigenetic regulator controlling development through DNA methylation.(36) Loss of
function mutations in DNMT3B cause the ID syndrome and immunodeficiency-
centromeric instability-facial anomalies (ICF) syndrome. ICF is characterized by
immunodeficiency, intellectual deficit, and facial dysmorphism, and based on the
genetic causes, ICF is classified as ICF1, ICF2, ICF3, ICF4, and ICFX. Mutations in
DNMT3B, the zinc-finger- and BTB-domain containing 24 gene (ZBTB24), cell division
cycle associated 7 (CDCA7), and helicase, lymphoid-specific (HELLS/LSH) causes
ICF1, ICF2, ICF3, and ICF4, respectively.(36-38) The ICF syndrome is considered
mainly as a B-cell disease secondary to the defects in the hematologic development
and immunodeficiency. However, this does not explain the non-immunological
phenotype of ICF patients and further studies on the putative mechanism are mandatory

for therapeutic strategies.



2 Aims

A multitude of genetic causes and phenotypes of neurodevelopmental disorders,
particularly ID and MCPH, have been reported; however due to its clinical
heterogeneity, these disorders remain to be discerned for better diagnosis. Also,
molecular mechanisms underlying the disease phenotype needs further elucidation for
future therapeutical approaches. The main goal of my PhD project was to identify and

characterize mechanisms leading to intellectual disability. Specifically, | aimed at the

1. identification and characterization of ‘novel’ genes causing ID and their

pathophysiologic role in nervous system development.

2. identification and characterization of pathomechanism of known rare ID disorders

and expansion of their clinical and cellular phenotype.



3 Materials and methods
3.1 Patients

Informed consent was obtained from parents of patients for molecular genetic analysis,
publication of clinical data, radiological imaging data, and studies on lymphoblastoid cell
lines (LCLs) as well as primary fibroblasts. DNA was extracted from EDTA blood
samples using lllustra BACC2 DNA extraction kit (GE Healthcare, Freiburg, Germany).
Our studies were approved by the local ethic committee of the Charité (approval no.
EA1/212/08 and EA2/163/12).

3.2 Epstein-Barr virus-transformed lymphocyte and fibroblast culture

LCLs were established according to the protocol published by Neitzel et al. 1986.(56)
Non-adherent LCLs were cultured in RPMI 1640 with L-Glutamine (Invitrogen,
Darmstadt, Germany) supplemented with 20% v/v fetal bovine serum (Biochrom, Berlin,
Germany) and 1% v/v penicillin-streptomycin (Sigma-Aldrich, Taufkirchen, Germany).
Fibroblasts culture were established according to a standard protocol and cultured in
DMEM with 4.5 g/l D-glucose and pyruvate (Invitrogen, Darmstadt, Germany)

supplemented with 15% fetal bovine serum and 1% penicillin-streptomycin.
3.3 Genetic analysis

For whole exome sequencing (WES), genomic DNA was isolated from blood samples
using standard methods. Five micrograms of genomic DNA were enriched using the
Agilent Human All Exon V3 kit (Agilent Technologies, Santa Clara, CA, USA) following
the manufacturer's protocol. Whole-exome libraries were sequenced on an lllumina
HiSeq 2000 system for 1x101 cycles following the manufacturer's instructions (lllumina),

and the identified mutation was confirmed by Sanger sequencing.

3.4 RNA extraction and quantitative real time-polymerase chain reaction (QRT-
PCR).

Total RNA extraction was performed using the TRizol reagent (Sigma-Aldrich,
Taufkirchen, Germany). cDNA was synthesized using the ThermoScriptR RT-PCR
System (Invitrogen, Karlsruhe, Germany), with a combination of oligo(dT)20 and
random hexamer primers. Primers were designed using the Primer3 online software

(www.primer3.ut.ee). Quantitative PCR experiments were performed using Maxima



http://www.primer3.ut.ee).QuantitativePCRexperimentswereperformedusingMaxima

SYBR Green/ROX gPCR Master Mix (Thermo Scientific, Braunschweig, Germany)
according to the manufacturer’s protocol and analyzed using the —.ddCT method.

3.5 Protein extraction and Western blot

Protein from cell pellets was isolated by homogenization in radioimmunoprecipitation
assay (RIPA) buffer containing 1 mM phenylmethylsulfonyl fluoride (PMSF; Sigma-
Aldrich, Taufkirchen, Germany) and 1 protease inhibitor cocktail tablet per 10 ml RIPA
buffer (Complete Mini; Roche Diagnostics, Mannheim, Germany), with 15 min
incubation on ice, successive ultrasonication for 10 sec and centrifugation for 20 min at
16,000 g and 4 °C. Protein concentrations were determined according to the
instructions of the manufacturer using the bicinchoninic acid-based, BCA Protein Assay
Kit (Pierce Biotechnology, Rockford, IL, USA). Protein extracts (30-50 pg) were
denaturated in Laemmli buffer at 95 °C for 5 min, separated electrophoretically by
sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto nitrocellulose membrane (Bio-Rad, Munich, Germany) using a Bio-Rad
wet transfer system (Bio-Rad, Munich, Germany). The membranes were incubated in
blocking buffer (Tris-buffered saline with Tween 1x with 5% bovine serum albumin
(Sigma-Aldrich, Taufkirchen, Germany) for 1 hour followed by overnight incubation with
respective primary antibody at 4 °C, and subsequently with the corresponding
secondary antibodies. The blots were developed using a technique based on a
chemiluminescent reaction. The gel pictures were obtained using photographic films
(Amersham Hyperfilm enhanced chemiluminescence (GE Healthcare, Little Chalfont,
UK)).

3.6 RhoA pull-down assay

Activated RhoA was assessed using the Rho activation assay kit (Cytoskeleton,

Denver, USA) according to the manufacturer’s protocol.
3.7 Immunocytology and Immunohistology

The cells were plated on poly-L-lysine (Sigma- Aldrich; Taufkirchen, Germany) coated
coverslips, cultured for 60 min in standard conditions, and fixed in 4%
paraformaldehyde (PFA) at 37 °C for immunocytology. For immunohistology, brains
were isolated and embedded in paraffin using standard protocol. Paraffin-embedded

brain sections of 10 um were deparaffinized and stained with Hematoxylin and Eosin
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(H&E) or Gallyas or 3, 3'-Diaminobenzidine (DAB) staining following standard protocols.
For staining, coverslips/brain sections were blocked in staining buffer (10% donkey
normal serum/3% BSA, 0.2% gelatin, 0.25% Triton X-100 in PBS 1x) for 30 min at room
temperature (RT), followed by overnight incubation with primary antibodies and
corresponding secondary antibodies for 2 hours at RT. Nuclei were labelled with 4’,6-
diamidino-2-phenylindole (DAPI, 1:1,000, Sigma-Aldrich, Taufkirchen, Germany).
Imaging was done using a fluorescence Olympus BX51 microscope with the software
Magnafire 2.1B (Olympus, Hamburg, Germany), Olympus BX60 Axiovision microscope
or Zeiss Spinning Disc microscopy system CXU-S1 with ZEN 2012 software and all

images were processed using Adobe Photoshop, and ImageJ.
3.8 Quantification of cell viability, apoptosis, and proliferation

Fibroblasts were plated at a density of 10° cells per well in 96-well plates for
experiments performed to quantify cell viability, proliferation, and apoptosis. Cell
viability, proliferation rate and apoptosis of fibroblasts were measured using fluorimetric
CellTiter-Blue Cell Viability assay (Promega, Madison, WI), 5-bromo-2-deoxyuridine
(BrdU) Cell Proliferation ELISA (Roche, Mannheim, Germany), ApoONE Homogeneous
Caspase 3/7 Assay (Promega, Madison, WI) according to the manufacturer's
instructions, respectively. All measurements were taken using the Synergy 2 Multi-Mode
Microplate Reader (BioTek Instruments, Winooski, VT, USA) and the Gen5TM software
version 1.02.8 (BioTek Instruments, Winooski, VT, USA).

3.9 Statistical analysis and graphical representation

The statistical analysis for all the collected data was performed using the GraphPad

Prism software, version 6.0.



4 Results
4.1 Clinical and cellular phenotype of MCPH2 patient with WDR62 mutation.

We identified a compound heterozygous mutation in the WDR62 gene of German
descent with congenital microcephaly and ID: missense mutation ¢.1313G>A (p.R438H)
and frameshift mutation c.2864-2867delACAG (p.D955Afs*112) (Figure 2). Cranial MRI
analysis showed further abnormalities such as small frontal lobes, dysgenesis of corpus
callosum, simplified hippocampal gyration, and cerebellar hypoplasia. Such
abnormalities have been reported in association with MCPH2. The patient had severe
intellectual delay and moderate delay in motor development. Despite more than 27
families being reported with WDR62 mutation, we described for the first time the cellular
phenotype of a patient with MCPH2.

)
o
[ & o
= o
T o]
s 5 8
% % IE . SR,
£ ] r (5] —_—
=T £ - = of = = 0 w =]
n:.'\-?l_,."-;'\-'-c_:g‘:ﬂﬁ':.-..« e 3 E ™ 5T IS 2 2aon
R T R f o w 8 Mo 9 0o 8 Qg B = & u W b R
@ o ow B & & o =% m = e om oS o oN S NoE R oao@om T
@ 9.3 ¢ G g 38 E2-E SgprHEigcE B o T
§F 2 8 8 ¢ 8 = % ¥ B B 5 & 3 % & H B B 2 28 3

o TR T PP EET B g

Figure 2. Known WDR62 mutations causing MCPH2. Mutations types are color-coded (missense in
red, frameshift in blue, nonsense in black, and splice site mutations in green). Two heterozygous
mutations in the WDR62 gene (bold letters) of our index patient and other reported mutations.

Since MCPH2 is associated with small brain volume and abnormal cell
proliferation, we analyzed the effect of identified WDR62 mutation on centrosomal
integrity and the spindle apparatus in patient LCLs. In control LCLs, WDR62 is localised
to centrosomal y-tubulin throughout mitosis with reduced intensity during interphase and
end of mitotic phases. In patient LCLs, WDR62 level was strongly reduced, and y-
tubulin-stained centrosomes were more dispersed and broad compared to those in
controls (Figure 3A, C). Additionally, CDK5RAP2 levels were significantly reduced in
patient cells. Analysis of the spindle apparatus revealed an increase in abnormal
spindles (broad and unfocused microtubules poles) and spindle pole distance in patient

LCLs compared to the normal bipolar appearance of mitotic spindles in controls (Figure
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3B, C). Our findings support partially that the identified mutation accounts for the

phenotype observed in our index patient.
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Figure 3. Effect of identified WDR62 mutation in patient LCLs. (A) Dispersed centrosomal y-tubulin
protein (green) and reduced WDR62 (red) in WDR62 patient LCLs. (B) Abnormal mitotic spindles (green)
and dispersed CDK5RAP2 (red) in metaphase of patient cells. (C) Quantification of abnormal
centrosomes, disrupted spindle morphology, and increased spindle pole distance (***p < 0.001, ****p <
0.0001, Student's t-test).

4.2 CDK5RAP2 loss affects neural, but not non-neural differentiation process

To study the stem cell defect in MCPH3, we downregulated Cdkrap2 in mESC through
lentiviral infection. shRNAi downregulation of Cdk5rap2 in undifferentiated mESC
reduces the growth rate of cell culture, as a cause of reduction in proliferation (Figure
4A, B). Upon neural induction in mESC, the control cells undergone a rapid proliferation
and increase of cell clusters, whereas the Cdk5rap2-downregulated clones showed a
significant reduction in the proliferation rate and cell survival with less cell cluster
numbers. In concomitant with reduced proliferation, the knockdown of Cdk5rap2 caused
an increase in apoptosis upon neural differentiation (Figure 4C, D). In order to
substantiate the concept of premature neurogenesis as a cause of MCPH in our
Cdk5rap2-shRNAI downregulated mESC model, we quantified the number of Oct4
(stem cell marker) and NeuN (mature neuronal marker) upon differentiation. Increased
number of NeuN positive cells were detected in knockdown condition compared to
controls, as a sign of premature neurogenesis (data not shown). These results indicate

that in addition to premature differentiation, accumulating proliferation defect and
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apoptosis of early differentiating cells might contribute to the microcephalic phenotype in
MCPHS3.
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Figure 4. Defective proliferation and cell viability in Cdk5rap2-shRNA downregulated mESC. (A)
Representative DIC pictures of control and Cdk5rap2 downregulated mESC cultures at DIV3 (Scale bar
100 pm). (B) Reduced cell viability of Cdk5rap2-shRNAi-undifferentiated mESC. (C) Reduced cell
viability, and (D) Relative apoptosis of mMESC upon neural differentiation (*p<0.05, **p<0.01, ***p < 0.001,
ns-non-significant, One-way ANOVA).

To address the neural-specific role of Cdk5rap2, we studied the effect of loss of
Cdk5rap2 in differentiation of mESC into cardiac lineage. Interestingly, the cardiac

differentiation was not affected in Cdk5rap2 shRNAi downregulated mESCs as in
control mESC (Figure 5A-B).
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Figure 5. Non-neural differentiation of mESC into cardiomyocytes not affected in Cdk5rap2-
downregulated mESC. (A) Diagrammatic representation of mESC culture differentiation into
cardiomyocytes and its evaluation (B) Cardiac differentiation of mMESC was not affected in the Cdk5rap2-
shRNAIi downregulated clones (ns, not significant; One-way ANOVA).
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4.3 Novel mid-hindbrain malformation with mild microcephaly and ID caused by
biallelic ARHGEF2 mutation

We report for the first time a novel mid-hindbrain defect associated with microcephaly
and ID due to homozygous mutation in the ARHGEF2. The two affected children of
consanguineous Kurdish-Turkish descent were reported with congenital microcephaly,
moderate ID and various other clinical symptoms such as facial dysmorphism,
nystagmus, and strabismus. Cranial MRI revealed microcephaly along with elongated
midbrain, hypoplasia of the pons, ventral and dorsal longitudinal clefts (grooves) in pons
and medulla, and inferior vermis hypoplasia. We identified a homozygous deletion of the
base pair G at the intron-exon boundary (GG straddling the intron 12-exon 12 boundary)
causing a deletion of G from the cDNA and ultimately a frameshift mutation (c.1461delG,
NM_004723.3) (Figure 6A). The identified mutation in ARHGEF2 leads to significant
reduction of its protein and mMRNA level in the LCLs of patients compared to control and

heterozygous parents, due to partial nonsense-mediated decay (Figure 6B, C).
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Figure 6. Novel ARHGEF2 mutation and its effect on protein and mRNA level. (A) Homozygous
mutation in the exon 12 (c.1461delG) of the ARHGEF2 gene. (B) Significant reduction of ARHGEF2
protein and (C) its mRNA level in patient LCLs (*p<0.05, **p<0.01, ***p < 0.001, One-way ANOVA).

To address the disease-causative effect of identified ARHGEF2 mutation, we
studied the effect of the mutation on stem cell proliferation, and differentiation using in
vivo and in vitro models. In the experimental setup, the E13 murine cortical precursor
cells were transfected with the EGFP reporter plasmid and the Arhgef2 shRNA

construct, with or without wildtype (wt) or mutant human ARHGEF2 (mut) constructs.

13



After three days, the cells were stained for Blll-tubulin (neuron marker), Ki67
(proliferation marker), EGFP, and quantified. The knockdown of ARHGEF2 resulted in
significant decrease of Plll-tubulin positive neurons and increased Ki67-positive
precursor cells in the system. The rescue experiment with wildtype human ARHGEF2
rescued the phenotype, but mutant human ARHGEF2 could not (Figure 7A). For in vivo
experiments, the E13.5 mouse cortices were electroporated with Arhgef2 shRNA, with
either wildtype or mutant ARHGEF2 constructs, and the brains were immunostained for
EGFP (transfected cells) and Satb2 (neurons). As shown in Fig. 2B, there is an
increased percentage of EGFP-positive cells in the cortical plate in wildtype-ARHGEF2
electroporated brain compared to mutant ARHGEF2 condition. In addition, the mutant
ARHGEF2 electroporated brain represented a significant decrease in the proportion of
EGFP/Satb2-positive neurons compared to the wildtype ARHGEF2 and control
condition (Figure 7B). Also, analysis of spindle plane orientation in the electroporated
brain sections revealed that the knockdown of Arhgef2 favors symmetric proliferation,
which is rescued by the wildtype, but not by mutant ARHGEF2 (data not shown).
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Figure 7: Wildtype, not mutant ARHGEF2 rescues Arhgef2-knockdown function. (A) ARHGEF2
downregulation inhibits neurogenesis and maintains murine neural precursor cells (NPCs) in cycling
phase. This phenotype can be rescued through upregulation of wild-type (wt) but not mutant (mut)
ARHGEF2; Representative fluoromicrographs of EGFP-transfected NPCs stained for neuronal @llI-
tubulin) and progenitor (Ki67) markers (Immunofluorescence, scale bar 25 ym) and its quantification
across various experimental conditions. (B) In utero electroporation of mouse embryonic cortices with

Arhgef2 shRNA, with empty vector (EV) or wildtype or mutant ARHGEF2 constructs and analyzed for its
14



effect on neurogenesis. Representative fluoromicrographs of electroporated brain sections with EGFP-
transfected cells and Satb2-positive neurons (Immunofluorescence, scale bar 50 ym) and its
guantification across various experimental conditions (*p<0.05, **p<0.01, ***p<0.001, One-way ANOVA).
The effect of ARHGEF2 mutation on cell cycle apparatus was assessed on patient
LCLs. Our analysis revealed abnormal mitotic spindles, reduced spindle pole distance,
and cell size in patient cells compared to controls. Additionally, we detected a significant
reduction of active RhoA and MLC in patient LCLs, indicative of impaired RhoA-MLC

pathway, crucial for cytoskeletal dynamics, neurogenesis and migration (data not
shown).

To further substantiate the role of ARHGEF2 in brain development, we analyzed
the phenotype of Arhgef2 deficient mice. In the adult Arhgef2 mutant mice, we reported
a significant reduction in volume of the total brain size, the cerebellum, and the
brainstem, as well as the absence of pontine nuclei (Figure 8A-C, n=3-4, Student’s t-
test). We concluded that the loss of Arhgef2 in mice recapitulate the brain

malformations observed in the index patients.
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Figure 8. Microencephaly, cerebellar hypotrophy, and lack of pontine nuclei in Arhgef2-/- mutant
mice. (A, B) Reduced cerebellar size and lack of pontine nuclei in adult Arhgef2 mutant mice compared
to wild type (Gallyas staining, DIC images, scale bar 500 um). (C) Quantification showing significant
volume reduction of whole brain, cerebellum, brain stem, and pontine nuclei in mutant compared to
wildtype brains (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, Students t-test).

Further analysis of Arhgef2 mutant mice brain revealed no difference in the cortical
layer distribution and midbrain structures. Despite reduced cerebellar size, the mutant

mice had normal cerebellar Molecular layer thickness and Purkinje cell size as in
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controls. Thus, we hypothesized that the reduced cerebellar size might be due to
defective precerebellar nuclei formation, in turn its projection to the cerebellum. To
confirm our hypothesis, we stained the brain sections with precerebellar nuclei marker,
Mbh2. The analysis revealed that the Arhgef2 mutant mice specifically lack pontine gray
nuclei (PGN), and reticulotegmental nuclei (RTN), with massive reduction of lateral
reticular nuclei (LRN), and abnormally enlarged external cuneate nuclei (ECN), whereas
the other nuclei such as inferior olive (I0), and solitary tract nuclei (NTS) remains intact
(Figure 9A-D). Our findings reveal that the loss of Arhgef2 impinge the formation of
precerebellar nuclei from dAl-derived progenitors, probably due to impaired anterior

and posterior extramural migratory streams (AES and PES) in the developing hindbrain.
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Figure 9. Loss of Arhgef2 affects dAl-derived precerebellar nuclei formation. Representative
fluorescence micrographs of coronal hindbrain sections of Arhgef2-/- and Arhgef2+/- mice, stained with
precerebellar neuronal marker Mbh2 (red), TIx3 (green), and DAPI (scale bar 300 um). (A) Arhgef2-/-
mutant mice lack PGN and RTN. (B, C) In the medulla of Arhgef2-/- mice, the ECN is abnormally
enlarged and distributed (indicated by stars), and LRN is severely reduced in size when compared to

Arhgef2+/- mice, whereas the 10 and NTS are unaffected. (D) Pictogram representing the abnormal
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formation of dAl-derived precerebellar nuclei (red) and normal formation of dA3 (green) and dA4 (blue)
nuclei in the Arhgef2-/- mice brain compared to the control condition.

4.4 Syndromic ID caused by biallelic ZBTB24 mutation

We identified the homozygous missense mutation ¢.1222 T >G in the ZBTB24
(NM_014797) of the index patient of non-consanguineous German descent (Figure
10A). Biallelic mutations in ZBTB24 have been associated previously with
immunodeficiency-centromeric instability-facial anomalies syndrome type 2 (ICF2), a
disease characterized by immunodeficiency, developmental delay, and facial
anomalies. Initially, ICF2 was primarily recognized as a B-cell defect. The index patient
showed multiple facial anomalies, clubbing of fingers and toes, stagnant growth and
intellectual disability. Cranial MRI analysis revealed normal brain morphology apart from
pineal cyst. Immunological analysis over the period of years affirmed that our ICF2
patient had developed combined immunodeficiency (B/T-cell defect), which has not
been reported before in ICF2. Additionally, our index patient has defective neutrophil
differentiation, granulomatous nephritis and hepatosplenomegaly as signs of

autoimmune disease.

As ICF is proclaimed to be an immune disorder, the non-immunological phenotype
of the syndrome has never been addressed. For the first time, we analyzed patient
fibroblasts and found that the identified mutation causes significant reduction of cell
viability, proliferation, and increased apoptosis (Figure 10B-D). At cellular level,
abnormal mitotic spindles with reduced centrosomal CDK5RAP2 were observed in
patient LCLs (Figure 10E). Thus, our findings contribute as a putative mechanism

underlying the variable phenotype in ICF.
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Figure 10. Homozygous mutation in ZBTB24 leads to defective cell cycle apparatus. (A)
Homozygous ZBTB24 mutation (c.1222T>G). (B) Reduced cell viability, (C) reduced proliferation, and (D)
increased apoptosis of patient fibroblasts (E) Abnormal mitotic spindles (green) and reduced centrosomal
CDK5RAP2 level (red) in patient LCLs and its quantification (*p<0.05, **p<0.01, ***p < 0.001, Student's t-
test).
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5 Discussion

Various studies have proposed a model for MCPH suggesting that a premature shift
from symmetric to asymmetric cell divisions in the developing neocortex leads to
premature neurogenesis and subsequent depletion of the progenitor cell pool,
culminating in microcephaly. The proposed model is primarily based on the underlying
mechanism that the loss of microcephaly genes causes mitotic spindle instability,
improper cleavage plane orientation, lack of centrosomal integrity, and/or dysregulation
of DNA repair mechanism.(14,16,39) In my PhD project, | focussed on identifying the
novel genes causing ID and microcephaly and characterize mechanisms underlying

known and novel disease phenotypes.

In our study on MCPH2, we report two heterozygous WDR2 mutation in our index
patient with primary microcephaly, and intellectual disability. Even though, MCPH is
defined as severe primary microcephaly with normal architecture of the brain, recently,
more reports are consistent in reporting MCPH2 with additional brain malformations, as
in our index patient.(15,17) As reported on various cells,(16,18) we showed the
intracellular localization of WDR62 on centrosomes across cell cycle, with low levels
during anaphase and telophase in human LCLs. We have shown for the first time that
the loss of WDR62 in MCPH2 patients causes abnormal mitotic spindles, increased
spindle pole distance, and lagging chromosomes. In addition, our index patient LCLs
displayed an improper centrosomal localization of y-tubulin and CDK5RAP2, indicating
an abnormal centrosomal integrity. It is interesting to note the convergence of MCPH3
gene, CDK5RAP2, at the centrosomal phenotype in MCPH2. Our findings on human
LCLs, along with the previous reports on WDR62 downregulation in both in vivo and in
vitro,(18) emphasize the significance of relationship between proper centrosome
attachment to mitotic spindle, spindle pole length determination, and chromosome
segregation. After our publication on cellular phenotypes in MCPH2 patient, it has been
shown that WDR62 regulates mitotic progression of NPCs through AuroraA and its
depletion leads to mitotic delay and cell death, thereby causing microcephaly in
MCPH2.(40)

In MCPH3, caused by biallelic mutation in CDK5RAP2, the underlying
mechanisms include dysregulated function of CDK5RAP2 in centrosome and mitotic

spindle function, as well as in DNA repair mechanism.(22) We have already reported
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defective mitotic spindles, abnormal centrosomal integrity, and lagging chromosomes in
the LCLs of MCPH3 patients.(21) In addition to the existing literature on Hertwig’'s
anemia mice, our results from the downregulation of Cdk5rap2 in mESC reveals
defective proliferation, and increased apoptosis in undifferentiated as well as neurally
differentiating mESCs. Also, the increased proportion of NeuN-positive neurons in
Cdk5rap2-downregulated mESC upon neural induction supports the popular model of
premature neuronal differentiation in MCPH. Conversely, differentiation of Cdk5rap2-
knockdown mESC into cardiomyocytes was not affected, which explains the lack of
non-neurological phenotype in MCPH3 patients.(21) Taken together, in addition to
premature neuronal differentiation, accumulating proliferating defect of differentiating
cells and increased cell death of differentiating and early postmitotic cells contribute to
microcephaly in MCPH3. Recently, our group had shown that the germ cell depletion in
Hertwig's anemia mice as a cause of mitotic delay, prolonged cell cycle, and increased
apoptosis.(41)

Along with the widening spectrum of ID, we report for the first time a homozygous
mutation in ARHGEF2 causing ID associated with mild primary (congenital)
microcephaly, and novel mid-hindbrain malformation. As we have reported for other
microcephaly-related genes above, the loss of ARHGEF2 resulted in distorted mitotic
spindle morphology, reduced spindle pole distance, reduced cell size, and impaired
RhoA/ROCK/MLC pathway in the patient LCLs. Our results further reinforce the
significant function of ARHGEF2 in microtubule localization, formation, stability, and
migration.(26-28,30) Several studies have also proven the role of ARHGEF2 in nervous
system development, particularly by favoring neurogenesis through cleavage plane
orientation.(29) Evidently, our rescue experiments with wildtype/mutant ARHGEF2 in
the mouse brain proves that the loss of ARHGEF2 inhibits neurogenesis by favoring
more of symmetric divisions in the ventricular zone. In contrast to existing model for
microcephaly, we propose that the loss of ARHGEF2 inhibits neurogenesis by
increasing symmetric proliferation through improper cleavage plane orientation, and

thereby reduced post-mitotic cells in the brain resulting in microcephaly.

We also highlight the role of ARHGEF2 in brain development across species by
mimicking the human phenotype in Arhgef2 mutant mice. As in our index patients,

Arhgef2 mutant mice displayed significant reduction of whole brain volume and
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hypotrophy of pons and cerebellum. Our in situ hybridization data along with previous
reports,(29) shows a clear correspondence between regions expressing high levels of
Arhgef2 and pathologically affected brain regions. In-depth analysis revealed normal
cortical and midbrain structures in Arhgef2 mutant mice. We show that the loss of
Arhgef2 specifically impairs the migration of dAl progenitors, culminating in the
improper formation of precerebellar neurons, thereby reduced cerebellar projections
and reduced cerebellar size in the Arhgef2 mutant mice. Our results along with the
previous evidence on role of RhoA/ROCK pathway in precerebellar neuron
migration,(42) further strongly augments the role of Arhgef2 in AES and PES neuronal
migratory stream through Planar Cell Polarity pathway (PCP). In addition to the role of
ARHGEF2 in mitotic spindles stability and neurogenesis, our findings revealed the
specific role in the molecular control of neuronal migration in the hindbrain, and as a

possible underlying pathomechanism in this novel disease.

Finally, we report our index patient of German descent with ICF2 syndrome
characterized by combined immunodeficiency, due to homozygous missense mutation
in ZBTB24. Our patient has syndromic ID with normal architecture of the brain. The
higher prevalence of ID in ICF2 might be due to higher expression of ZBTB24 in the
caudate nucleus, an important region involved in learning and memory.(43) We report
for the first time a defective cell survival with reduced proliferation, increased apoptosis
and abnormal mitotic spindles in immune and non-immune cells, explaining the putative
mechanism of immunological and non-immunological phenotype of ICF2. The
mechanism underlying the reduced levels of CDK5RAP2 and also abnormal mitotic
spindles, might contribute to the neurological phenotype in ICF2, as described for
MCPHS3.(22) Recent report has shown a functional convergence between ICF-related
genes (Dnmt3b and Hells, Zbtb24 and Cdca7), suggesting a putative common

mechanism underlying the ICF syndrome.

ID and MCPH, being widely heterogeneous, we described the common
pathomechanism underlying the known MCPH/novel disease described above:
abnormal proliferation, apoptosis, and/or migration due to defective mitotic spindles and
centrosomal integrity. Recent findings on microcephaly caused by ZIKV have shown
that deregulated proliferation and apoptosis of neural precursor cells underlines the

disease phenotype.(44)
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Clinical and cellular phenotype of MCPH2
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Abnormal centrosome and spindle morphology in
a patient with autosomal recessive primary
microcephaly type 2 due to compound
heterozygous WDR62 gene mutation
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Abstract

Background: Autosomal recessive primary microcephaly (MCPH) is a rare neurodevelopmental disease with severe
microcephaly at birth due to a pronounced reduction in brain volume and intellectual disability. Biallelic mutations
in the WD repeat-containing protein 62 gene WDR62 are the genetic cause of MCPH2. However, the exact
underlying pathomechanism of MCPH2 remains to be clarified.

Methods/results: We characterized the clinical, radiological, and cellular features that add to the human MCPH2
phenotype. Exome sequencing followed by Sanger sequencing in a German family with two affected daughters
with primary microcephaly revealed in the index patient the compound heterozygous mutations c.1313G>A
(p.R438H) / c.2864-2867delACAG (p.D955Afs*112) of WDR62, the second of which is novel. Radiological examination
displayed small frontal lobes, corpus callosum hypoplasia, simplified hippocampal gyration, and cerebellar
hypoplasia. We investigated the cellular phenotype in patient-derived lymphoblastoid cells and compared it with
that of healthy female controls. WDR62 expression in the patients immortalized lymphocytes was deranged, and
mitotic spindle defects as well as abnormal centrosomal protein localization were apparent.

Conclusion: We propose that a disruption of centrosome integrity and/or spindle organization may play an
important role in the development of microcephaly in MCPH2.

Keywords: Microcephaly, WDR62 mutation, Cell division, Intellectual disability

Introduction

Autosomal recessive primary microcephaly (MCPH) is a
rare neurodevelopmental disorder that results in severe
microcephaly at birth with reduction in brain volume,
simplified neocortical gyration, and intellectual disability
[1-3]. Biallelic mutations in the WD repeat-containing
protein 62 gene WDR62 cause MCPH2 (MIM#604317),
the second most common MCPH subtype [4]. So far,
25 mutations of the WDR62 gene have been reported
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Molecular Medicine, Robert-Réssle-Str. 10, Berlin 13092, Germany
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( BioMed Central

in 27 families or individual patients worldwide, most of
them predicted to produce truncated proteins [4-12]
(Figure 1, Table 1). Despite the classic MCPH definition
of an isolated microcephaly at birth without severe archi-
tectonical abnormalities of the brain, patients with WDR62
mut.ations can display a wide spectrum of cortical mal-
formations including cortical thickening, polymicrogyria,
simplified gyral pattern, pachygyria, schizencephaly, hetero-
topias, and corpus callosum abnormalities. Some patients
also have evidence of lissencephaly, cerebellar hypoplasia,
and hippocampal dysmorphy [4,7,12] (Table 1).

WDR62 is essential for mitotic spindle stabilization
during mitosis and, as demonstrated in HeLa cells,
it accumulates at the centrosome or the nucleus in a
cell-cycle-dependent manner (from late prophase until

© 2013 Farag et al, licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http:/creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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Figure 1 Phenotype and genotype of index patient. (A) Pedigree. (B) Facial phenotype of the patient. Note the sloping forehead, the convex
facial profile, the full lips, and the small chin. The appearance of low-set and posteriorly rotated ears on the lateral picture is partly due to reclination of
the head. See Additional file 1: Figure S1 for photo of sibling I1:1.(C) Representative electropherogram traces confirm the heterozygous frameshift mutation
€.2864-2867del ACAG in the index patient and her father and the heterozygous missense mutation ¢.1313G>A in the index patient and her mother
(NM_001083961.1 transcript reference sequence).(D) Sequence alignment of corresponding WDR62 protein regions depict the highly conserved amino
acids affected by the maternally inherited missense mutation (p.R438H) and the position of the paterally inherited frameshift mutation (p.D955Afs*112):
Human (Homo sapiens) UniProt 043379, Chimpanzee (Pan troglodytes) GenBank JAA38944.1, Rhesus monkey (Macaca mulatta) GenBank AFH29290.1,

Cat (Felis catus) GenBank XP_003998018.1, Mouse (Mus musculus) GenBank NP_666298.3, Fruit fly (Drosophila melanogaster) Fly Base ID FBgn0031374.

(E) Known WDR62 gene mutations according to HGMD Professional 20124 and the present paper. Mutations types are color-coded, i.e. missense in red,
frameshift in blue, nonsense in black, and splice site mutations in green. The positions of the mutations detected in the index patient are emphasized

through bold letters (c.1313G>A also present in the index patient has been previously reported [4]).

metaphase-anaphase transition) [13]. It is enriched in  caused spindle orientation defects, decreased the integrity
proliferating precursors of the neuroepithelium in the  of centrosomes and displaced them from spindle poles,
developing murine brain [4,7] but at the same time it is also  and delayed mitotic progression [13]. Despite considerable
present in the cortical plate, a region where (postmitotic)  interest in MCPH as a model disorder for isolated and con-
neurons reside [12]. WDR62 knockdown in cortical pro-  genital microcephaly, the exact underlying pathomechan-
genitors by siRNA reduced their proliferative capacity, ism remains to be established. Here, we report compound

31



Page 3 of 14

178

Farag et al. Orphanet Journal of Rare Diseases 2013, 8

http//www.ojrd.com/content/8/1/178

- - - + qe T = 6  lueispeq sz lyLTd 1dnplizyD 1€x3
- - - + + 5+ as9-01 6 < ysppn | sjzorLAd JD9IPPSOTY 50T 1ex3
1ueIShed
yspun L
- - - + + as -0 y— S 8T— S ueisedne) SpLeLnd DANPYE6E™D 0ex3
- - + + + asse-we 1 yspun sj08z19od [0PSS8ETHE8ED 0€3
+ - + - - as Li— 01 6= L€ lueishied «89LLmd Y<OE0GED 62041
as LL1=010l= L lueisbied sjlzLLyd DIPLYEED 804
- - - - + qe T oA S lueispied 18/01vd V<OTELED Jres|
- - - + - asse-A L ! yspn 5§9565d OLODIPDL + /98757 + /98T gyl
- + + + + + ass-Ag sak 4« $J8160°d / 5j9695d OVISPELYCCLYT I/VIPPEGOT D €C/L14
- - - - - + sah L luelshieg £8ro0d 1<DTr612 §1x3
- - - - + S+ as+Ase ! »ozs3d Y<D9/51D [4RE!
- - + + - at as w6 ! «9r57d 1<99/51 713
- - - - + qe = S luelshed NLLSad Y<OLESLD 11x3
- - + - - S+ 59k | L0470 d 1<080p1? g
- - + + + o ¥ asee- I uewRn  sjsGedd / HREvdd  OVOVIPPLI8Z-#98T D / Y<OELELD €z/019
- - - - + et QSyl—01G— sok 9 lueispeq Heery d V<OELELD org
+ - + + + as w6 L OluedsiH 30073 y<986112 6%3
as g— 01 9— [ lueishied 86eMmd Y<OY6LLD 6x3
- - + + + as /=01 9— L lueIshieg sjigeHd VIPpEyLLD 6x3
Aases-w g
- - - - - USOP=W ¢ US 9¢— ! yspun syapesd V<L + €701 8y
- - + + + et as 6— 01 g— & uelpu L00€Dd Y<D0062 8x3
+ - + + - 5+ as 542 £ Syzemd <9192 9x3
- - + + + vet as 6= 01 — o« uepu| sj6/ LW d VSUI9EST6E5D oq
- - + + + asvs-wol  ass— L& Uedol sigLigd 119peYE™ X3
- - + - + as Li—o1 /= 9 luesped Liityd B3] £x3
- + - + + qet Q5 86—01 €5~ soh 1A qety NSOAd V<OE61D 7x3
gSahijewouqe Kelop Kelop Aqesip
[esoineyag  Apnseds  Asdspdy aojopy  yosads  fenydsjRav] dn mojoy qmg  sweped
adfjousyd Jes1bojoinaN e OW IR LON jo'oN £fpuylz uoney uopenpy uosuj/uoxy

sadfjouab pue sadfyousyd zHdOW L 3jqgelL

32



Page 4 of 14

178

Farag et al. Orphanet Journal of Rare Diseases 2013, 8

http//www.ojrd.com/content/8/1/178

'219A3S D ‘21RI9POW q ‘PIIN ©

‘uojssaibbe pue AyandesadAy aiem pauodas sanijeWIOUE [RI0IARYDY §
*(w) syauow 1o (K) s1eak ul dbe ‘sgs ul D40 »

“A|iwey auo 01 Buojeq syusned #

JINYs a3 03 paleduiod

[¥] s1ea pue 2oe) pazis djeuoiodoidsip 163
(] 350U snog|ng ‘elyleuboiw - - - + + + - 1eq
[c1'gy] 5949 195 A[opIm ‘@BpLIq [eseu peoiq - - + - + + + 0£x3
[zl - - - - + - - 0ex3
(L1 609
[l 8741
JIMfs 241 01 pasedwiod
[ sies pue 2de) pazis sleuouodoldsip JA&S]
[zl + - - + - - czy|
ot - - + - - - - €C/L1X3
[8l - - - - - - + S1x3
[ wisiyreuboud - - - + + + - 7149
[ - - - + + + - a3
JINYs 341 01 pasedwiod
8] S1ed pue adej pazls jeuoodoidsip 113
[/1  Apoepouypele ‘wsipiyoioidAid ‘wniea nusb - - - + + + - 113
Apnis siyy snbjea xnjjey pue snuepd sad [esRle]iq - - - - + - + €2/01%43
IS 8y1 01 paledwiod
8] 51D pue adry pazis Aeuoniodoidsip - - - - - - + e
[s] - - - + - - - 63
| 63
[6] - + - - + - - 63
[zl + - - - + - - qu]
[0l + - + + - - - 3
[ eyjeuboniw - - - + + + - oxg
[9] SIea Jusuluwo.d pue 135 MmO| - - - + - + - 5x3
4] - - - - + - + X3
(1] £
IS 3Y1 01 paledwiod
[c1'v] Sies pue 2de) pazis ajeuopiodoidsip - + + - + _ + 7
sanijewsouqe  BuluPIy uonelfb
eidojosdlaH  Ajeydaduaziyds  eukbodiwflod  eukbAyseq  wnsopjed sndiod |eoao)  paydwis
ERITEIETEN] sadfjousyd sayung adAjouayd [edibojoiperoinan uosuj/uox3y

(panunuo)) sadAyouab pue sadKyousyd ZHdOW L djqel

33



Farag et al. Orphanet Journal of Rare Diseases 2013, 8:178
http//www.ojrd.com/content/8/1/178

heterozygous mutations (one being novel) of the WDR62
gene in a female MCPH2 patient of German descent and
describe her clinical and cellular phenotype. We thereby
provide evidence that the MCPH2 phenotype, at least
partly, is due to centrosome/spindle organization defects.

Human subjects and methods

Patients

Informed consent was obtained from the parents of the
index patient for the publication of clinical and radio-
logical data, cytogenetic and molecular genetic analyses,
and lymphoblastoid cell line (LCL) studies. DNA was
extracted from EDTA blood samples using standard
techniques [14]. Approval to conduct the present study
was obtained from the local ethics committee of the
Charité (approval no. EA1/212/08). The index patient is a
24-year-old microcephalic patient of German descent with
typical facial features of MCPH including sloping forehead
and severe intellectual delay. She also had astatic seizures,
which could be controlled by antiepileptic treatment.
Cranial imaging studies revealed small frontal lobes, hy-
poplasia of the corpus callosum, simplified hippocampal
gyration, widened lateral sulci, and cerebellar hypoplasia
with an enlarged cisterna magna. Her blood count was
normal, and there was no evidence of any malignant
disease. The detailed phenotype is delineated below.

Karyogram and array-CGH analysis

Standard karyotyping revealed a normal result (46,XX).
Array-CGH was performed on the NimbleGen Whole
Genome Tiling 135 k CGX-12 platform and revealed a
1.66 Mb duplication of the short arm of chromosome
2, arr[hg19] 2p12(82,018,317-83,674,828) x 3, that was
inherited from the healthy mother and comprised a
pseudogene (LOC1720) only.

Exome sequencing

All three family members (parents, index patient) were
subjected to exome sequencing. Genomic DNA was
isolated from blood samples using standard methods.
Five micrograms of genomic DNA were enriched using
the Agilent Human All Exon V3 kit (Agilent Technologies,
Santa Clara, CA, USA) following the manufacturer’s proto-
col. Whole-exome libraries were sequenced on an Illumina
HiSeq 2000 system for 1 x 101 cycles following the manu-
facturer’s instructions (Illumina, San Diego, CA, USA). All
raw sequencing reads were mapped onto UCSC hgl9 [15]
using Burrows-Wheeler Aligner (BWA) 0.5.9-r169 [16] and
converted to BAM file format using SAMtools 0.1.18 [17].
Initial mappings were post-processed using the Genome
Analysis Toolkit (GATK) 1.6 [18] following their ‘best
practices V3’ (http://www.broadinstitute.org/gatk/guide/
best-practices). In brief, reads were realigned around sites
of known insertion-deletion polymorphisms (INDELs).
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Then, likely polymerase chain reaction PCR duplicates
were detected using Picard 148 [17]. Finally, raw base
quality scores were empirically recalibrated. Single nu-
cleotide polymorphisms (SNPs) and INDELs were identi-
fied using the UnifiedGenotyper from GATK. Variants
were classified as novel or known variants according to the
SNP database (dbSNP) 135 [19]. Functional conse-
quences of each variant were annotated using snpEff
2.0.5d20 [20] for UCSC hgl9 RefSeq genes and
ENSEMBL 65 human gene models [15,21]. The potential
deleterious effect was evaluated using Polymorphism Phe-
notyping v2 (PolyPhen 2, [22]), sorting intolerant from
tolerant (SIFT, [23]), PhyloP [24], MutationTaster [25],
Genomic Evolutionary Rate Profiling (GERP++, [26]),
Likelihood Ratio Test (LRT, [27]), and the OMIM data-
base (http://www.ncbinlm.nih.gov/omim/), if available. Var-
iants were filtered for the two most likely inheritance
patterns, autosomal-dominant and autosomal-recessive
(either compound heterozygous or homozygous).

Sanger sequencing

The compound heterozygous mutations identified through
exome sequencing were verified through Sanger sequencing
using the primers: F1 5’-gtca tagtgctgtcattgagtcatc-3, R1 5
gagccaactggcaaagaatc-3', F2 5'-gtgccacacctcttecteate-3/,
and R2 5’-cacctggaaccagggaacta-3'. The reference sequence
NM_001083961 of WDR62 was used.

Establishment of Ebstein-Barr virus-transformed
lymphocytes and culture

Ebstein-Barr virus-transformed lymphocytes (LCLs) were
established according to the protocol published by H.
Neitzel 1986 [28]. LCLs were cultured in RPMI 1640
with L-Glutamine (Invitrogen, Darmstadt, Germany)
supplemented with 20% v/v fetal bovine serum (Invitrogen)
and 1% v/v penicillin-streptomycin (Sigma-Aldrich,
Taufkirchen, Germany) [29]. For this study, we used LCLs
from the patient and from two controls.

Immunocytology

For fixation, cells were cultured on poly-L-lysine
(Sigma-Aldrich) coated coverslips for 30 min at standard
conditions and subsequently incubated in paraformalde-
hyde (PFA) 4% for 10 min. Coverslips were rinsed with
phosphate buffered saline (PBS 1x) and further incubated
at room temperature in staining buffer (0.2% gelatin, 0.25%
Triton X-100 in PBS 1x) for 20 min. Blocking was achieved
by incubation in 10% donkey normal serum (DNS) in
staining buffer for 30 min. Coverslips were incubated
overnight at 4°C with primary antibodies in the staining
buffer containing 10% DNS followed by an incubation with
the corresponding secondary antibodies for 2 h at RT.
Nuclei were labeled with 4’,6-diamidino-2-phenylindole
(DAPI, 1:1,000, Sigma-Aldrich). Fluorescently labeled
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cells were analyzed and imaged by a fluorescent Olympus
BX51 microscope with the software Magnafire 2.1B
(version 2001; Olympus, Hamburg, Germany), and all
images were processed using Adobe Photoshop. This
procedure has been previously described [29].

The anti-WDR62 antibody (rabbit polyclonal anti-
WDR62, Bethyl laboratories, A301-560A, 1:500) utilized
in this study recognizes amino acids between residue
900 and 950 of human WD repeat domain 62 (accession
no. NP_775907.4, GeneID 284403, UniProt ID: 043379).
Further primary antibodies were as follows: mouse anti-y-
tubulin (T6557, Sigma-Aldrich, 1:500), mouse anti- a-tubulin
(T9026, Sigma-Aldrich; 1:1,500), and rabbit anti-CDK5RAP2
(HPA035820, Sigma-Aldrich, 1:200). The immunoreaction
specificity was analyzed in control specimen incubated only
in the secondary antibodies.

Protein extraction procedure and Western blot

Protein extracts for Western blots were isolated from
LCLs by homogenization in radio-immunoprecipitation
assay (RIPA) buffer containing 1 mM phenylmethylsulfonyl
fluoride (PMSEF; Sigma-Aldrich) and 1 protease inhibitor
cocktail tablet per 10 ml RIPA buffer (Complete Mini;
Roche Diagnostics, Mannheim, Germany), 15 min in-
cubation on ice, followed by ultrasonication and cen-
trifugation at 4°C for 10 min at 3,000 g and for 20 min
at 16,000 g. Protein concentrations were determined
using a bicinchoninic acid (BCA) based assay, according
to the instructions of the manufacturer (BCA Protein
Assay Kit; Pierce Biotechnology, Rockford, IL, USA).
Protein extracts (30 pg per sample) were denaturated
in Laemmli sample loading buffer at 95°C for 5 min,
separated by sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE), and electrophoretically
transferred onto nitrocellulose membrane (Bio-Rad,
Munich, Germany) using Bio-Rad wet transfer system
(Bio-Rad, Munich, Germany). This procedure has been
previously described [29].

The membranes were incubated for 1 h at room
temperature in blocking buffer Tris-Buffered Saline
Tween-20 (TBS-T) 1x with 5% bovine serum albumin
(BSA), rinsed three times with TBS-T (1x) for 8 min
each at RT on a shaker, and then incubated overnight
at 4°C with rabbit anti-WDR62 (1:500, A301-560A,
Bethyl laboratories) or mouse anti-actin (1:10,000,
MABI1501, Millipore) antibodies in blocking solution.
After incubation with the corresponding secondary
antibodies donkey anti-rabbit (1:2,000; Amersham
Biosciences, Freiburg, Germany) and goat anti-mouse
(1:10,000; Dako, Hamburg, Germany) the immunoreac-
tive proteins were visualized using a technique based on
a chemiluminescent reaction. The gel pictures were ob-
tained using photographic films (Amersham Hyperfilm
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ECL, GE Healthcare, UK). Western blot experiments were
run in triplicate.

Cell cycle analysis

Cell cycle analysis was performed using the 5-bromo-2’-
deoxyuridine (BrdU)-Hoechst 33258 method [30]. The
principle of that assay is based on the incorporation of
the halogenated base analog during DNA replication.
The assay makes use of the fact that BrdU-substituted
chromatin quenches the fluorescence of the dye Hoechst
33258. This method differentiates not only between cycling
and noncycling cells in a given culture but also recognizes
the distribution of the cycling cells in as many as four
consecutive cycles. For flow cytometry mononuclear
cells were Ficoll-isolated from heparinized blood sam-
ples. Cultures were set up in RPMI 1640 medium with
GlutaMAX (Gibco Life Technologies), supplemented
with 15% fetal bovine serum (FBS, PAN Biotech). Duplicate
cultures were either left untreated, or irradiated with
1.5 Gy from a linear accelerator or continuously exposed
to 10 ng/ml mitomycin C (Medac). To all of the cultures
BrdU (Sigma-Aldrich) was added at a final concentration
of 10* M [31]. Lymphocyte growth activation was induced
by phytohaemagglutinin (PHA HA16, Remel Europe,
Dartford, UK). The cells were harvested after 72 h. Following
staining with Hoechst 33258 (1.2 pg/ml; Molecular Probes)
for a minimum of 15 min in buffer containing 154 mM
sodium chloride (NaCl), 0.1 M TRIS pH 7.4, 1 mM calcium
chloride (CaCl,), 0.5 mM magnesium chloride (MgCl,),
0.2% BSA, and 0.1% nonyl phenoxypolyethoxylethanol
(NP40) in distilled water in the dark, ethidium bromide
(EB, 1.5 pg/ml, Molecular Probes) was added for another
minimum of 15 min. Bivariate flow histograms were
recorded on a triple-laser equipped LSRII flow cytometer
(Becton Dickinson) using UV excitation of Hoechst
33258 and 488-nm excitation of EB. The resulting cell
cycle distributions reflecting cellular DNA content
were quantified using the MPLUS AV software package
(Phoenix Flow Systems, San Diego, CA, USA).

Analysis of chromosome condensation

Whole-blood cultures were prepared using RPMI 1640
medium with GlutaMAX (Gibco Life Technologies) supple-
mented with 15% fetal bovine serum (FBS, PAN Biotech).
Lymphocytes were stimulated with PHA (Remel Europe).
The cultures were terminated after 72 h following addition
of 8 pl/ml Colcemid solution (10 pg/ml; PAA) for the final
45 min. Metaphase preparations were made by hypotonic in-
cubation of the cell pellets (0.075 M KCl for 10 min at 37°C)
and fixation of the nuclei in ice-cold methanol/concentrated
acetic acid 3:1. Slides were stained with 5% Giemsa so-
lution for 5 min without applying banding techniques.
A total 1,000 nuclei per sample were scored by visual
counts, and the proportion of metaphases and of nuclei
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with prophase-like morphology (prophase-like cells, PLCs,
defined as nucleus-shaped structures with condensed
chromosomes) were determined.

Results

Phenotype of the patient with MCPH2

The index patient is the third child of non-consanguineous
healthy parents of German descent (Figure 1A). Microceph-
aly was diagnosed by ultrasound in the 30th week of gesta-
tion. Pregnancy and delivery were uneventful. Birth
weight, length, and head circumference at term were 3600 g
(0.6 SDS, 50-75th centile), 55 cm (1.6 SDS, 95th centile),
and 31 cm (-2.3 SDS; 1 cm below 3rd centile), respectively.
The head circumference of her parents was normal. Post-
natal cranial ultrasound revealed small frontal lobes,
hypoplasia of the corpus callosum, simplified hippocampal
gyration, widened lateral sulci, and cerebellar hypoplasia
with an enlarged cisterna magna. Further imaging studies
were refused by the parents. These findings are in line with
cortical malformations previously associated with WDR62
mutations, and are expected to have impact on cognitive,
language, motor, and behavioral functions of the patient.
Language development of the girl was severely delayed
(first words at the age of 4 years) while the delay in motor
development (unaided walking at the age of 2 years) was
moderate [32]. At the age of 16 years, the patient developed
astatic seizures that were controlled by carbamazepine treat-
ment. At the age of 24 years, the patient was distinctively
microcephalic (50 cm, 3 cm below 3rd centile, -3.3 SDS)
while her body length of 164 cm (25th-50th centile) and
weight of 54 kg (25th-50th centile) were normal. She could
phrase sentences of up to three to four words and recog-
nized letters but was not able to perform any abstract intel-
lectual task such as reading, writing or simple calculation.
She also had difficulties in performing complex motor tasks
such as riding a bicycle. Neurological examination did not
reveal any further abnormality. Spatial orientation, vision
and hearing were normal. Facial features included convex
facial profile, sloping forehead, marginally low-set and
posteriorly rotated ears, small chin, and full lips. In spite
of the small cranium, palpebral fissures were horizontal.
On physical examination bilateral pes planus and hallux
valgus were found. Blood count was normal, and there
was no evidence of any malignancy or further organ
malformation/malfunction (Table 1). Results of genetic
analyses (karyogram and array-CGH) were normal.

The patient’s sister who was born earlier also had micro-
cephaly and intellectual disability (Additional file 1: Figure
S1). She died of a Wilms tumor at the age of 5 years (head
circumference at birth 31 c¢m, -2.3 SDS, 1 cm below 3rd
centile; head circumference at 2 years-of-age 41 cm, -4.4
SDS, 5 cm below 3rd centile). A left-sided spastic hemipar-
esis had been noticed. Brain computed tomography at one
month of age had revealed a plump right ventricle, wide
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arachnoidal spaces, and parieto-occipital hypodensity. In
the second year of life, an electroencephalogram (EEG) had
revealed signal depression on the right hemisphere and epi-
leptic activity on the left hemisphere. Results of genetic
analyses (Karyogram and array-CGH) had been normal.

Novel WDR62 mutation

Both parents and the index patient were subjected to whole
exome sequencing. In total, we obtained 92-100 million
single-end 101 bp reads per sample, of which 97.6 - 98.0%
could be mapped onto the human genome. After removing
duplicated reads, which were possibly derived from PCR
artifacts, 29—31 million unique reads were mapped to the
targeted protein coding regions, resulting in an average
of 59.0 - 62.8x coverage within the targeted coding region.
Using the Genome Analysis Toolkit (GATK) we detected
19,381 - 19,656 SNPs and INDELSs in the exome of each
family member, of which 98.3 - 98.4% were known variants
deposited in dbSNP 135. Given the pedigree, we searched
for autosomal-dominant, autosomal-recessive homozygous,
compound heterozygous, and de novo mutations.

Through this exome sequencing approach, we identified
two compound heterozygous mutations of the WDR62 gene
in the index patient: (i) a missense mutation (c.1313G>A)
in exon 10 that was inherited from the mother and re-
sulted in a substitution of arginine by histidine (R438H);
(ii) a frameshift mutation with deletion of 4 nucleotides
(¢.2864-2867del ACAG) in exon 23 that was inherited from
the father and resulted in a stop codon of the new reading
frame 112 aa downstream of the deletion (D955Afs*112).
Both mutations were confirmed by Sanger sequencing
(Figure 1C). The WDR62 gene encodes for a WD-repeat
containing protein and has been associated with autosomal
recessive primary microcephaly 2 (MCPH2, MIM*613583),
matching the phenotype of the patient. c.1313G>A has
been described previously in seven homozygous MCPH2
patients and is predicted to be deleterious [4], while c.2864-
2867delACAG is a novel mutation and could result in
nonsense-mediated decay. Indeed, WDR62 protein levels
were reduced or below detection level in EBV-transformed
lymphocytes of the index patient, when assessed via
western blot and immunocytology, respectively (Figure 2).
A survey of the types and locations of reported WDR62
mutations is schematically depicted in (Figure 1E). Inde-
pendent of the two mutations, the patient also carried a
1.66 Mb duplication at 2p12 (chr2: 82.0-83.7 Mb, hg 19).
The duplication comprising the pseudogene LOC1720
was inherited from her healthy mother and thus was
not considered as disease-causing.

Cellular phenotype of the patient with WDR62

gene mutations

We assessed the phenotypic consequences of the biallelic
WDR62 mutation in mutant lymphoblastoid cells (LCLs) of
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the MCPH2 patient. Cell cycle analysis of LCLs revealed
normal results when compared to control specimen,
and the patient’s LCLs did not prove sensitive to ionizing
radiation or mitomycin C exposure (data not shown).
After colcemid arrest of otherwise untreated cultures,
a vast majority of mitotic cells in the patient’s LCLs
showed typical metaphase morphology (Figure 3A) in
contrast to MCPHI cells whose characteristic feature
is an increased number of nuclei with prophase-like
chromosome (PLC) morphology (Figure 3B). Quantitative
analysis revealed a regular PLC rate of the MCPH2
LCLs, comparable to normal controls and opposed to the
increased rates in MCPH1 LCLs (Table 2).

We determined the subcellular distribution of WDR62
in LCLs of patient and controls by immunocytology.
In control cells, WDR62 localized to the centrosomes
throughout the mitotic progression with reduced signal
intensities in anaphase and telophase (Figure 4A). Cen-
trosomal WDR62 signals were relatively reduced during
interphase and then increased throughout mitosis until
anaphase, when signals dropped to interphase levels. In
anaphase telophase, WDR62 also appeared to be present
in the division plane/cytoplasm. Furthermore, WDR62
was assigned to the midbody during anaphase as shown
by co-localization with y-tubulin (Figure 4A) for which
midbody localization has been reported [33]. In WDR62
mutant cells the co-localization of WDR62 and y-tubulin at
the midbody appeared to be abrogated to a large extent
similar to the reduced levels at the centrosomes (Figure 4B).
In WDR62 mutant LCLs, WDR62 expression was not
detectable when assessed by immunocytology using an anti-
body against a WDR62 epitope at aa 900 to 950 (Figure 2B,
Figure 4B). Western blot using the same antibody revealed
a single band of normal size but severely reduced quantity,
suggesting that the allele with the frameshift deletion was
not expressed (otherwise a second band would be visible)
while the allele with the missense mutation had residual
expression and/or enhanced degradation and possibly a
more dispersed distribution making its immunocytological
detection impossible (Figure 2A).

Since deficiency or dysfunction of WDR62 reduce
human brain size and impact on cell proliferation, we
examined the integrity of the centrosome and the mitotic
spindle apparatus in cells of the index patient and of the
controls. In control LCLs, WDR62 colocalized with the
centrosomal protein y-tubulin throughout the cell cycle
(Figure 4A). In patient cells, WDR62 was below the detec-
tion limit. Here, we observed a more dispersed y-tubulin
staining around the centrosome rather than a complete
loss of y-tubulin from the centrosome (72.3% versus
9.8% of 100 counted metaphase lymphoblastoid cells of
index patient versus controls; Student’s t-test, p < 0.001)
(Figure 4B, C). Similarly, the levels of centrosomally located
CDK5RAP2 were strongly reduced in WDR62 mutant
LCLs (Figure 4D, Figure 5A,B).

We further examined the changes in mitotic spindle
organization. In controls, the spindle apparatus had a
regular bipolar form of appearance from prometaphase
to telophase (Figure 5A). Spindle defects were ob-
served in patient cells with an increase of abnormal
misdirected spindles with broad and unfocused poles
of microtubules (Figure 5B). Quantification of the
metaphase cell population indicated that more than
half of WDR62-depleted cells exhibited such abnormal
bipolar spindles (87.6% versus 10.2% of 115 counted
metaphase LCLs of index patient versus controls; Stu-
dent’s t-test, p < 0.0001) (Figure 5C). Mutant cells also
showed displaced centrosomes detected by co-staining
with both CDK5RAP2 and alpha-tubulin (Figure 4D).
In addition, the spindle pole distance was significantly
increased in mutant cells compared to controls
(2.46 um versus 2.1 pm of 115 counted metaphase lym-
phoblastoid cells of index patient versus controls; Stu-
dent’s t-test, p<0.0001) (Figure 5C). Given the
importance of assembly of bipolar mitotic spindles for
accurate chromosome segregation, we investigated the
alignment of chromosomes in patient cells. We noted
the presence of lagging chromosomes in some lympho-
blastoid cells from the patient compared to the con-
trols (Figure 6).
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Figure 3 Absence of a prophase-like chromosome phenotype

in MCPH2 deficiency. (A) Normal metaphase morphology (arrow)
of a cultured lymphoblast in a cell line from the MCPH2 patient after
induced mitosic arrest by colcemid. The chromosomes are
condensed while the delimitation of the metaphase is irregularly
shaped suggesting that there is no more nuclear membrane after its
disintegration in prophase. Three other nuclei are stained rather
homogeneously, typical of uncondensed chromatin in interphase
nuclei (asterisks). (B) An MCPH1 lymphoblastoid cell line treated
identically shows nuclei with typical prophase-like chromosome (PLC)
morphology. Virtually all of the six nuclei reveal a meandering striped
or banded chromatin structure characteristic of beginning chromo-
some condensation (best seen in the two marked nuclei). Despite
prometaphase stage, they present with rounded delimitations (ar-
rows) suggesting that they are bounded by a persisting nuclear
membrane, a phenomenon that is designated as premature
chromosome condensation (PCC). Giemsa stain.

Table 2 Rate of nuclei with prophase-like chromosome
(PLC) morphology

Designation Mean [%] PLC Rate SD [%] Range [%] n
MCPH?2 Patient 1.36 +05 0.79-2.33 7
Normal Controls 117 + 085 0-2.09 8
MCPH1 Patients 9.07 + 4.02 5.96-13.77 3

N: number of independent experiments in the reported MCPH2 patient or
number of individuals with single experiments in normal and MCPH1 controls.
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Discussion

Phenotype and genotype

We report compound heterozygous WDR62 mutations
in a German girl with primary microcephaly: (i) a missense
mutation with single nucleotide transition c.1313G>A in
exon 10 resulting in the substitution of arginine by histidine
(R438H) which has been reported previously in homozygous
patients (4), and (ii) a novel frameshift deletion of four nu-
cleotides ¢.2864-2867delACAG in exon 23 that resulted in a
stop codon of the new reading frame 112 aa downstream of
the deletion (p.D955Afs*112) (Figure 1). The index patient
had congenital microcephaly, intellectual disability, speech
deficit, and epilepsy. Apart from typical facial features of
MCPH including a sloping forehead, she had only minor
dysmorphic features (convex profile with small chin), and
her height and weight were normal. There was no further
neurological deficit and her sensorial functions were normal.
The postnatal cranial ultrasound of the patient revealed
small frontal lobes, simplified hippocampal gyration, and
hypoplasia of both the corpus callosum and the cerebellum.
Despite the classical definition of MCPH as a severe
congenital microcephaly lacking morphological ab-
normalities of the brain, it is now acknowledged that
particularly MCPH patients with WDR62 mutations
may have a wide spectrum of brain malformations in
addition to microcephaly including pachygyria, thickened
cortex, polymicrogyria, schizencephaly, corpus callosum,
and hippocampal abnormalities as well as cerebellar
hypoplasia [4,7,12], in line with the phenotype of the
index patient (Table 1).

Although cancer has not been described so far in
patients with MCPH2, individual patients with other
MCPH subtypes and leukemia have been reported [2,34].
Moreover, mouse models of MCPH3 and MCPHS5 dis-
played an increased tumor risk and/or blood abnormalities
(anemia, leucopenia) [35,36]. It is likely that the deceased
sister of the index patient who also had severe micro-
cephaly at birth and intellectual disability, carried the
p.R438H / p.D955Afs*112 mutations of the WDR62 gene.
(Unfortunately, her DNA was not available for genetic
testing anymore.) The diagnosis of a Wilms tumor in
association with a putative WDR62 mutation raises
concerns regarding a potentially increased cancer risk
in MCPH2 patients also. In addition, especially in pa-
tients with MCPH1 and MCPHS5, early puberty, renal
agenesis, and multicystic kidneys have been described.
As this point warrants further investigation in patients,
we investigated the clinical phenotype of our patient in
detail but found no evidence of blood abnormalities,
organ involvement, or malignancy.

Effect of WDR62 mutations

Most previously reported WDR62 mutations have
been proposed to lead to loss of WDR62 function
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Figure 4 WDR62 in immortalized lymphocytes and dispersion of centrosomal proteins y-tubulin and CDK5RAP2 in WDR62 mutant
patients cells. Subcellular localization of WDR62 (red) andy-tubulin (green) throughout the cell cycle in immortalized lymphocytes of (A) controls
and (B) the MCPH2 patient. In controls, WDR62 colocalized withy-tubulin and was present on the centrosome with high levels throughout
mitosis until anaphase and telophase, thereafter the signal intensity dropped to interphase levels. Gamma-tubulin immunostaining shows distinct
centrosomes in controls whereas in patient cells they-tubulin-marked centrosomes appear broad and dispersed. (C) Quantification results of
abnormal centrosomes with a dispersed y-tubulin staining around the centrosome (n = 100 metaphase lymphoblastoid cells, p = 0.0006, Studen's
t-test). (D) Abnormal localization of centrosomal protein CDK5RAP2 (red) inWDR62 mutant patient immortalized lymphocytes (see also Figure 5).
Cells were stained for WDR62, for the centrosome marker CDK5RAP2, and fora-tubulin as a microtubuli marker. DNA was stained with
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(Figure 1, Table 1). The mutation of the paternal allele
(p-D955Afs*112) in the present patient leads to a stop
codon in the novel reading frame. Since the Western
blot revealed only a single band of normal size we as-
sume that this allele’s RNA is subject to nonsense-

mediated decay and that its protein product is not
expressed (Figure 2A). The previously reported missense
mutation present also in our index patient (p.R438H)
alters evolutionarily highly conserved amino acids of
WDR62 [4].
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Figure 5 Spindle defects in WDR62 mutant patient cells. Subcellular localization of CDK5RAP2 and a-tubulin throughout the cell cycle in
immortalized lymphocytes of (A) control and (B) MCPH2 patient. While the spindle apparatus has a regular bipolar form of appearance from
prometaphase to telophase in controls, patient cells show abnormal spindle formation with an increase of abnormal misdirected spindles and
broad, unfocused microtubules poles. CDK5RAP2 signals are weaker in patients cells than in controls. Cells were stained for CDK5RAP2 (red), for
a-tubulin (green), and for DNA using DAP! (blue). (C) Quantification results of abnormal spindles and spindle pole distance (n =115 metaphase
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The human MCPH phenotype is considered, based on
results from in vivo and in vitro studies, to result from a
premature shift from symmetric to asymmetric neural
progenitor-cell divisions (with a subsequent depletion
of the progenitor pool) and from a reduction in cell survival
[37,38]. A central molecular mechanism for microcephaly
in MCPH2 may be a deficiency or dysfunction of WDR62
at the spindle pole of dividing cells due to processes

such as non-expression, loss of essential spindle target-
ing domains, misfolding or rapid degradation of the
mutant protein [39]. For WDR62 it has been recently
demonstrated that siRNA downregulation in murine neural
progenitors through in utero electroporation induces
early cell cycle exit and a reduced proliferative capacity.
Downregulation by siRNA of WDR62 in murine neural
progenitors causes early cell cycle exit and reduced
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Figure 6 Lagging chromosomes in mutant WDR62 lymphocytes.
Some chromosomes in patient cells showed lagging defects in
metaphase (indicated by arrows).

proliferative capacity [13]. Moreover, WDR62 downreg-
ulation in tumor cells (HeLa) was associated with spin-
dle orientation defects, decreased centrosome integrity
and displacement from the spindle pole as well as de-
layed mitotic progression [13].

Cellular phenotype

To study the effect of the reported compound heterozygous
WDR62 gene mutations on centrosome and spindle
integrity in the present index patient, we analyzed the
intracellular localization of WDR62 as well as centrosome
and spindle morphology of EBV-transformed lymphocytes
(LCLs) from the patient and from controls. WDR62
localized to the centrosomes of control LCLs at all phases
of the cell cycle in a cycle-dependent manner, with low
centrosomal WDR62 levels in anaphase and telophase.
In interphase, WDR62 was also only weakly associated with
the y-tubulin-labeled centrosome; moreover, WDR62 ex-
pression appeared to be cytosolic (Figure 4). These findings
are in line with previous reports of WDR62 localization in
human tumor cells (HeLa, HEK293, A549, HepG2), human
non-tumor cells including B-lymphocytes as well as mouse
cerebral cortex neuroepithelial cells at E13. Here WDR62
was reported to assume both nuclear and cytosolic dis-
tribution in interphase by some authors [4,6,12,13],
while accumulating strongly at the spindle poles during
mitosis [4,6,12,13] with no obvious centrosomal associ-
ation of WDR62 during anaphase and telophase [13].
We also detected WDR62 protein accumulation in the
division plane (midbody) in lymphoblastoid cell lines, a re-
gion of bipolar microtubuli array that arranges between sep-
arating sister chromatids during anaphase [40]. Contrary to
our results, no protein accumulation was detected at the
midbody during cytokinesis in previous localization reports
performed in other cell lines (HeLa, HEK293, A549, HepG2)
[4,6,12]. Further studies are needed to address the asso-
ciation of WDR62 with the midbody. In one report, the
mitotic WDR62 distribution was evaluated by its
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colocalization with CDK5RAP2, a key centrosomal pro-
tein known to cause MCPH3 when disrupted. WDR62
and CDK5RAP2 colocalized to the centrosome through-
out the cell cycle. However, during prometaphase and
metaphase, WDR62 surrounded rather than strictly coloca-
lized with CDK5RAP?2 at the centrosome [7].

WDR62 protein levels were low (western blot) or non-
detectable (immunocytology) in MCPH2 patient cells. As
indicated above, this finding may result from nonsense-
mediated decay of the transcript with the frameshift
deletion and dispersion and/or instability of the protein
with the missense mutation (Figures 2 and 4). In contrast
to siRNA studies on WDR62 downregulation, we detected
neither a disorder of cell cycle progression in peripheral
lymphocytes of the patient nor increased chromosomal
breakage rates of her LCLs when compared to controls.
We could, however, detect a failure of the centrosomal
proteins y-tubulin and CDK5RAP2 to localize properly
at the centrosome in patient cells indicating an abnormal
centrosome integrity (Figures 4 and 5). In addition, spindles
were disorganized in patient cells with displaced cen-
trosomes, increased spindle pole distance, and lagging
chromosomes (Figures 5 and 6). These results are in line
with those of Bogoyevitch et al. 2012 [13] who observed
abnormal metaphase spindles characterized by a dis-
placement of centrosomes from the spindle pole and a
significant increase of spindle length. Thus, the recent
appreciation of a relationship between proper centrosome
attachment to the spindle pole and spindle length deter-
mination [41,42] is reinforced. Since spindle function is im-
portant for correct chromosome alignment at the spindle
equator and this again is necessary for accurate segregation
of chromosomes during cell division into two daughter cells
[43], we investigated these processes. Our observation
of disturbed metaphase chromosome alignment and of
lagging chromosomes in some lymphoblastoid cells from
the patient is in line with previous reports demonstrating
an increase in the proportion of unaligned chromosomal
DNA during metaphase in HeLa cells following WDR62
siRNA [13]. This is consistent with delayed mitotic progres-
sion and disrupted centrosome/bipolar spindle organization
[13], emphasizing the importance of regulated assembly of
the mitotic spindle apparatus that impact the forces acting
on chromosomes.

Conclusion

Tight and timely control of cell division largely determines
brain size during embryonic development [44]. Our results,
although generated in human patient lymphocytes and
not human neural progenitors, suggest that spindle
defects and a disruption of centrosome integrity could
play a role in the development of microcephaly in MCPH2.
In fact, our results on lymphoblastoid cells from a MCPH2
patient are in line with those detected in two MCPH5
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patients [29]. Future studies on neuronal stem cells
derived from iPS cells of MCPH patients may provide
further confirmation.

Additional file

Additional file 1: Figure S1. Picture of sibling. Picture of the patient’s
sister (II:1, see pedigree in Figure 1A) at the age of 1.5 years. She also had
microcephaly and intellectual disability, and she died of a Wilms tumor at
the age of 5 years.
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Abstract

Granulomas

The autosomal recessive immunodeficiency-centromeric instability-facial anomalies syndrome (ICF) is characterized
by immunodeficiency, developmental delay, and facial anomalies. ICF2, caused by biallelic ZBTB24 gene mutations,
is acknowledged primarily as an isolated B-cell defect. Here, we extend the phenotype spectrum by describing, in
particular, for the first time the development of a combined immune defect throughout the disease course as well
as putative autoimmune phenomena such as granulomatous hepatitis and nephritis. We also demonstrate impaired
cell-proliferation and increased cell death of immune and non-immune cells as well as data suggesting a chromosome
separation defect in addition to the known chromosome condensation defect.

Keywords: ZBTB24, ICF2, Immunodeficiency, Microcephaly, Intellectual disability, Centromeric instability, Facial anomalies,

Letter to the editor

The autosomal recessive immunodeficiency-centromeric
instability-facial anomalies (ICF) syndrome is character-
ized by immunodeficiency, intellectual deficit, and facial
dysmorphism [1]. ICF 1 and 2 are caused by biallelic mu-
tations in the DNA methyltransferase 3B gene DNMT3B
(MIM*602900, [2,3]) and in the zinc-finger-and BTB-
domain containing 24 gene ZBTB24 (MIM*614064, [4]),
respectively. For ICF2, 16 patients from 13 families have
been reported (Additional file 1: Table S1) [4-13]. ICF
is considered primarily as a humoral immunodeficiency
disease; however, this does not explain the high rate of
opportunistic infections. Recently, an additional intrin-
sic T-cell deficiency in ICF has been discussed and a
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lymphocyte proliferation defect described in individual
patients with ICF1 and ICF2 [5,8,9]. Mechanisms
underlying the neurological phenotype of ICF remain to
be elucidated. Here, we report the development of a com-
bined immunodeficiency in a patient with ICF2 with age
and demonstrate pathomechanisms that may contribute
to the immunological and non-immunological phenotype.

The index patient was born hypotrophic at term without
complications as the first child of non-consanguineous
healthy, Caucasian parents of German descent after an un-
eventful pregnancy. She showed multiple facial anomalies,
clubbing of fingers and toes, and fused teeth (Figure 1A).
Language and motor development appeared initially
normal, but intellectual disability became apparent by
the second year of life. Her brain morphology was nor-
mal on MRI at 4 years-of-age, apart from a pineal cyst.
Growth stagnated at 4.5 years-of-age with height,
weight, and head circumference of 101 c¢cm (-4.79 SD),
15 kg (-2.51 SD), and 50 c¢m (-1.2 SD) at 9 years-of-age
(Figure 1A). Bone age was delayed by 4 years at 8 years-
of-age, and growth hormone levels were undetectable but
could be stimulated.

© 2014 von Bernuth et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (http//creativecommons.org/licenses/by/4.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly credited. The Creative Commons Public
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Figure 1 Phenotype and genotype of index patient with ZBTB24 mutation. (A) Clinical signs at 8 years-of-age: protruding abdomen due to
organomegaly in the otherwise underweight girl of short statue, facial dysmorphism (hypertelorism, epicanthal folds, flat nasal bridge, hypertelorism,
slight ptosis, prominent forehead). Large teeth result from a fusion of first molar with the incisors. Fingers and toes showed clubbing. Failure to thrive
evident in a percentile height-weight-curve.(B) Pseudo-Pelger-Huét anomaly of neutrophils (Diff-Quick staining, 100x, n =400 cells, Studenfs t-test,

p < 0.0001). (C) Site of homozygous ZBTB24 mutation ¢.1222 T > G (protein domains: BTB, bric-a-bric, tramtrack, broad complex domain; AT hook,
DNA-binding domain with a preference for A/T rich regions, Zinc finger C2H2).(D) Electropherogram traces in patient and heterozygous parents
(NM_014797) indicating mutation confirmed by Sanger sequencing. UnalteredZBT824 mRNA levels and product size is depicted in Additional file 8:
Figure S2. (E) Highly conserved amino acids affected by the inherited homozygous mutation (p.C408G).(F) Spontaneous undercondensation of
constitutive heterochromatin of chromosomes 1q, 16q, and (to a lesser extent) 9q.

Signs suggestive of an immune defect were recurrent
infections of the upper airways beginning at 9 months,
a pneumonia at 2.5 years-of-age (Enterobacter cloacae),
recurrent and protracted diarrhoea (enteropathogenic
E. coli), and a prolonged skin infection (Streptococcus
pyogenes). At 3 years-of-age, a ‘common variable im-
munodeficiency (CVID) was diagnosed based on the
global reduction of immunoglobulins and the lack of
antibodies against recall antigens despite regular vac-
cination (Additional file 2: Table S2), subcutaneous IgG
substitution was started, and the patient subsequently
remained free of invasive infections. Further analysis re-
vealed microcytic hypochrome anemia with anisocytosis,
normal global T-/B-cell counts, intermittent neutropenia,
and Pseudo-Pelger-Huét anomaly of neutrophilic granulo-
cytes suggestive of a terminal neutrophil differentiation
defect (Additional file 3: Table S3, Figure 1B). The pa-
tient (blood group 0) lacked isohemagglutinins against
blood group substances A and B. Starting at 3.5 years-
of-age, CD8+ T-cells were elevated and CD4+ T-cells
dropped, leading to a profoundly reduced CD4/CD8
ratio (Additional file 3: Table S3). In parallel to the
CD8+ T-cell expansion, relative numbers of CD4 +
CD45RA + naive T-cells declined, resulting in a relative
CD4 + CD45R0+ T-cell increase (Additional file 3:
Table S3). The TCRVp-repertoire was normal, and bone
marrow analysis excluded myelodysplasia. Lymphocyte
proliferation was strongly reduced upon stimulation with
mitogens, CD3-directed antibody, and tetanus toxoid des-
pite appropriate tetanus vaccination (Additional file 4
Table S4). Initially normal NK-cell numbers declined grad-
ually, and diminished NK-cell mediated lysis could be re-
stored only partly through IL-2 addition (Additional file 3:
Table S3, Additional file 5: Table S5).

Massive hepatosplenomegaly developed by 3 years that
progressed to liver cirrhosis by 9 years-of-age. Repeated
liver biopsies at 4.5 and 8.5 years-of-age revealed chron-
ically active interface hepatitis with periportal lymphoid
infiltrates and fibrosis (Additional file 6: Figure S1); no in-
fection with hepatotopic viridae (cytomegalovirus, Epstein
Barr virus, herpes viridae (HSV1, HSV2, HHV6, HHV?7),
hepatitis viridae A-E, adenovirus, enterovirus, parvovirus
B19, hantavirus, and human polyoma virus BK-virus) or

mycobacteriae was detected (Additional file 7: Table S6).
Compensated renal insufficiency at 4.5 years-of-age
prompted a kidney biopsy that revealed interstitial
granulomatous nephritis (Additional file 6: Figure S1),
but no evidence of mycobacterial infection through
PCR, staining procedure, and direct culture. A four-
week course of immunosuppressive treatment with
corticosteroids and azathioprine was not successful in
normalizing liver enzymes or kidney function. The increase
of CD8+ T-cells is likely an autoimmune phenomenon
non-responsive to standard immunosuppressive treatment;
however, an ongoing, non-identified chronic infection can-
not be ruled out. The increase of IgA, IgM, and IgG later
in life can be an effect secondary to progressive liver
cirrhosis. The patient is still under IgG-substitution,
and protein-electrophoresis revealed no indication of
an increase of mono- or oligoclonal immunoglobulins
(data not shown).

By whole exome sequencing, we identified the homozy-
gous missense mutation ¢.1222 T > G of the ZBTB24 gene
(NM_014797) in the index patient inherited from the
healthy parents (Figure 1C). This previously described mu-
tation alters evolutionarily conserved amino acids in a highly
conserved zinc finger domain (p.C408G; Figure 1D,E,
Additional file 1: Table S1). Patients with the ¢.1222 T > G
mutation show a variable phenotype, arguing against a
clear genotype-phenotype correlation and for a residual
activity of mutant ZBTB24. In line with this, ZBTB24
mRNA levels did not differ significantly between patient
and control (Additional file 8: Figure S2). Chromosome
metaphase preparations revealed increased rates of
undercondensated juxta-centromeric chromosomes 1gq,
16q, and less frequent of 9q regions, characteristic for
ICF2 (Figure 1F). This further increased upon exposure
of cultures to 5-azacytidine (DNA methylation interfer-
ing agent), eventually resulting in chromosome instabil-
ity (data not shown). Because ZBTB24 not only impacts
on immune cells, we examined patient fibroblasts and
detected significantly reduced proliferation, increased
apoptosis and discrete spindle defects (broader and un-
focused microtubule poles; Figure 2A-D, Additional file 9:
Figure S3). In mutant cells, centrosomal CDK5RAP2 was
strongly reduced, while centrosomal y-tubulin staining
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(See figure on previous page.)

significant, *p < 0.05, **p < 0.01, ***p < 0.001.

Figure 2 Cellular defects in patient fibroblasts and lymphoblastoid cells, reproduced in HEK cells through siRNA and expression of
mutant ZBTB24. (A) Reduced cell viability (n =8 per time period, Students t-test), (B) reduced proliferation (n =8, 36 h after plating, Students
t-test), and (C) increased apoptosis of ZBTB24 mutant fibroblasts (activated caspase 3/7 per cell viability; n = 8, Students t-test). (D) Abnormal
spindle (a-tubulin) formation with increase of slightly broader, unfocused microtubules poles (n = 100 metaphase LCLs, Studerit t-test, view
Additional file 9: Figures S3 for further images throughout the cell cycle and specifically in metaphase cells) andE, F) strongly reduced fluorescence
signals of centrosomal marker CDK5RAP2 (but not y-tubulin) in patient lyphoblastoid cells (n= 105 metaphase cells, Students t-test); total y-tubulin
levels were unaltered (n = 3, Students t-test). Scale bar 5 um. View Additional file 10: Figures S4 for further images throughout the cell cycle and
specifically in metaphase cells.(G) Reduced cell viability (n = 8 per time period, One-way ANOVA) and (H) mitotic spindles defect in HEK cells
expressing mutant (¢.1222 T > G) ZBTB24. Abnormal spindle formation with slightly broader, unfocused microtubule poles in mutant cells. Scale bar
5 um. View Additional file 11: Figure S5 for further images throughout the cell cycle, gPCR and Western blot results(l) ZBTB24 mRNA downregulation
in HEK through siRNA (qPCR, Student’s t-test) causes (J) reduced cell culture growth (n =3 per group per time period; Students t-test). ns= not

and total y-tubulin levels were normal (Figure 2E,F,
Additional file 10: Figure S4). The mechanisms underlying
the reduction in CDK5RAP2, which is associated with
stem cell proliferation and microcephaly with intellectual
deficit [14], may be involved in the pathogenesis of the
neurological phenotype of ICF.

We further mimicked the situation in the patient
through ZBTB24 siRNA knockdown experiments in
HEK293 cells and over-expressed mutant and wild-type
ZBTB24 in these cells (Figure 2G-]). Cell culture growth
was significantly reduced when mutant, but not wild-type,
ZBTB24 was expressed, and both discrete spindle defects
and an abnormal centrosomal CDK5RAP2 staining were
observed (Figure 2G,H, Additional file 11: Figure S5).
Down-regulation of ZBTB24 through siRNA similarly re-
duced cell culture growth (Figure 2 LJ).

The novelty of our report lies in the description of the
development of a combined immunodeficiency (CID) with
age in ICF2, a feature that may be missed if immuno-
logical work-up is only performed once at a young age.
We also highlight findings consistent with autoimmune
phenomena (hepatitis, nephritis), which are commonly
seen in CID but not acknowledged for ICF [15]. Finally,
we report for the first time a defect in cell survival and
proliferation in immune and non-immune cells. This may
constitute a disease mechanism common for both the
non-immunological and immunological features of ICF2,
the latter presenting as CID. The clinical course of the
index patient and of previously reported patients calls for
consideration of early stem cell transplantation as an op-
tion in patients with ICF.

Please see Additional file 12: Materials and Methods
for details on materials and methods.

Consent statement

Written informed consent was obtained from the patient’s
legal guardian for publication of this case report and any
accompanying images. A copy of the written consent is
available for review by the Editor-in-Chief of this journal.

Additional files

Additional file 1: Table S1. Genotype and phenotype of all published
ICF2 patients.

Additional file 2: Table S2. Immunoglobulin levels and antibody titers.

Additional file 3: Table S3. Blood counts and lymphocyte
subpopulations.

Additional file 4: Table S4. Lymphocyte proliferation assays.

Additional file 5: Table S5. NK-cell cytotoxicity assay. Percentages of
lysed K562 cells at different effector:target ratios with and without
supplementation with IL-2 at the age of 4 years are shown.

Additional file 6: Figure S1. Histological biopsy results. (A) Liver biopsy
at the age of 4,5 years. Portal lymphocytic infiltrates and interface hepatitis.
(B) Liver biopsy at the age of 8,5 years. Porto-portal bridging. (C) Kidney
biopsy at the age of 4,5 years. Normal glomerula. (D) Kidney biopsy at the
age of 4,5 years showed multifocal inflammatory infiltrates in cortex and
medulla of the tubulo-interstitium and a multinuclear giant cell.

Additional file 7: Table S6. Pathogens excluded to cause hepatitis.

Additional file 8: Figure S2. ZBT24 mRNA levels in controls and
fibroblasts. (A) RT-PCR of ZBTB24 in fibroblasts of controls and the patient.
(B) Quantitative RT-PCR of ZBTB24 in fibroblasts of a control cell line and
the patient.

Additional file 9: Figure S3. Mitotic spindles defect in ZBTB24 mutant
patient cells. Subcellular localization of the spindle marker a-tubulin
(green) and the centrosome marker CDK5RAP2 (red) of immortalized
lymphocytes of (A) control and (B) ICF2 patient throughout the cell cycle.
DNA was stained with DAPI (blue). Patient cells have abnormal spindle
formation with an increase of slightly broader, unfocused microtubules
poles. The fluorescence signals of the centrosomal marker CDK5RAP2 are
strongly reduced in patient cells when compared to control cells.
Immunofluorescence, scale bar 5 pm.

Additional file 10: Figure S4. Abnormal CDK5RAP2 and normal y-tubulin
staining of centrosomes in ZBTB24 mutant patient cells. (A) Subcellular
localization of the centrosome marker CDK5RAP2 (red) in the metaphase of
immortalized lymphocytes of control and ICF2 patient. DNA was stained
with DAPI (blue). Centrosomal CDK5RAP2 is strongly reduced in ZBTB24
mutant lymphocytes when compared to controls. (B) Subcellular
localization of the centrosome marker y-tubulin (green) in the metaphase of
immortalized lymphocytes of control and ICF2 patient. DNA was stained with
DAPI (blue). No strong difference between the y-tubulin immunostaining of
control and ICF2 patient Immunofluorescence, scale bar 5 um.

Additional file 11: Figure S5. Mimicking ICF2 in HEK cells. (A) ZBTB24
MRNA levels and in mock-transfected HEK cells (“‘control”), HEK cells
transfected with HA-tagged normal ZBTB24 or mutant c.1222 T>G
7BTB24, assessed by gqPCR. (B) Western-Blot of ZBTB24 of protein extracts
from similarly transfected HEK cells using antibodies directed against
HA-tag and against ZBTB24 (reference proteins GAPDH and actin). (C)
Subcellular localization of the centrosome marker y-tubulin (green) and
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the centrosome marker CDK5RAP2 (red) throughout the cell cycle in
mock-transfected HEK cells (“control”) and HEK cells transfected with
mutant ¢.1222 T> G ZBTB24.

Additional file 12: Materials and Methods.
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8.3 CDK5RAP2 loss affects mESC neural differentiation

Kraemer N, Ravindran E, Zaqout S, Neubert G, Schindler D, Ninnemann O, Graf R, Seiler
AE, Kaindl AM. Loss of CDK5RAP2 affects neural but not non-neural mESC differentiation
into cardiomyocytes. Cell Cycle 2015; 14:2044-57

Biallelic mutations in the gene encoding centrosomal CDK5RAP2 lead to autosomal
recessive primary microcephaly (MCPH), a disorder characterized by pronounced reduction
in volume of otherwise architectonical normal brains and intellectual deficit. The current
model for the microcephaly phenotype in MCPH invokes a premature shift from symmetric
to asymmetric neural progenitor-cell divisions with a subsequent depletion of the progenitor
pool. The isolated neural phenotype, despite the ubiquitous expression of CDK5RAP2, and
reports of progressive microcephaly in individual MCPH cases prompted us to investigate
neural and non-neural differentiation of Cdk5rap2-depleted and control murine embryonic
stem cells (MESC). We demonstrate an accumulating proliferation defect of neurally
differentiating Cdk5rap2-depleted mESC and cell death of proliferative and early postmitotic
cells. A similar effect does not occur in non-neural differentiation into beating
cardiomyocytes, which is in line with the lack of non-central nervous system features in
MCPH patients. Our data suggest that MCPH is not only caused by premature differentiation

of progenitors, but also by reduced propagation and survival of neural progenitors.

http://dx.doi.org/10.1080/15384101.2015.1044169
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8.4 Novel alternative splice variants of mouse Cdk5rap2
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Abstract

Autosomal recessive primary microcephaly (MCPH) is a rare neurodevelopmental disorder
characterized by a pronounced reduction of brain volume and intellectual disability. A cur-
rent model for the microcephaly phenotype invokes a stem cell proliferation and differentia-
tion defect, which has moved the disease into the spotlight of stem cell biology and
neurodevelopmental science. Homozygous mutations of the Cyclin-dependent kinase-5
regulatory subunit-associated protein 2 gene CDK5RAP2 are one genetic cause of MCPH.
To further characterize the pathomechanism underlying MCPH, we generated a conditional
Cdk5rap2 LoxP/hCMV Cre mutant mouse. Further analysis, initiated on account of a lack of
a microcephaly phenotype in these mutant mice, revealed the presence of previously
unknown splice variants of the Cdk5rap2 gene that are at least in part accountable for the
lack of microcephaly in the mice.

Introduction

Cyclin-dependent kinase-5 regulatory subunit-associated protein 2 (CDK5RAP2) has moved
into the spotlight of neuroscience because of its central function in neural stem cell prolifera-
tion and thus brain development as well as its proposed role in mammalian brain evolution.
Homozygous mutations in the CDK5RAP2 gene cause autosomal recessive primary micro-
cephaly type 3 (MCPH3) [1,2], a rare developmental disorder of the brain characterized by a
pronounced reduction of brain volume, particularly of the neocortex, as well as intellectual dis-
ability (reviewed in [3-5]). One current model for the microcephaly phenotype of CDK5RAP2
mutations invokes a premature shift from symmetric to asymmetric neural progenitor-cell
divisions with a subsequent depletion of the progenitor pool and a reduction of the final num-
ber of neurons. In addition, we and others have proposed a reduction in cell survival [ 6,7].

Currently, no animal model exists that perfectly mimics MCPH. In contrast to the reported
human phenotype, the Hertwig’s anemia mice (exon 4 inversion of the Cdk5rap2 gene, deletion
of a large part of the y-tubulin ring complex (yTuRC) binding domain) not only have micro-
cephaly, but also a hematopoietic phenotype (hypoproliferative anemia, leucopenia,
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predisposition to hematopoietic tumors) and defects in multiple organs [ 6]. Two further splice
trap mutation mice (Cdk5rap2®*F*%, Cdk5rap2”RV*") are not microcephalic [8]. A good ani-
mal model is crucial to linking cellular phenotypes of MCPH to physiological processes in the
developing brain and understanding the mechanisms of neocortex development in this
context.

In the present study, we report on novel splice variants of murine Cdk5rap2, which we iden-
tified in the course of the generation of a conditional mutant mouse ( Cdk5rap2 LoxP/hCMV
Cre). We were able to attribute the lack of an obvious microcephaly phenotype in these mice at
least partially to previously unknown splice variants of the Cdk5rap2 gene that are expressed in
both mutant and wild-type mice.

Material and Methods
Construction of the Cdk5rap2 LoxP targeting vector

The conditional gene-targeting vector for the Cdk5rap2 LoxP™* mice was produced from a

mouse genomic library clone (C57BL/6). The targeting strategy was to conditionally delete
exon 3 of Cdk5rap2 and generate a subsequent stop codon at the beginning of exon 4 by using
a Cre-LoxP strategy. The targeting vector was constructed by successive cloning of PCR prod-
ucts and contained 3.4 kb 5’ and 3.5 kb 3’ homology arms and a Neomycin selection cassette.
Two LoxP sequences were introduced in similar orientation into intronic regions between

exon 2 and 3 as well as between exon 3 and 4 to minimize disruption to the gene function, i.e.,
with positions about 320 bp before and about 2.2 kb at the end of exon 3. An FRT-Neo selec-
tion cassette with two flanking FRT sites for later removal by FLP recombinase [ 9] was inserted
about 300 bp into intron 3 (first FRT site) and 16 bp (second FRT site) before the 3’ LoxP site
(SL Fig).

Generation of Cdkbrap2 LoxP+/- C57BL/6 embryonal stem cells

The linearized targeting construct was electroporated into C57BL/6N mouse embryonic stem
cells (mESC) grown on feeders and selected using neomycin (6 positive in 372 screened clones).
For the resultant clones, the correct insertion of the targeting construct into the genome was
subsequently confirmed by PCR over the homologous recombination arm using external prim-
ers and further confirmed by Southern blot with Neo internal probe and with 5’ and 3’ external
probes (S1 Fig, S1-S3 Tables).

Generation of Cdkbrap2 LoxP+/- mice

The Cdk5rap2 LoxP*" mouse line was established at the Institut Clinique de la Souris (ICS,
llkirch, France) in accordance with the French law. One verified stem cell clone was selected

for C57BL/6 blastocysts injection, and mESC-derived chimeras [ 10] gave germline transmis-
sion. The resulting chimeric line was verified by PCR using external primers, further confirmed
by Southern blot with Neo internal probe (S1 Fig) and crossed with a Flip C57BL/6 deleter
mouse to excise the FRT site-flanked Neo cassette on F1 progenies. The F1 animals were
crossed with C57BL/6 mice to generate F2 animals.

Generation of conditional Cdk5rap2 LoxP+/+ hCMV Cre+ mice
Conditional Cdk5rap2 LoxP** hCMV Cre* mice (cKO) were generated to obtain complete
excision of the Cdk5rap2 exon 3 and introduce a stop codon in exon 4. Breeding of Cdk5rap2
LoxP*"* mice with hCMV Cre* mice resulted in heterozygous Cdk5rap2 LoxP*" hCMV Cre*
mice which were then crossed with Cdk5rap2 LoxP*"* mice. The latter mice were further breed
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among each other. For experiments wildtype (WT), heterozygous knockout (het KO), and
homozygous knockout (hom KO) mice were used. The corresponding genotypes are listed in
$4 Table. Mice were kept and bred in an enriched environment in a SPF barrier at the animal
facility FEM of the Charité - University Medicine Berlin, Germany and all experiments were
carried out in accordance with the German ethic principles, approved by the State Office of
Health and Social Affairs Berlin (Landesamt fiir Gesundheit und Soziales; LaGeSo; approval
no. T0309/09 and G0113/08). The day of insemination was considered as embryonic day (E) 0
(E0), and the day of birth was designated as postnatal day (P) 0 (PO).

Genotyping

Genomic DNA was isolated from tail sections by proteinase K digestion using standard meth-
ods, and genotyping was performed by PCR and subsequent agarose gel electrophoresis using
four primer pairs (S1 Fig, S5 and S6 Tables).

Mouse samples

Mice were sacrificed by decapitation (P0-P5) or cervical dislocation (adult). For conventional
PCR, quantitative real-time PCR (qQPCR) and Western blots, the cerebral cortex was quickly
dissected from mice at PO (n = 6 per group), snap-frozen and stored at -80°C for later RNA
and protein extraction. For histological analysis, brains from mice at PO and P5 (n = 6 per age)
were dissected and immersed in 4% paraformaldehyde (PFA) in 0.12 M TPO4. Further brain
fixation was performed in the same solution at 4°C for 1 -2 h (embryonic brains) or overnight
(postnatal brains). Brains were cryoprotected through overnight incubation in 10% sucrose
0.12 M TPO4 solution at 4°C followed by an overnight incubation in 20% sucrose 0.12 M
TPO4. The brains were then immersed in a solution of 7.5% gelatin, 20% sucrose in 0.24 M
TPO4 for 1 h at 37°C and subsequently embedded in a block with the same solution for 1 h at
4°C. The block was frozen in 2-metylbutan at -60°C and stored at -80°C. Coronal and sagittal
sections of 10 um thickness were cut on a cryostat and collected on Superfrost plus slides (R.
Langenbrinck, Emmendingen, Germany).

Human blood samples

mRNA derived from blood samples from controls were used in this study with approval from
the local ethics committees of the Charité —~University Medicine Berlin (approval no. EA1/212/
08). An informed written consent was obtained from all control persons.

Antibodies

We generated two peptide antibodies directed against mouse Cdk5rap2 in collaboration with
Pineda antibody service (Berlin, Germany) as previously described [11]: (i) one antibody (N1)
directed against a sequence of the N-terminal protein region NH2-DSGMEEE-
GALPGTLSGC-COOH; amino acids 2-18 of the Cdk5rap2 mouse sequence encoded by exon
1, accession no. NP_666102.2, and (ii) an antibody (A1) directed against a more centrally
located protein region NH2-LKFEADVETPFQSDQHLEQSR-COOH; amino acids 705-725 of
the full-length 1822 aa Cdk5rap2 mouse sequence encoded by exon 19, accession no.
NP_666102.2. Both peptide sequences are unique for Cdk5rap2, and the specificity of the pep-
tide antibody against Cdk5rap2 was previously tested by Western blot and on brain sections by
peptide precompetition [11].
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RNA extraction and gPCR

Total RNA was extracted from tissue using TRI-Reagent (Sigma-Aldrich, Taufkirchen, Ger-
many) according to the manufacturer’s recommendations. cDNA was prepared from 1 pug of
RNA by reverse transcription using the ThermoScript RT-PCR System (Invitrogen, Karlsruhe,
Germany) and a combination of oligo(dT),, and random hexamer primers. For qPCR, 1 pl of
1:10 diluted cDNA was used as template. To specifically amplify and detect Cdk5rap2 (WT
allele, KO allele and novel spliced variant) and Hprt (Hypoxanthine-guanine phosphoribosyl-
transferase, reference gene) cDNA, we designed the corresponding specific sets of sense and
antisense primers and TaqMan probe using the GenScript real-time PCR (TaqMan) Primer
Design online software (www.genscript.com) (S7 Table). Experiments (n = 6 per group, het-
erozygotes n = 5) were run in triplicate. PCR was performed in an Applied Biosystems 7500
Fast Real-time PCR System (Applied Biosystems Inc., Norwalk, CT, USA) in 96-well microtiter
plates using a final volume of 13 pl. The reaction mixture consisted of 1x TagMan Universal
PCR Master Mix, No AmpErase UNG (Roche, Branchburg, NJ, USA), 385 nM primer F, 385
nM primer R, 230 nM probe, and 1 pl template cDNA. Amplification was performed with the
thermal profile of 50°C for 2 min, initial denaturation at 95°C for 10 min, followed by 40 cycles
of denaturation at 95°C for 15 sec and a combined primer annealing/extension step at 60°C for
1 min, during which the fluorescence signal was acquired. Ct values were calculated using the
7500 Fast System SDS Software (Applied Biosystems Inc.), and further statistical calculations
were performed on Microsoft Excel (Microsoft Corporation, Bellevue, WA, USA) and Graph-
Pad Prism 5 Software (GraphPad Software Inc., La Jolla, CA, USA). The 2"MC method was
applied for the quantification of the relative expression of the Cdk5rap2 mRNA using the refer-
ence gene Hprt as the endogenous control for normalization.

Sequencing of murine and human CDK5RAP2 cDNA

cDNA samples were prepared from cortex of PO mice and from human fibroblasts as described
above. Primers used for PCR are given in S8 Table. The PCR products were separated on a
1.5% agarose gel, and bands were excised, purified, and cloned into a pCR2.1-TOPO TA vector
using the TOPO TA cloning kit (Invitrogen) according to the protocol provided by the manu-
facturer. Samples were sequenced using M13 forward and reverse primers. The full length
Cdk5rap2 mRNA sequence, accession no. NM_145990.3, was used as reference sequence.

Rapid amplification of cDNA ends (RACE)

To identify putative N-terminally shorter Cdk5rap2 variants, we applied the 5 RACE-PCR
technique (Roche) according to the protocol provided by the manufacturer. Specific primers
used for nested PCR are given in 89 Table. The PCR products were separated on a 1.5% aga-
rose gel and further processed for sequencing as described above.

Protein extraction procedure and Western blot

Protein extracts for Western blots were isolated from tissues by homogenization in RIPA buffer
containing 1 mM PMSF (Sigma-Aldrich) and 1 protease inhibitor cocktail tablet (Complete
Mini; Roche Diagnostics, Mannheim, Germany), 20 min incubation on ice and centrifugation
at 4°C for 10 min at 3,000 g and for 20 min at 16,000 g. Protein concentrations were deter-
mined using a bicinchoninic acid (BCA) based assay, according to the instructions of the man-
ufacturer (BCA Protein Assay Kit; Pierce Biotechnology, Rockford, IL, USA). Protein extracts
(30 pg per sample) were denaturated in Laemmli sample loading buffer at 95°C for 5 min, sepa-
rated by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and
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electrophoretically transferred in transfer buffer in a semi-dry fashion using Trans-Blot SD
Semi-Dry transfer cell (Bio-Rad, Munich, Germany) onto nitrocellulose membrane (Bio-Rad).
The membranes were incubated for 1 h at room temperature (RT) in blocking buffer (TBS-T
1x with 5% bovine serum albumin (BSA)), rinsed three times with TBS-T 1x for 8 min each at
RT on a shaker and then incubated overnight at 4°C with rabbit anti-Cdk5rap2 (N1 or A1)
(1:500) and mouse anti-beta actin (1:10,000; Sigma-Aldrich) antibodies. After incubation with
the corresponding secondary antibodies donkey anti-rabbit (1:2000; Amersham Biosciences,
Freiburg, Germany) and goat anti-mouse (1:10,000; Dako, Hamburg, Germany), the immuno-
reactive proteins were visualized using a technique based on a chemiluminescent reaction. The
gel pictures were obtained on photographic films (Amersham Hyperfilm enhanced chemilumi-
nescence (ECL); GE Healthcare, Freiburg, Germany). Western blot experiments were run in
triplicate.

Immunohistology and imaging

Cryostat sections were air-dried briefly prior to rinsing in phosphate buffered saline (PBS 1x)
for 10 min and in staining buffer (0.2% gelatin, 0.25% Triton X-100 in PBS 1x) for 20 min. In a
30 min blocking step, sections were incubated in 10% donkey normal serum (DNS) in staining
buffer at RT. Sections were incubated overnight at RT with primary antibodies in the staining
buffer containing 10% DNS followed by an incubation with the corresponding secondary anti-
bodies for 2 h at RT. Nuclei were labeled with 4’,6-diamidino-2-phenylindole (DAPI; 1:1000;
Sigma-Aldrich). Fluorescently labeled sections were analyzed and imaged by a fluorescent
Olympus BX51 microscope with the software Magnafire 2.1B (2001) (Olympus, Hamburg,
Germany), and confocal microscopy images were taken by an Ism5exciter Zeiss confocal
microscope with the software Zen (version 2009, Zeiss, Jena, Germany). All images were pro-
cessed using Adobe Photoshop (Adobe Systems, San José, CA, USA).

Blood counts

Blood samples were obtained from mice following cervical dislocation through intracardial
puncture and slow aspiration. Blood slides were prepared and blood cells were counted
manually.

Cranial MRI analysis

Cranial magnetic resonance imaging (cMRI) was performed using a 7 Tesla rodent scanner
(Pharmascan 70/ 16, Bruker BioSpin, Ettlingen, Germany). For imaging, a 'H-RF quadrature-
volume resonator with an inner diameter of 20 mm was used. Data acquisition and image pro-
cessing were carried out with the Bruker software Paravision 4.0. During the examinations
mice were placed on a heated circulating water blanket to ensure constant body temperature of
37°C. Anaesthesia was induced with 3% and maintained with 1.5-2.0% isoflurane (Forene,
Abbot, Wiesbaden, Germany) delivered in a O, / N,O mixture (0.3 / 0.7 I/min) via a facemask
under constant ventilation monitoring (Small Animal Monitoring & Gating System, SA Instru-
ments, Stony Brook, New York, USA). The animals were placed on a custom-built animal
holder. For imaging the mouse brain in axial and sagittal orientation, a T2-weighted 2D turbo
spin-echo sequence with a RARE factor of 8 and 4 averages was used. Imaging parameters: (i)
axial TR / TE = 4059 / 36 ms, 35 axial slices with slice thickness of 0.5 mm, field of view of
(FOV) 2.60 x 2.60 cm, matrix size 256 x 256, (ii) sagittal TR / TE = 4200 / 36 ms, 20 sagittal
slices with slice thickness of 0.5 mm, FOV 2.60 x 2.60 cm, matrix size 256 x 256. cMRI data
processing was performed with Image J software. Section areas and brain volumes were calcu-
lated (n = 4-6 per group).
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Results

Generation and verification of conditional Cdk5rap2 LoxP hCMV Cre
mutant mouse

We generated mutant Cdk5rap2 mice on a C57BL/6N background by introducing a LoxP site
flanking exon 3 of the Cdk5rap2 gene and, following verification steps, breeding the resulting
Cdk5rap2 LoxP*" mice with hCMV Cre mice (Fig 1A, see Material and Methods and S1 Fig
for details). The conditional Cdk5rap2 LoxP*™* hCMV Cre* mice (cKO) were generated to
obtain complete excision of the Cdk5rap2 exon 3 and thereby introduce a frameshift and a sub-
sequent stop codon in exon 4. Heterozygous Cdk5rap2 LoxP*~ hCMV Cre* mice were crossed
with Cdk5rap2 LoxP*'* mice, followed by an inbreeding of the resulting mice. For experiments
wildtype (WT), heterozygous knockout (het KO), and homozygous knockout (hom KO) mice
were used (for corresponding genotypes, see $4 Table).

Lack of phenotype of Cdk5rap2 mutant mouse

We did not detect a microcephaly phenotype when analyzing the animals through clinical
examination, body and brain weight measurements, cMRI analysis, and histological assessment
of their brains (S2 Fig). cMRI analysis of brains of hom KO and WT mice at P56 did not reveal
a significant reduction of brain or neocortex volume.

Identification of a novel murine Cdk5rap2 splice variant (mCdk5rap2-V1)

To further address this point despite the known background dependency of Cdk5rap2 mutant
mice [6] and thus to verify the correct generation of the planned mutant construct, we per-
formed quantitative real-time PCR (qQPCR) analysis using forward primers specific for the WT
and the KO allele, respectively, in combination with a common reverse primer and probe. The
WT specific primer binds to a sequence in exon 3, while the KO specific primer binds only
when exon 3 is deleted completely as it recognizes a sequence composed of the 3 ’-end of exon 2
and the 5-end of exon 4 (Fig 1B, S7 Table). The qPCR confirmed the correct excision of exon
3 in the hom KO mice as Cdk5rap2 mRNA could only be detected with the KO, but not with
the WT specific primer pairs. In line with this, Cdk5rap2 mRNA could only be detected with
the WT but not the KO specific primer pair in the WT, and with both primer pairs in the het
KO samples. Cdk5rap2 mRNA levels were increased in het and hom KO compared to WT (Fig
1B). In addition, we Sanger sequenced cDNA from WT and hom KO mice. The sequencing
results also confirmed the correct excision of exon 3 in the hom KO, leading to a frameshift
and a premature stop codon in exon 4 (Fig 1C). In the course of the sequencing procedure we
performed PCRs to enrich the sequence fragment of interest using forward and reverse primers
that bind to exon 2 and 7, respectively. Separation of the respective PCR products revealed an
additional band in hom KO and WT which was ~70 bp longer than the expected 586 bp for
WT and 518 bp for hom KO, respectively (Fig 1D). This additional band was also detected
using primers binding in exon 1 (F) and exon 11 (R) (data not shown). We therefore Sanger
sequenced the additional PCR product bands following cloning into TOPO-TA plasmids. We
identified a novel murine Cdk5rap2 splice variant (mCdk5rap2-V1) which contains an addi-
tional exon (exon 3a) of 71 nucleotides. Exon 3a lies between exon 3 and 4, and its expression
in the cKO mouse will abolish the frameshift and stop codon introduced through excision of
exon 3 (Fig 1D). In WT mice, translation of mCdk5rap2-V1 results in a truncated 85 aa pro-
tein. This additional exon 3a is not present in human CDK5RAP2 mRNA (data not shown).
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Fig 1. Conditional Cdk5rap2 KO mouse and novel mCdk5rap2 splice variants. (A) Cdk5rap2'™ construct before and after Cre-mediated deletion of exon
3. (B) Cdk5rap2 WT and KO allele expression in the neocortex of WT, het KO, and hom KO mice at PO. The WT allele is not expressed in hom KO mice; the
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KO allele is not expressed in WT mice (qPCR, n = 6 per group, one-way ANOVA, p <0.0001; Bonferroni’s Multiple Comparison Test). Position of forward
primers specific for the WT and the KO allele, respectively, and the common reverse primer and probe are depicted. (C) Sanger sequencing results of PCR
products from exon 2 to exon 7 of WT and hom KO cDNA confirmed the correct excision of exon 3 in hom KO mice, resulting in a frame shift and a premature
stop codon (red box). (D) Identification of a novel mCdk5rap2 splice variant (mCdk5rap2-V/1) through gel electrophoresis and sequencing of PCR products
from exon 2 to exon 7 of WT and hom KO cDNA. In hom KO mice, the additional 71 nucleotides will abolish the frameshift and stop codon introduced through
excision of exon 3. In WT mice the additional 71 nucleotides will lead to a frameshift and a premature stop codon resulting in a truncated 85 aa protein. (E)
mCdk5rap2-V1 mRNA expression in the neocortex of WT, het KO, and hom KO mice at PO (qPCR, n = 6 per group, one-way ANOVA, p=0.1314;
Bonferroni’s Multiple Comparison Test). (F) Western blot analysis using the N1 antibody revealed a strong reduction of protein levels below detection levels
in hom KO in comparison to WT neocortex at PO, while multiple bands were identified with a reduction in the size of the largest (about 250 kDa) band by about
10 kDa when using the A1 antibody. Binding sites of anti-Cdk5rap2 antibodies N1 and A1 are depicted, numbers refer to exons encoding the corresponding
protein regions. (G) Immunostaining using antibodies directed against Cdk5rap2 (red) and the centrosome marker y-tubulin (green) of coronal murine hom
KO and WT brain sections at PO; nuclei are stained with DAPI (blue). Overview immunofluorescence pictures and higher magnification images of the
subventricular (SVZ) and the ventricular (VZ) zone; arrowheads indicate examples for centrosomes which are co-stained with Cdk5rap2 and y-tubulin; scale
bars 20 um. When applying the N1 antibody, high Cdk5rap2 signal density is present within the neocortex and SVZ/VZ in WT mice, while this is lacking in
hom KO mouse brains. The A1 antibody, however, produces Cdk5rap2 immunopositivity in both the hom KO and WT neocortex and SVZ/VZ with a high
signal density in the in the WT mice and a similar pattern with only a slight decrease of staining density and intensity in hom KO mice. (H) Excerpt of
Cdk5rap2 mRNA sequence (NM_145990.3, exons 1, 3, and 5 are highlighted in light grey, exon 7 in dark grey) with known start codon in exon 1 (blue box)
and alternative start codon in exon 7 (red box) as well as putative sequence start of shorter variant Cdk5rap2-V2 (red upper case C). ns, not significant,
*p<0.05, **¥p<0.01, ***p<0.001, ****p<0.0001.

doi:10.1371/journal.pone.0136684.9001

Quantification of mCdk5rap2-V1 mRNA

To quantify the relative mRNA amount of the novel splice variant mCdk5rap2-V1 in WT, het
KO, and hom KO mice, we performed qPCR using the primer and probe set of WT and KO
allele specific and common primers as described above. In addition, we applied a mCdk5rap2-
V1 specific forward primer which binds to a sequence in exon 3a. The fraction of mCdk5rap2-
V1 mRNA relative to the Cdk5rap2 mRNA was very low (4.2% in WT, 3.7% in het KO, 2.2% in
hom KO) and was not increased in the het or hom KO mice (Fig 1E).

Second novel murine Cdk5rap?2 splice variant (mCdkb5rap2-V/2)

Cdk5rap2 protein levels were below the detection level when assessed through immunohisto-
logical and Western blot analysis of hom KO mouse brains using the N-terminal antibody
(N1) binding to amino acids 2-18 of the Cdk5rap2 mouse protein sequence (Fig 1F and 1G).
While this is in line with a nonsense-mediated mRNA decay or rapid degradation of the
putative truncated Cdk5rap2 protein, we did detect Cdk5rap2 with an antibody (A1) directed
towards a more centrally located Cdk5rap2 site, both in immunohistological analysis and in
Western blots (Fig 1F and 1G). Sequence analysis of the Cdk5rap2 gene indicated an ATG
site flanked by a Kozak consensus sequence in exon 7 of the Cdk5rap2 gene to possibly serve
as an additional start codon. The existence of a shorter Cdk5rap2 variant with the translation
starting in exon 7 would result in a 1622 aa Cdk5rap2 variant and might explain why low
level of or no Cdk5rap2 protein is detected in the hom KO when using an antibody against
the N-terminus, while a product can still be identified through a second antibody directed
towards amino acids 705-725 of the full-length 1822 aa Cdk5rap2 mouse sequence. To fur-
ther address this hypothesis of a shorter Cdk5rap2 variant lacking the N-terminus, we per-
formed 5> RACE-PCR analysis using specific primers for the nested PCR directed
subsequently against exons 14, 12, and 9. The PCR products yielded three dominant bands
which were sequenced following cloning into a TOPO-TA plasmid. Sanger sequencing iden-
tified several of the clones starting at base pair position 639 of the Cdk5rap2 mRNA reference
sequence, which is close to the presumptive alternative start codon in exon 7 at position 701
(Fig 1H). The latter results thus indicate the existence of a second, shorter Cdk5rap2 variant
lacking the N-terminus.
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Fig 2. mCdk5rap2 splice variants. Schematic representation of mCdk5rap2, mCdk5rap2-V1, and
mCdk5rap2-V2 mRNA (top) and protein (bottom).
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Discussion

The lack of a phenotype of conditional Cdk5rap2 knockout mice lead us to analyze Cdk5rap2
mRNA in mutant (hom KO) and wild-type (WT) mice in detail. We thereby identified one
mRNA variant (mCdk5rap2-V1) with an additional exon 3a, which is expressed both in the
WT as well as in the hom KO mice. Given that mCdk5rap2-V1 is expressed only at very low
levels and is not upregulated in the mutant mice, it is unlikely that this variant is solely respon-
sible for the rescue of the phenotype in the Cdk5rap2 cKO mice. Moreover, we did not detect
immunopositivity in hom KO cortical sections when applying the N-terminal antibody N1,
which should recognize mCdk5rap2-V1. In addition to this, the detection of Cdk5rap2 in hom
KO mice cortex with the more C-terminal antibody A1 indicates the existence of an additional
variant. In this regard, our data further suggest a second Cdk5rap2 mRNA variant
(mCdk5rap2-V2) which lacks the N-terminal part of the full length Cdk5rap2 mRNA sequence
from bp 1 to 638 (exon 1 to 6) and uses an alternative start codon in exon 7. Since in WT mice
translation of mCdk5rap2-V1 results in a truncated 85 aa protein it is most likely that this vari-
ant is physiologically redundant (Fig 2). The suggested variant mCdk5rap2-V2 lacks the
YTuRC binding domain, which has been reported to be important for the yTuRC attachment
to the centrosome and therefore for the microtubule organizing function of the centrosome
[12]. However, mCdk5rap2-V2 localizes to the centrosome in mouse neocortex, as shown in
immunohistological stainings. This allows speculation that potentially targeting Cdk5rap2 to
the centrosome is not exclusively dependent of the yTuRC site but rather on interaction with
other proteins such as pericentrin. The functional significance of these variants as well as those
predicted in genome datasets (S3 Fig) and the human variants (S4 Fig) will need to be
addressed in further functional studies.

Supporting Information

S1 Fig. Generation and verification of Cdk5rap2 LoxP*" allele. (A) Schematic representation
of the targeting vector. Homologous recombination into the Cdk5rap2 wildtype allele of mouse
embryonic stem cells resulted into the displayed genotype. A correctly targeted ESC clone was
injected into blastocyst stage embryos to generate chimeric mice. Chimeras were bred with
FLIP (FLP) transgenic mice to generate Cdk5rap2 LoxP mice lacking the Neo cassette.
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Recombinase recognition sites: FRT —Flp recombinase; loxP —Cre recombinase. The correct
insertion of the targeting construct into the genome was confirmed by (B) PCR screening of
clones, (C) Neo Southern, and (D) external Southern. (E) Genotyping of mice (see S1 Table for
primer sequences).

(JPG)

S2 Fig. Characterization of conditional Cdk5rap2 knockout mouse. Conditional Cdk5rap2
knockout (cKO) mice were generated by breeding Cdk5rap2 LoxP™* mice with hCMV Cre*”
mice. PO and adult (P56) hom KO mice had normal (A) body weight and (B) brain weight
when compared to WT controls. (C) Magnetic resonance imaging (MRI) analysis of brains of
hom KO and WT mice at P56 revealed no significant difference in brain volume (n = 3-7 per
group). There was a slight reduction of neocortex volume (n = 3-4 per group). (D) Hom KO
mice had normal blood counts at P56 when compared to WT control mice. Abbreviations:
WBC, white blood count; RBC, red blood count; HGB, hemoglobin; HCT, hematocrit; MCV,
mean corpuscular volume of erythrocytes; MCH, mean corpuscular hemoglobin of erythro-
cytes; MCHC, mean corpuscular hemoglobin concentration; PLT, platelet counts. Students t-
test; values represent mean + S.E.M.; *p<0.05, **p<0.01, ***p<0.001.

(JPG)

S3 Fig. Known and predicted mCdk5rap2 transcript variants in genome datasets. In addi-
tion to the mCdk5rap2 RefSeq NM_145990.3 (Ensembl transcript ID:
ENSMUST00000144099) the available genome databases (NCBI, Ensembl, MGI) list several
mCdk5rap2 variants, which have not been confirmed so far. The NCBI dataset comprises 10
predicted transcript variants (X1 -X10), annotated using the gene prediction method Gnomon
and thus supported by mRNA and EST evidence. In all cases, the support level by EST's is very
low as only one or maximal two ESTs are available for altered regions. Ensemble lists 5 addi-
tional transcript variants: two without an open reading frame, hence not protein-encoding, one
predicted to undergo nonsense mediated decay, and two which are predicted to be protein cod-
ing. All of these variants have a low transcript support level according to the Ensembl defini-
tion. None of these predicted variants is similar to mCdk5rap2-V1 or mCdk5rap2-V2. Given
the large size of the mCdk5rap2 gene, it is most likely that more transcript variants exist as
already confirmed for the human CDK5RAP2 (54 Fig). Further investigation will be needed to
compile the existing variants which might be helpful to understand the diverse physiological
functions of Cdk5rap2 in different tissues.Schematic diagram of mCdk5rap2 transcript vari-
ants. Exon numbering is according to the mCdk5rap2 RefSeq NM_145990.3; schematic exons
do not reflect the actual exon size. Changes in predicted variants compared to the RefSeq
NM_145990.3 are marked with red for additional exons, blue for exons containing additional
base pairs, and green for shortened exons missing some base pairs.

(JPG)

$4 Fig. Human CDK5RAP2 transcript variants in genome datasets. Overview about all
human CDK5RAP2 transcript variants listed in genome databases (NCBI, Ensembl, MGI) so
far. Schematic diagram of CDK5RAP2 transcript variants. Exon numbering is according to the
CDK5RAP2, transcript variant 1 RefSeq NM_018249.5; schematic exons do not reflect the
actual exon size. Changes in variants compared to the RefSeq NM_018249.5 are marked with
red for additional exons, blue for exons containing additional base pairs, green for shortened
exons missing some base pairs, and with ‘in’ for retained introns.

(JPG)

S1 Table. Primer sequences used for PCR validation of positive ESC clones.
(DOCX)
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S2 Table. Neo Southern: Digestions used to validate the 5’ and 3’ insertion.
(DOCX)

S3 Table. External Probe Southern: Digestions used to validate with 5’ and 3’ probes.
(DOCX)

$4 Table. Cdk5rap2 mutant mice used in experiments.
(DOCX)

§5 Table. Primer sequences for genotyping.
(DOCX)

S6 Table. PCR fragments expected size (bp).
(DOCX)

S7 Table. Primer and probe sequences for qPCR.
(DOCX)

S8 Table. Primer sequences for sequencing of human CDK5RAP2.
(DOCX)

S9 Table. Primer sequences for 5>-RACE.
(DOCX)
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Abstract

Mid-hindbrain malformations can occur during embryogenesis through a disturbance of
transient and localized gene expression patterns within these distinct brain structures. Rho
guanine nucleotide exchange factor (ARHGEF) family members are key for controlling the
spatiotemporal activation of Rho GTPase, to modulate cytoskeleton dynamics, cell division,
and cell migration. We identified, by means of whole exome sequencing, a homozygous
frameshift mutation in the ARHGEF2 as a cause of intellectual disability, a midbrain-hind-
brain malformation, and mild microcephaly in a consanguineous pedigree of Kurdish-Turk-
ish descent. We show that loss of ARHGEF2 perturbs progenitor cell differentiation and that
this is associated with a shift of mitotic spindle plane orientation, putatively favoring more
symmetric divisions. The ARHGEF2 mutation leads to reduction in the activation of the
RhoA/ROCK/MLC pathway crucial for cell migration. We demonstrate that the human brain
malformation is recapitulated in Arhgef2 mutant mice and identify an aberrant migration of
distinct components of the precerebellar system as a pathomechanism underlying the mid-
brain-hindbrain phenotype. Our results highlight the crucial function of ARHGEF2 in human
brain development and identify a mutation in ARHGEF2 as novel cause of a neurodevelop-
mental disorder.

PLOS Genetics | https:/doi.org/10.1371/journal.pgen.1006746  April 28,2017
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Author summary

During brain development, localized gene expression is crucial for the formation and
function of specific brain regions. Various groups of proteins are known to regulate seg-
mentation through controlled gene expression, among them, the Rho GTPase regulator
family. In this study, we identified a frameshift mutation in the Rho guanine nucleotide
exchange factor 2 gene (ARHGEF?2) in two children presenting with intellectual disability,
mild microcephaly, and a midbrain-hindbrain malformation. This phenotype is also
observed in Arhgef2 mutant mice, highlighting the importance of ARHGEF?2 across devel-
opment of distinct mammalian species. We show that loss of Arhgef2 affects neurogenesis
and also cell migration. In addition, we extended the current knowledge of ARHGEF2
expression and its role in early central nervous system development, with special reference
to the formation of the precerebellar system. In addition to extensive literature on ARH-
GEF2, we now provide evidence for its significant role in neuronal migration in brain
development and link the gene to human neurodevelopmental disease.

Introduction

Brain development depends on spatiotemporally controlled gene expression.[1-3] Alterations
in the expression pattern of such genes can result in neurodevelopmental disorders by imping-
ing on key processes such as neural progenitor specification, cell division, and differentiation
and the migration of newly born neurons from their site of origin to their final destination
within the brain.[4-6] The latter is crucial for the formation of specific brain structures.[7-9]
Factors that control localized gene function include Rho GTPase regulators. Here, we present
evidence that the loss of function of Rho guanine nucleotide exchange factor 2 (ARHGEF2)
causes a human neurodevelopmental disorder characterized by intellectual disability, mild
microcephaly, and midbrain-hindbrain malformation.

ARHGEF2 (synonym GEF-H1, murine Lfc) catalyzes the replacement of GDP to GTP
bound to Rho-related proteins and thereby controls timing and localization of the activation
of Rho GTPases such as RhoA.[10-14] ARHGEF2 connects microtubule and actin cytoskele-
ton dynamics.[14] In this context ARHGEF2 activity is reduced through microtubule binding
and further controlled by upstream regulators.[ 15-25] ARHGEF2 is key for actin and microtu-
bule reorganization and is required for mitotic spindle formation and orientation.[11]
Inhibition of ARHGEF?2 results in spindle disorientation and dysfunction, mitotic delay, accu-
mulation of prometaphase cells, and further mitotic aberrations.[11, 22] In mouse neocortex,
Arhgef2 is expressed in neural precursor and immature neurons and regulates neurogenesis
from cortical precursor cells.[24] Arhgef2 down-regulation by sShRNA keeps radial precursors
cycling, potentially by disrupted spindle plane orientation, and thereby inhibits neurogenesis.
In contrast, Arhgef2 overexpression causes an increase of neurons in the cortical plate.[24-26]
Arhgef2 also plays a role in neural tube closure by regulating morphogenetic movements.[27]
Furthermore, Arhgef2 participates in the migration of non-neuronal cells and in Wnt-induced
planar cell polarity, via the activation of RhoA.[28, 29] Although evidence for a central func-
tion of Arhgef2 in cytoskeletal dynamics and critical signal transduction pathways exists and
other ARHGEF genes have been linked with neurological disease,[30-32] little is known about
ARHGEF2 function in humans and no disease phenotype associated with this gene has been
reported.
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Results and discussion

We report that patients with a homozygous mutation in ARHGEF2 develop intellectual dis-
ability, mild microcephaly, and midbrain-hindbrain malformations. Two affected children
of healthy, consanguineous parents of Kurdish-Turkish descent were born at term without
complications after an uneventful pregnancy (IL.1; I1.2, Fig 1A). At birth, mild congenital
microcephaly with occipitofrontal head circumferences (OFC) of -1.95 (II.1) and -2.33 (IL.2)
SDS (standard deviation score) but normal weight and height were apparent (S1 and S2
Tables). In addition, the two boys variously displayed wide intermamillary distance, broad
fingers, low posterior hairline, and facial dysmorphism with long philtrum, thin upper lip,
high palate, downslanted palpebral eye fissures, long eyelashes, bilateral ptosis, and horizon-
tal pendular nystagmus (S1 Table). Ophthalmological examination revealed congenital stra-
bismus, astigmatism, amblyopia (IL.2), optic disc pallor (II.2), abnormalities of the retinal
pigment epithelium (II.2), and abnormal visual-evoked potentials further underlining optic
nerve affection. Motor milestones were not severely delayed despite generalized muscular
hypotonia observed in patient II.1 and weak tendon reflexes in both children. Both children
stumbled frequently and had a disturbance of fine motor movements (S3 Table). Moderate
intellectual disability (IQ <50) and severe developmental speech delay despite normal hear-
ing capacity were diagnosed in both patients (S1 and S3 Tables). Cranial magnetic resonance
imaging (MRI) revealed mild microencephaly, elongated midbrain, hypoplasia of the pons,
ventral and dorsal longitudinal clefts (grooves) in pons and medulla, and inferior vermis
hypoplasia (Fig 1B). The finding of grooves and cerebellar hypoplasia (in absence of the
‘dragonfly sign’ with hypotrophy of the cerebellar hemispheres rather than of the vermis)
argued against the differential diagnosis of pontocerebellar hypoplasia. Results of routine
blood tests, extensive metabolic work-up, chromosome analysis, and cardiac function assess-
ment were normal.

To identify the genetic cause of this disease, we performed whole exome sequencing and
bioinformatic analysis followed by Sanger sequencing in both affected individuals. We thereby
identified a homozygous deletion of a single guanine (G) at the exon12-intron12 boundary
(Fig 2A and 2B), causing deletion of a G at the exon12-exon13 transition from normally
spliced cDNA and ultimately a frameshift mutation in the affected children (c.1461delG,
NM_004723.3, Fig 2C). The mutation lies within a highly conserved region, results in pre-
dicted truncation of the protein (p.D488Tfs*11, NP_004714.2, Fig 2D), and segregates with the
disease phenotype, i.e., was heterozygous in both parents and not observed in healthy controls.
We failed to detect the deletion in various whole exome databases and did not detect biallelic
ARHGEF2 mutations in six further patients, as detailed in the methods chapter. In lympho-
blastoid cell lines (LCLs), generated from the patients, ARHGEF2 mRNA levels were decreased
as can be expected by partial nonsense-mediated decay (Fig 2E, n = 3, One-way ANOVA).
Moreover, ARHGEF2 protein levels were virtually absent in patient cells and decreased to
intermediate levels in cells from the heterozygous parents (Fig 2F, n = 3, One-way ANOVA).
The predicted truncated form of ARHGEF?2 protein was below detection levels in patient LCLs
(S1 Fig), indicating the total loss of ARHGEF2 in patient cells.

To evaluate the biological effects of the identified ARHGEF2 mutation on brain develop-
ment, we utilized both in vitro and in vivo approaches. We used a well-characterized cell cul-
ture model of E13 mouse neocortical cells recapitulating the timing of cortical precursor
differentiation observed in vivo.[24, 33, 34] The large majority of these cells are actively divid-
ing radial glial precursors positive for the neural progenitor marker nestin immediately
following plating. These cells then differentiate to generate excitatory neurons (DIV1-3) and
subsequently astrocytes and oligodendrocytes (DIV5-7). We demonstrated previously, using
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A

Fig 1. Phenotype of patients with midbrain-hindbrain malformation and intellectual disability.(A) The index patients are children (II.1, 11.2)
of healthy consanguineous Kurdish parents (first cousins) from Turkey. ( B) Cranial MRI revealed microencephaly and hypoplasia of the pons and
grooves (I1.1, I1.2) as well as hypoplasia of the cerebellum (11.2) or the caudal vermis (II.1). Arrow heads indicate hypoplastic pons (lI.1, 11.2) and

cerebellum (I1.2). Sagittal and axial T2 images.

https://doi.org/10.1371/journal.pgen.1006746.9001
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Fig 2. Homozygous ARHGEF2 mutation in index patients. (A) By whole exome sequencing, the homozygous mutation
c.1461delG (chr1:155,928,110delC, hg19) was identified in exon12-intron 12 boundary of the ARHGEF2 (NM_004723.3).
Pictogram representing ARHGEF2 protein domains (DH-DBL homology domain, PH-pleckstrin homology domain, phorbol-
ester/Diacyl Glycerol-type zinc finger domain and coiled-coil domain) (B) Electropherogram depicting homozygous deletion of
one base pairin the ARHGEF2 in patient 1.1, which is heterozygous in the healthy parents and normal in the healthy control.
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(C) This mutation leads to a transfer of the neighboring C in the coding region into the splice donor site, as shown by cDNA
sequencing. This is predicted to cause a frameshift mutation (p.D448T fs*498, NP_004714.2) and a null allele. (D) The mutation
lies within a highly conserved region of the protein. (E) Quantitative real-time PCR revealed strongly reduced ARHGEF2
transcript levels in patients and intermediate levels in heterozygous parents, as would be expected from partial nonsense-
mediated mRNA decay (n = 3, One-way ANOVA). (F) ARHGEF2 protein levels were below detection levels on a protein
immunoblot of lymphoblastoid cells from the affected subjects compared to a control, with intermediate levels in heterozygous
parents (ARHGEF2 120 kDa, actin 43 kDa; n = 3, One-way ANOVA). *p<0.05, **p<0.01, ***p<0.001, Error bars

represent + SD.

https://doi.org/10.1371/journal.pgen.1006746.9002

this model, that knockdown of Arhgef2 causes a decrease in the proportion of BIII-tubulin
positive neurons and a corresponding increase of cycling cortical precursors.[24] We thus
expected the human ARHGEF?2 frameshift mutation to have a similar impact on neurogenesis,
leading to an increase of cycling (and eventually apoptotic) precursors and a decrease of neu-
rons generated during brain development. In a first series of experiments, we transfected
murine cortical radial precursors with an Arhgef2 shRNA plasmid and a nuclear EGFP
reporter plasmid; the latter allows the visualization of transfected cells. As expected, Arhgef2
knockdown significantly decreased the proportion of double positive cells for EGFP and early
neuron marker BIII-tubulin, whereas it increased the proportion of EGFP and proliferation
marker Ki67 double positive precursors (Fig 3A, n = 1378-1293 cells, One-way ANOVA).
Next, we co-transfected cortical progenitors with the same combination of plasmids and an
additional construct encoding for human wildtype ARHGEF?2. In this condition, we observed
no significant change in the proportion of EGFP and BIII-tubulin double positive cells or
EGFP and Ki67 as compared to untransfected cells, demonstrating that wildtype ARHGEF2
rescues the phenotype produced by shRNA (Fig 3A). Last, we co-transfected cortical progeni-
tors with Arhgef2 shRNA, the EGFP reporter, and a construct encoding mutant ARHGEF2
identified in the index patients. Here, the proportion of EGFP and BIII-tubulin double positive
cells was reduced, whereas the number of EGFP and Ki67 remained increased (Fig 3A). We
conclude that the phenotype produced by Arhigef2 shRNA was rescued by coexpression of
wildtype but not of mutant human ARHGEF2, consistent with the interpretation that the
patient mutation is a loss-of-function mutation and that this ARHGEF2 mutation impairs
neurogenesis.

To further analyze whether the identified ARHGEF2 loss-of function mutation affects brain
development in vivo we in utero electroporated E13.5 mouse cortex with Arhgef2 or Con (con-
trol) shRNA constructs along with wildtype or mutant human ARHGEF2 plasmids as well as
an EGFP vector. EGFP as a marker for electroporated cells and SatB2 as a marker for newborn
neurons in murine cortices were quantified three days after electroporation. We identified a
pronounced increase in the proportion of EGFP-positive cells in the ventricular, sub-ventricu-
lar, and intermediate zones (VZ/SVZ/IZ) and decreased proportions in the cortical plate (CP)
of the Arhgef2 shRNA electroporated mice, as compared to mice that were electroporated
with the EGFP reporter only (Fig 3B and 3C). In line with our in vitro data, overexpression of
wildtype, but not mutant, ARHGEF2 was able to effectively rescue the cell distribution in
the cortex induced by Arhgef2 shRNA. Upon electroporation of Arhgef2 shRNA, we addition-
ally observed a dramatic reduction in the proportion of SatB2/EGFP double positive cells local-
ized to the cortical plate. This is consistent with impaired neurogenesis described above in
cultured cortical precursor cells. Overexpression of wildtype ARHGEF2 was able to rescue this
impairment of neurogenesis while mutant ARHGEF2 was ineffective (Fig 3B and 3C, n =3,
One-way ANOVA). These data further confirm that the patient mutation in human ARHGEF2
acts as a loss-of-function mutation also in vivo, results in dramatically decreased neurogenesis
and is most probably disease-causative (Fig 3D).
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Fig 3. Loss of ARHGEF2 function inhibits neurogenesis and increases neural precursors in vitro and in vivo. (A) Cultured mouse cortical
precursor cells were transfected with mouse Arhgef2 shRNA (shArhgef2) or scramble shRNA (shCon), with a nuclear EGFP plasmid and with either an
empty vector (EV), wildtype (wt) or mutant (mut) human ARHGEF2. Representative fluorescence micrographs of shArhgef2 knockdown cultured
precursors immunostained for EGFP (green), llI-tubulin or Ki67 (red), and Hoechst 33258 nuclear staining (blue) 3 days after transfection; right panels
show the merged images; arrowheads indicate double-positive cells. The Arhgef2 shRNA-induced phenotype of decreased early neuronal marker BllI-
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tubulin-positive cells and increased proliferation marker Ki67-positive precursors is rescued by ARHGEF2 (wt) but not ARHGEF2 (mut) (n = 1378-1293
cells in 4 independent experiments, One-way ANOVA, scale bar 25 um). (B, C) Quantification of EGFP positive cells and SatB2/EGFP double-positive
cells (arrowheads) in E13.5 mouse cortices co-electroporated with plasmids specified above and analyzed 3 days later. Representative fluorescence
micrographs of sections co-stained for SatB2 (new-born neurons) and EGFP (dotted line indicates boundary between CP and VZ/SVZ/1Z) (n = 3, One-
way ANOVA, scale bar 50 um). (D) Pictorial representation: ARHGEF2 favors neurogenesis and its downregulation/dysfunction inhibits neurogenesis by
maintaining murine NPCs in cycling phase. *p<0.05, **p<0.01, ***p<0.001. Error bars represent + S.E.M.

https://doi.org/10.1371/journal.pgen. 1006746.9003

ARHGEF2 has been associated previously with spindle plane orientation,[11, 24] and the
latter has been shown to play a crucial role for the fate of neuronal precursors, ‘deciding’
between self-renewal and differentiation.[35] To evaluate whether human mutant ARHGEF2
alters neurogenesis by impairing mitotic spindle orientation, we performed in utero electropo-
ration with the experimental setup described above and determined spindle plane orientation.
We determined the angle between the ventricular surface and a line connecting centrosomes
in metaphase/anaphase cells in brain sections. Arhgef2 shRNA led to a significant shift of the
spindle orientation towards a more horizontal orientation, characterizing putatively more
symmetrically, self-renewing cell divisions. Again, overexpression of human wildtype but not
mutant ARHGEF2 was able to rescue significantly this phenotype (Fig 4A, n = 68-70 cells
from 3-4 mice, One-way ANOVA). In the developing brain, ARHGEF2 reportedly controls
the arrangement for symmetric or asymmetric cell divisions of apical progenitors through
plane orientation.[24] Given our results from overexpressing mutant ARHGEF2 in the mouse
brain, we concluded that loss of ARHGEF?2 activity inhibits neurogenesis by favoring more
symmetric divisions of neocortical progenitors (Fig 4B).

To further substantiate the effect of a loss of ARHGEF?2 functions in human tissues and
other cell types, we analyzed cell cycle apparatus in LCLs from our index patients and healthy
controls. We detected an abnormal morphology of the mitotic spindle apparatus, decreased
spindle pole distance, and decreased cell size in LCLs derived from the patients compared to
controls, significantly (Fig 5A and 5B, n = 100-200 cells, One-way ANOVA). There was, how-
ever, no cell cycle defect, increased radiosensitivity, nor abnormal centrosome ‘morphology’ in
the patient LCLs (S2 and S3 Figs). We concluded that regulation of the mitotic spindle appara-
tus is a primary function of ARHGEF?2 in the cell cycle also in human tissues and other cell
types.

ARHGEF2 regulates various cellular processes through activation of Rho family GTPases,
specifically RhoA and its downstream effectors, such as RhoA/ROCK/MLC pathway mem-
esis and planar cell divisions.[38, 39] We thus analyzed the activity of RhoA and its immediate
downstream effectors in patient and control LCLs. We detected a significant reduction of
active RhoA and, consistently, reduced levels of active phospho-myosin light chain (MLC) in
the LCLs of affected individuals with an ARHGEF2 mutation compared to healthy individuals
(Fig 5C-5E, n = 3, One-way ANOVA). This indicates that the RhoA/ROCK/MLC pathway is
most likely impaired in humans with the ARHGEF2 mutation.

Previous studies showed that Arhgef2 is expressed in the neural tube of mice from embry-
onic day 11 on and maintained at high levels during brain development.[24] Our in situ
hybridization studies on embryonic mice showed strong expression of Arhgef2 transcripts in
the neuroepithelium of telencephalon, diencephalon, and rhombencephalon of E11 mice (S5
Fig). At the time of birth, Arhgef2 is maintained in the germinal zones of both the neocortex
and the cerebellum, as well as in the pontine gray nuclei (PGN) (S5 Fig). To further corrobo-
rate the pathogenicity of the identified ARHGEF2 mutation in brain development, we analyzed
the phenotype of Arhgef2 deficient mice.[40] In adult Arhgef2 mutant mice, we observed a
significant reduction in volume of the total brain size (referred to as microencephaly), the
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Fig 4. Mutant ARHGEF2 favors self-renewing (symmetric) precursor proliferation. (A) Quantification of spindle plane
orientation of dividing, metaphase and anaphase precursors transfected with EGFP (n = 68—70 cells, Student’s t-test, scale bar

20 um). Arhgef2 shRNA is associated with a more horizontal orientation of the spindle pole. Overexpression of ARHGEF2 (wt), not
ARHGEF2 (mut), rescues the spindle orientation phenotype in dividing precursors. Representative fluorescence micrographs of
sections stained with CDK5RAP2 (centrosomes), DAPI, and EGFP, indicating the plane of division (dotted line) and respective radial
diagram. (B) Model indicating the plane of symmetry and cell fate decision in the developing brain. *p<0.05. Error bars represent + S.

E.M.
https://doi.org/10.1371/journal.pgen.1006746.9004
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Fig 5. Mitotic spindle defects and reduced RhoA activation in LCLs of index patients with ARHGEF2 mutation. (A) Abnormal spindle formation
with an increase of abnormal misdirected spindles and broad, unfocused microtubules poles in immortalized patient 11.1 and 1.2 lymphocytes (LCLs,
metaphase cells only of patient 1.1 and 11.2 are shown, centrosome marker CDK5RAP2 (red), spindle marker a-tubulin (green), DNA was stained with
DAPI (blue)). CDK5RAP2 signals did not differ significantly between patient and control cells; this holds also true for the centrosome marker y-tubulin (S3
Fig). (B) Quantification results underlining abnormal spindle morphology, decreased spindle pole distance, and reduced cell size of patient versus control
LCLs (n = 100-200, One-way ANOVA, scale bar 5 um): abnormal spindle morphology in patients (Il.1 77%, I1.2 78%) versus controls (Co-1 16%, Co-2
17%, Co-3 14%), decreased spindle pole distance in patients (1.1 2.70, 11.2 2.72 ym) versus controls (Co-1 4.46, Co-2 4.05, Co-3 4.61 ym), and reduced
cell size in patients (11.1 96.14, 1.2 94.66 umz) versus controls (Co-1 175.52, Co-2 181.74, Co-3 204.51 pmz). We observed no difference in size or
proliferation of T-cells between Arhgef2-/-and Arhgef2+/+ mice (S4 Fig). (C, D) Reduced levels of active RhoA and active MLC in patient LCLs in protein
immunoblots (n = 3, One-way ANOVA). (E) Pictogram of RhoA/ROCK/MLC pathway downstream of ARHGEF2, important for processes such as
cytoskeletal dynamics and neurogenesis. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Error bars represent = SD.

https://doi.org/10.1371/journal.pgen.1006746.g005

cerebellum and the brainstem, as well as the striking absence of the pontine nuclei (Fig 6,

n = 3-4, Student’s t-test). We concluded that the phenotypes observed in the nervous system
of Arhgef2 deficient mice recapitulate largely those malformations observed in the index
patients. Our results showed a clear correspondence between regions displaying high levels of
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Fig 6. Arhgef2-/-mutant mice display microencephaly, cerebellar hypotrophy and lack pontine nuclei. (A, B) Reduced cerebellar size and lack of
pontine nuclei in adult Arhgef2 mutant mice compared to wild type littermates (Gallyas staining, DIC images, scale bar 500 pm). (C) Quantification
underlines significant reduction of whole brain, cerebellum, brain stem, and pontine nuclei volume in mutant versus wild type brains (n = 3—4, Student’s t-
test; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Error bars represent + SD).

https://doi.org/10.1371/journal.pgen.1006746.9006

Arhgef2 expression and those pathologically affected in the index patients with ARHGEF2
mutation.

To gain further insight in the function of ARHGEF2 in brain development, we set out to
analyze the cerebral cortex, midbrain, cerebellum, and hindbrain of Arhgef2 mutant mice.
First, no drastic anatomical abnormality was found in the neocortex of Arhgef2 mutant mice,
as assessed by the measurement of its volume, thickness, and surface area (S6 Fig). Though it
should be noted that there was a trend towards a reduction in the analyzed parameters in the
mutant mice, which could contribute to the mild microcephaly phenotype observed in Arhgef2
mutant mice. Similarly, no major alteration on the distribution of neurons in the cortical layers
was found in Arhgef2 mutant mice (S6 Fig). Next, we analyzed the integrity of midbrain struc-
tures by immunostaining the inferior and superior colliculus with antibodies against the tran-
scription factor FoxP2. This revealed no significant alteration in development of midbrain
structures in Arhgef2 mutant mice (S7 Fig).

To address the cerebellar phenotype observed in Arhgef2 mutant mice and patients, we mea-
sured the size of Purkinje cells and the thickness of the cerebellar molecular layer in Arhgef2
mutant and control mice. Our analysis revealed no significant difference in these parameters
between wildtype and mutants (S8 Fig). This led us to hypothesize that the input to the cerebel-
lum, from precerebellar nuclei, could be affected, and thus contributing to the observed reduc-
tion of the cerebellar size. During hindbrain development, precerebellar neurons emerge from
the proliferative neuroepithelium of the rhombic lip and migrate tangentially to reach their final
destinations in the pons and medulla. These neurons form five distinct nuclei that are located at
different positions within the hindbrain: pontine gray nuclei (PGN), reticulotegmental nuclei
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(RTN), external cuneate nuclei (ECN), lateral reticular nuclei (LRN), and inferior olivary nuclei
(IO) [41-44]. The PGN, RTN, ECN, LRN projects mossy fibers to the cerebellum, whereas IO
projects climbing fibers, and thereby provide input to the cerebellum.[41-44] To tackle the
hypothesis that deficits in development of precerebellar nuclei result in abnormalities in cerebel-
lar size of Arhgef2 mutant mice, we immunostained sagittal and coronal sections taken from
Arhgef2 homozygous and Arhgef2 heterozygous (used as control) mice with antibodies against
the transcription factor Mbh2 (which labels PGN, RTN, ECN, LRN) and FoxP2 (that marks
10). This analysis revealed that Arhgef2 mutant mice completely lack, in addition to PGN, the
RTN and have a severe reduction in LRN neurons (Figs 7A, 7B, 7D, 8A, 8B and 8D). Interest-
ingly, the rostral part of the ECN was abnormally enlarged in Arhgef2 mutant mice when com-
pared to controls, suggesting that some PGN, RTN and LRN might fail to migrate to their

ventral positions and aberrantly locate in the ECN (Figs 7C, 8C and 8D). The formation of the
IO was not obviously disturbed in Arhgef2 mutant mice (Fig 7D). Taken together, our anatomi-
cal analysis revealed that specific precerebellar nuclei are either absent or severely reduced in
Arhgef2 mutant mice.

These findings draw our attention to two possible interpretations on the role of Arhgef2 in
development of precerebellar nuclei: (1) Arhgef2 modulates the generation of precerebellar
neurons and/or (2) Arhgef2 regulates the migration of these cells from their progenitor niche
towards their final localization. Precerebellar neurons arise from discrete progenitor domains
located in the developing dorsal hindbrain, which are defined by the combinatorial expression
of the transcription factor Olig3 with other bHLH (basic Helix-Loop-Helix) transcription fac-
tors, such as Atohl (Protein atonal homolog 1) or Ptfla (Pancreas transcription factor 1
alpha).[45] Precerebellar neurons that form the PGN, RTN, LRN and ECN are generated from
Olig3/Atohl positive (known as dA1) progenitors, whereas those that form the IO emerge
from Olig3/Ptfla positive (known as dA4) progenitors,[46, 47] reviewed in [45]. Arhgef2 is
unlikely to modulate generation of precerebellar neurons as its transcript becomes expressed
only by E11 in mice, a time point when these cells have already been specified and have started
their migration. We thus speculated that Arhgef2 rather modulates precerebellar neuron
migration. To test this possibility, we co-stained transverse hindbrain sections, taken from
wildtype mice at E11, with an Arhgef2 in situ hybridization probe and antibodies against Olig3
and Mbh2 (BarH-like homeobox 1). This revealed that Arhgef2 is co-expressed largely with
Mbh2-positive cells emanating from dA1 progenitors and throughout the anterior and poste-
rior extramural streams precerebellar neurons in the mantle zone of hindbrain (S9 Fig).
Arhgef2 does not follow the expression pattern of Olig3 in dorsal hindbrain (S9 Fig). It is inter-
esting to note that mutation of Arhgef2 appears to selectively affect the migration of dA1-der-
ived neurons, as other hindbrain centers such as the nucleus of the solitary tract (a Olig3
+/Ascll+ dA3 derivative) or the IO (dA4 derivative) were not affected (Figs 7E and 8E).

This report demonstrates that intellectual disability, mild microcephaly, and a midbrain-
hindbrain defect can be caused by a homozygous mutation of the ARHGEF2 in humans. We
highlight the importance of ARHGEF'2 during brain development and, in particular, in neuro-
nal progenitor cell division and differentiation, as well as in neuronal migration. We show that
in both human and murine cells ARHGEF2 deficiency interferes with the normal orientation
of mitotic spindles and cell fate choices. As expected, the frameshift mutation of ARHGEF2
deregulates the activity of its downstream effectors, i.e. the RhoA/ROCK/MLC pathway.
ARHGEF2 thereby joins other members of the same protein family that have already been
associated with neurologic disease such as non-syndromic intellectual disability (ARHGEF6),
[30] epileptic encephalopathy (ARHGEF9),[31] and peripheral demyelinating neuropathy
(ARHGEF10).[32] We show that Arhgef2 deficiency in mice severely impairs the migration
of dA1 progenitors, which results in the incorrect location of precerebellar neurons in the
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Fig 7. Loss of Arhgef2 affects the formation of precerebellar nuclei of dA1 derivatives. Representative fluorescence micrographs of coronal
hindbrain sections of Arhgef2-/-and Arhgef2+/- (used as controls) mice, stained with precerebellar neuronal marker Mbh2 (red), TIx3 (green), and DAPI
(n =3, scale bar 300 um). (A, B) Arhgef2-/-mouse brains lack PGN and RTN present in Arhgef2+/- mouse brains. (C) In the rostral medulla of Arhgef2-/-
mice, the ECN is abnormally enlarged and distributed (indicated by stars) when compared to Arhgef2+/- mice. (D) The LRN in the caudal medulla is
significantly reduced in size (indicated by stars) in Arhgef2-/- mice compared to Arhgef2+/- mice, whereas the 10 and NTS are unaffected. (E) Pictogram
depicting the abnormal formation of dA1-derived precerebellar nuclei (red) and normal formation of dA3 (green) and dA4 (blue) nuclei in the Arhgef2-/-
mice brain in comparison to the Arhgef2+/- control condition. Abbreviations: PGN-pontine gray nuclei, RTN-reticulotegmental nuclei, ECN-external
cuneate nuclei, LRN-lateral reticular nuclei, I0-inferior olivary nuclei, NTS-nucleus of the solitary tract, Sp5-spinal trigeminal nuclei, AP-area postrema,

dA-class A neurons.
https://doi.org/10.1371/journal.pgen.1006746.9007
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Fig 8. Arhgef2-/-mutant mice exhibit perturbed migration of precerebellar neurons. Sagittal hindbrain sections of Arhgef2-/-and Arhgef2+/-
mice stained for precerebellar neurons with Mbh2 in red (n = 3, scale bar 100 um, nuclei stained with DAPI (blue)). (A, B) PGN and RTN formed
through AES migratory stream is absent in Arhgef2-/-and present in Arhgef2+/- mouse brains. (C, D) The disturbed PES migratory stream in the
Arhgef2-/-mice is associated with the formation of enlarged ECN and smaller LRN compared to those in Arhgef2+/- mice. (E) Pictogram illustrating
the normal formation of PGN and RTN via the AES migratory stream (red) and LRN and ECN via the PES migratory stream (orange) from the
lower rhombic lip (LRL) in the mouse brain. In the Arhgef2-/- brain, AES and PES streams are disturbed (represented by dotted lines), culminating
in abnormal migration and accumulation of precerebellar neurons. Abbreviations: PGN-pontine gray nuclei, RTN-reticulotegmental nuclei, ECN-
external cuneate nuclei, LRN-lateral reticular nuclei, LRL-lower rhombic lip.

https://doi.org/10.1371/journal.pgen.1006746.9008
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hindbrain of Arhgef2 mutant mice. In keeping with our data, previous studies have shown

that deficits in the RhoA/ROCK pathway affect migration of precerebellar neurons.[48] Thus,
increasing evidence support the notion that the ARHGEF2-RhoA/ROCK pathway is essential
for the migration and specification of precerebellar neurons. ARHGEF2 has been shown to be
involved in Wnt-mediated planar cell polarity pathway through its interaction with the Daam
and Dishevelled proteins, which are known to control migratory events. WntI mutant mice
have been reported to have a midbrain-hindbrain malformation,[49] and humans with bialle-
lic WNT1 mutations displayed cerebellum and brainstem phenotype.[50] It is interesting to
note that the major effects in the hindbrain of Arhgef2 mutant mice occur in the migration of
dAl-derived neurons, but not other neuronal cell types that emerge from neighboring progen-
itor domains. Our data demonstrate thus a marked specificity in the molecular control of
neuronal migration in the hindbrain. The combined midbrain-hindbrain malformation phe-
notype observed in humans was not fully recapitulated in Arhgef2 deficient mice, which lacked
an obvious midbrain phenotype. This suggests that during evolutionary divergence of these
species, additional molecular mechanisms coordinate the function of ARHGEF2. Identifying
additional families with ARHGEF2 mutations will help to consolidate the disease-causative
role of ARHGEF2 in humans.

Materials and methods
Ethics statement

The human study was approved by the local ethics committees of the Charite (approval no.
EA1/212/08), and the written consent form was received from the investigated individuals. All
animal experiments were carried out in accordance to the guidelines of national ethic princi-
ples, and approved by Charité (registration no. T0344/12).

Genetic analyses

DNA samples of the two affected individuals were subjected to whole exome sequencing.

Five ug genomic DNA were enriched with the Agilent Human All Exon V3 kit (Agilent, Santa
Clara, CA, USA) following the manufacturer’s protocol. The libraries were sequenced using
Iumina HiSeq 2000 sequencer for single-end 101 bp. Coverage of coding regions was >92.6—-
93.4% with a minimal depth of 20-fold; the raw data were processed as described previously.
[51] In brief, the raw sequences were aligned to human reference genome (hg19), and the
alignment results were used to call variants of SN'Vs, indels, and CNVs. We defined from the
exome data the regions of homozygosity by at least four high-quality (genotype quality > 20,
allele counts > 10, and allele percentage > 0.9) consecutive homozygous SNVs uninterrupted
by heterozygous SN'Vs. The overlapping regions of homozygosity (>1 Mb) between the two
patients were listed in S4 Table. Subsequently, the variants were screened by known causal
mutation databases (OMIM and HGMD), and polymorphism databases (1000Genome,
ESP6500, dbSNP138, and an in-house exome database with 721 individuals of whom >90%
are of the Middle East origin) with matching variants not exceeding the prevalence cutoff of
0.5%, and the pathogenicity of variants was further evaluated (analysis pipeline: https://
sourceforge.net/projects/merap/). Sanger sequencing of the ARHGEF2 (NM_004723.3) in our
cases was performed to confirm the mutation in the patients, establish the genotype in the

other family members, and evaluate the presence of potential mutations in additional six con-
sanguineous pedigrees of Sri Lankan, Italian and Turkish descent with developmental delay
and a similar radiological phenotype of pontine and cerebellar hypoplasia. Some of these
patients also had facial dysmorphism, ataxia, autism, epilepsy, and further MRI findings
including a migration or myelination defect. The healthy status of heterozygous parents argues
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against a haploinsufficiency mechanism underlying this disease phenotype. Two patients with
heterozygous deletions encompassing the ARHGEF2 are listed in the Decipher database: (i)
patient 276515 (https://decipher.sanger.ac.uk/patient/276515; 2.76 Mb deletion covering 59
genes; arr 1q22;q23(155,296,964-158,056,876)) with abnormal facial features, intellectual dis-
ability, and speech delay and (ii) patient 255240 (https://decipher.sanger.ac.uk/patient/255240;
0.92 Mb deletion spanning 24 genes; arr 1q22(155,192,986-156,108,069)) with facial dys-
morphism, brachydactyly, intellectual disability, severe speech delay, muscular hypotonia, but
normal cMRI findings.

Apart from the ARHGEF2 candidate variant, there were three further homozygous
variants shared by the two patients that we ranked as unlikely disease-causing: (i) EXTLI
(NM_004455, exostosin-like glycosyltransferase 1), g.1:26356156G>A, ¢.939G>A, p.W313X.
However, there were 16 heterozygotes in the ESP6500 database and one healthy individual in
our in-house database with a homozygous variant. (ii) HMCNI (NM_031935, hemicentin 1),
g.1:186010193G> A, ¢.6229G> A, p.D2077N. However, this gene has been reported to be asso-
ciated with macular degeneration, a phenotype that does not fit the clinical features of our
index patients. (iii) IGFN1 (NM_001164586, immunoglobulin-like and fibronectin type III
domain containing 1), g.1:201193885G>A, ¢.10369G>A, p.G3457S. However, there were 7
heterozygotes in the ESP6500 database, and this variant has a prediction score from SIFT (tol-
erated) and PolyPhen2 (possibly damaging) that makes it unlikely as well as a GERP conserva-
tion score of merely 1.101.

Because both patients were male, we checked on the X chromosome for hemizygous vari-
ant, but detected no rare deleterious variant shared by the two individuals.

Epstein-Barr virus-transformed LCLs

LCLs were established and cultured according to the protocol published by Neitzel et al. 1986.
[52]

Quantitative real-time PCR (qPCR)

RNA extraction and cDNA synthesis were performed with established methods reported pre-
viously.[53] To specifically amplify and detect ARHGEF2 and RPII (RNA polymerase II,
reference gene) cDNA, we designed sets of primers using the Primer3 online software (www.

primer3.ut.ee). gPCR experiments were run in triplicate using Maxima SYBR Green/ROX
qPCR Master Mix (Thermo Scientific, Braunschweig, Germany) according to the manufactur-
er’s protocol with primers specified in S5 Table. Quantification was performed as described
previously,[53] and statistical calculations were performed on GraphPad Prism 5 Software
(GraphPad Software Inc., La Jolla, CA, USA).

Western blot

Protein extraction and Western blots (run in triplicates) were performed with established
methods reported previously;[54] antibodies are listed in S6 Table.

Immunocytology

LCLs briefly plated on poly-L-lysine (Sigma-Aldrich, Taufkirchen, Germany) -coated cover-
slips were fixed in 4% PFA. Coverslips were further incubated in staining buffer (0.2% gelatin,
0.25% Triton X-100, 10% donkey normal serum) for 30 min for permeabilization and block-
ing, followed by overnight incubation with primary antibodies and an 2 h incubation with the
corresponding secondary antibodies (antibodies listed in S6 Table). Nuclei were labeled with
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4’,6-Diamidino-2-phenylindole (DAPI, 1:1000, Sigma-Aldrich). Fluorescently labeled cells
were analyzed and imaged using a fluorescent Olympus BX51 microscope with the software
Magnafire 2.1B (2001) (Olympus, Hamburg, Germany), and images were processed using
Adobe Photoshop and Image].

Cell cycle analysis

Peripheral blood lymphocytes (PBL) were isolated from heparinized blood samples by Ficoll
density gradient centrifugation. DNA damage was introduced by exposure of PBLs to 6 MV
X-ray photons. Matched cultures were set up from untreated and irradiated cells in RPMI
1640 medium, supplemented with 15% fetal bovine serum (FBS, PAN Biotech, Aidenbach,
Germany). Lymphocyte growth activation was achieved by phytohemagglutinin (PHA HA16,
Thermo Scientific, Dartford, UK). The cell cycle assay was performed using 5-bromo-2'-deox-
yuridine (BrdU)-Hoechst 33258 flow cytometry. Cells with replication fork-stalling types of
DNA damage become delayed in the G2 phase of the cell cycle.

Phospho-histone H3 analysis

LCLs were washed in PBS, fixed in 2% paraformaldehyde (PFA), and permeabilized with 90%
methanol for 30 min on ice. Phospho-histone H3-Ser10 (pH3) was detected with anti-pH3

antibody and corresponding secondary antibody (S6 Table). DAPI at 2 pg/ml final concentra-
tion was used as a counterstain for DNA content and cell cycle distribution. Fluorescence was

recorded using the same LSRII flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA)
as for cell cycle studies. Data analysis was done with WinMDI 2.9 software (MicroSoft, Red-
mond, WA, USA).

Cortical precursor cultures

Cortices of CD1 mouse E13 embryos (Charles River, Sherbrooke, Quebec, Canada; E, embry-
onic days) were dissected in ice-cold Hank’s balanced salt solution (HBSS, Gibco, Carlsbad,
CA, USA) and immediately placed in cortical precursor culture media (CPCM), Neurobasal
(Gibco) supplemented by 40 ng/ml bFGF (BD Biosciences, San Jose, CA, USA), 2% B27
(Gibco), 1% Penicillin/Streptomycin (Lonza, Basel, Switzerland), and 500 uM L-Glutamine
(Gibco). Following mechanical tissue dissociation, cells were plated on Poly-D-Lysine (Sigma,
St.Louis, MO, USA) and mouse laminin (Corning, Corning, NY, USA) -coated coverslips
(150,000 viable cells per well of a 24-well plate) and allowed to adhere for four hours in CPCM.
Subsequently, cells were transfected with the appropriate plasmids overnight using Lipofecta-
mine LTX (Invitrogen, Carlsbad, CA, USA) in Opti-MEM (Gibco). Because, Lfc overexpres-
sion is known to cause cell death, following transfection, 50 uM of the caspase inhibitor
ZVAD-FMK (R&D Systems, Minneapolis, MN, USA) was added to the culture media.[24]
Two days later, on DIV3, cells were fixed with 4% PFA and permeabilized with 0.2% NP-40
(USB Corporation, Cleveland, OH, USA) in PBS. Cultures were then stained with antibodies
listed in S6 Table. EGFP-positive cells (n = 75-100 per cover slip, prepared in four indepen-
dent experiments) were evaluated for co-staining with BIII-tubulin or Ki67 using a Zeiss Axio-
vert A.1 fluorescence microscope.

Plasmids

The nuclear EGFP (pEF-EGFP) expression plasmid and the Arhgef2 (Lfc) shRNA constructs
in pG-SHIN2 vector were generated as reported previously.[24] Wildtype ARHGEF2
(NM_001162383.1) and mutant ARHGEF?2 (c.1462delG, position according to NM_004723.3)
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were cloned into a pcDNA3.1(Zeo)(+) plasmid (Invitrogen). Mutant ARHGEF2 was generated
using the QuikChange II XL Site-Directed Mutagenesis kit (Agilent, 200521) with primers
given in S5 Table following the manufacturer’s protocol. Sanger sequencing confirmed the
correct insertion of the mutation.

In uteroelectroporation

In utero electroporation was performed as described previously[55] using a CUY21 EDIT elec-
troporator (TR Tech, Japan) to deliver five 50 ms pulses of 40-50 V with 950 ms intervals per
embryo. Per embryonic brain, 4 pg total of plasmid DNA was suspended in the tracer 0.5% try-
pan blue in a ratio of 37.5% shArhgef2 (Lfc) (or shCon), 37.5% human ARHGEF2 (wt)/human
ARHGEF?2 (mut)/empty vector, and 25% pEF-EGFP plasmid. Embryos were collected 3 days
following electroporation. Following an over-night fixation in 4% PFA, brains were cryopre-
served and mounted. Coronal cryosections of 18 um were incubated with antibodies listed in
S6 Table. Images were collected from three brain sections per condition using a Quorom spin-
ning disk confocal microscope system or the Zeiss Axio Imager M2 system. EGFP-positive
cells were counted in either the combined ventricular zone/sub-ventricular zone/intermediate
zone (VZ/SVZ/IZ) or the cortical plate (CP) and reported as proportion of EGFP-positive cells
in each of these regions. SatB2/EGFP-double positive cells in the CP were also counted for
each condition.

For mitotic spindle plane analysis, the electroporated brain sections were stained with anti-
bodies directed against Cdk5rap2 and corresponding secondary antibodies (S6 Table). Nuclei
were labeled with DAPIL. Images of transfected cells in 10-15 um z-stacks at an interval of
0.1 pm thickness were collected using a Zeiss Spinning Disc microscopy system CXU-S1 with
ZEN 2012 software. The mitotic spindle plane was evaluated through measurement of the
angle between the ventricular surface and a line connecting the centrosomes, using the Image]J
software.

RhoA Pull-down assay

Activated RhoA was assessed using the Rho Activation Assay Biochem kit (Cytoskeleton, Den-
ver, USA) according to the manufacturer’s protocol. Experiments were run in triplicate.

Analysis of Arhgef2 deficient mice

Arhgef2 deficient mice were genotyped as previously reported.[40] PO and adult brains were
dissected and embedded in paraffin/OCT medium as reported previously. [54] Sagittal/coro-
nal brain sections of 10 um were collected on histologic slides and stained with Hematoxylin
and Eosin (H&E) or Gallyas or 3, 3’-Diaminobenzidine (DAB) staining following standard
protocols. Whole brain, brain stem, cerebellum, and pontine nuclei volume were evaluated by
measuring respective areas in every tenth section using Image]J and multiplying by the thick-
ness between sections. Immunohistology was performed on brain sections by blocking in
staining buffer (0.2% gelatin, 0.25% Triton X-100, 3% BSA) for 30 min for permeabilization,
followed by overnight incubation with primary antibodies and an 2 h incubation with the cor-
responding secondary antibodies (antibodies listed in S6 Table). Nuclei were labeled with
4,6-Diamidino-2-phenylindole (DAPI, 1:1000, Sigma-Aldrich). Images were obtained using a
Zeiss Spinning Disc microscopy system CXU-S1 with ZEN 2012 software.
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In situ hybridization of Arhgef2

A 516 bp Arhgef2 PCR product was generated with primers listed in S5 Table and subsequently
cloned into a p-AL2-T vector. The RNA probe was generated by in vitro transcription. Chro-
mogenic/fluorescence in situ hybridization was performed on 16 pm thick brain sections from
E11/P0 mice post-fixed in 4% PFA for 15 min and permeabilized with Proteinase K for 2.5
min at RT. The reaction was stopped by applying 0.2% glycine in PBS 1x, followed by 20 min
post fixation with 20% glutaraldehyde in 4% PFA. The sections were treated with the pre-
hybridization buffer (50% formamide, 5x SSC pH 7.0, 2.5 M EDTA, 0.1% Tween-20, 0.15%
CHAPS, 0.1 mg/ml Heparin, 100 ug/ml yeast tRNA, 50 pg/ml salmon sperm DNA, 1x Den-
hardt’s solution) at 65°C for 2 hours followed by overnight incubation with Arhgef2 RNA
probes at 65°C. Sections were then treated with RNase A for 30 min at 37°C, subsequently
washed with SSC pH 4.5 in 50% formamide at 65°C and then with KTBT (100 mM NaCl, 50
mM Tris-HCl pH 7.5, 10 mM KCl, 1% Triton X-100) at RT. Following blocking in 20% sheep
serum and incubation with sheep anti-DIG antibody (1:1,000, Roche, Mannheim, Germany)
at 4°C overnight, the sections were washed in KTBT and NTMT (50 mM NaCl, 100 mMTris—
HCI pH 9.5, 50 mM MgCl, 0.5% Tween-20) for 1 hour at RT. Development was achieved
through addition of the chromogenic NBT/BCIP substrate (1:50, Roche).

Proliferation and cell size assay of WT and Arhgef2-/- mice

CD4" naive T cells were isolated from spleen of C57BL/6 (WT) and Arhgef2-/- mice by using
CD4*CD62L" T Cell Isolation Kit (Miltenyi Biotec, San Diego, CA, USA) and subsequently
stained with CellTracer Violet Cell Proliferation Kit (Thermo Fisher Scientific) according to
the instructions provided. Cells were then incubated with 2 ug/ml of anti-CD28 antibody (BD,
New Jersey, USA) in anti-CD3e antibody (BD, New Jersey, USA) pre-coated wells for 4 days at
the cell concentration of 1 x 10° cell/ml. 4 days later, cells were collected and stained with
APC-conjugated anti-CD3e (Biolegend, San Diego, CA, USA) and BV786-conjugated anti-
CD4 (BD, New Jersey, USA). Cells were analyzed by FACS Aria II (BD Bioscience, New Jersey,
USA) followed by using Flow]Jo software (Tree Star). All cells were pre-gated on singlet cells
(area & width) and on living cells (7AAD™).

Supporting information

S1 Table. Phenotype of patients with homozygous ARHGEF2 mutation.
(PDF)

§2 Table. Clinical growth chart from both affected brothers.
(PDF)

$3 Table. Development of affected patients from two months through two years.
(PDF)

$4 Table. Regions of homozygosity (> 1 Mb) between patients II.1 and IL.2.
(PDF)

S5 Table. Primer sequences for qPCR, in situ hybridization, and site-directed mutagenesis.
(PDF)

$6 Table. List of primary antibodies.
(PDF)

S1 Fig. Full-length Western blot of ARHGEF2. ARHGEF2 can be detected at the expected
height of 120 kDa in control LCLs and LCLs of heterozygous parents. Both full length (120
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kDa) and the predicted truncated (57 kDa) ARHGEF2 could not be detected in patient LCLs
using N-terminus antibody in Western blot analysis. Actin (43 kDa) is used as loading control.
(TIF)

S2 Fig. Normal mitotic transit and minimal sensitivity of P1 (IL.1) and P2 (IL.2) patient
cells towards ionizing radiation. (A) Normal proportions of H3P (Ser10)-positive cells (y-
axis, boxed) and uni-parametric cell cycle distributions (x-axis) in LCL culture of patients
(IL.1, I1.2), their parents and a normal control. (B) (i) Cell cycle allocation in a 72-h lympho-
cyte culture from patient P2 without prior irradiation. Bivariate BrdU-Hoechst 33258 and PI
flow cytometry shows the distribution of cells within up to four cell cycles, I (G0/G1 to G2), II
(GY’ to G2'), ITI (G1” to G2"), and IV (G1"). (ii) Exposure of lymphocytes to 1.5 Gy irradia-
tion at culture setup results in a more pronounced track of debris from the G0/G1 phase, slight
growth reduction and minimal accumulation of cells in G2, similar to what is observed in nor-
mal controls. (iii) A standard dosage level of 1.5 Gy discriminates normal control (CON, gray
circles; n = 75; mean * 1 SD, 0.09£0.03) from AT lymphocyte cultures (gray diamonds; n = 77;
mean + 1 SD, 0.41 £ 0.13). P1 (black upright triangle; G2 + GF, 0.14) and P2 (black inverted
triangle; G2 + GF, 0.10) lymphocytes fall within the range of normal control G2 = GF ratios.
Other radiosensitive controls include LIG4 (gray squares; mean * 1 SD, 0.44 + 0.09) and
NHE]1 (gray hexagons; mean + 1 SD, 0.63 + 0.05) lymphocytes. (iv) The G2 + GF rates of
72-hr lymphocyte cultures from P1 (black upright triangle) and P2 (black inverted triangle)
resemble the dose-response curve seen in normal controls (CON, gray circles; n = 75;

means * 1 SD) rather than that of AT (gray diamonds; n = 11-77; means + 1 SD), LIG4 (gray
squares; n = 1-2; single values or range) or NHE]1 (gray hexagons; n = 1-3; single values or
means * 1 SD) radiosensitive controls for a broader range of irradiation (0-8 Gy).

(TTF)

$3 Fig. Normal centrosomal morphology in the index patients. Representative fluorescence
micrographs of control and patient (IL.1, II.2) LCLs stained for centrosomal y-tubulin (green)
and DAPI (blue), indicating normal centrosomal integrity. Scale bar 10 um.

(TTF)

$4 Fig. Proliferation rate and T-cell size is not altered in the Arhgef2-/- mice. CellTracer
Violet stained splenic CD4" naive T cells were incubated under the anti-CD3e / CD28 anti-
body stimulation for 4 days. Cells were collected and analyzed by flow cytometer. (A) Each
generation (GO to G6) were gated as shown, following gated for CD3e* and CD4". (B) Bar
graph shows proliferation index (PI), using following formula; PI = (Ngo + Ng; + Nga + Nan)
/ (NGo/2° + Ng1/2' + Nga/2% + Ngn/2™), n = 6, Error bars indicate mean + S.E.M, ns = not sig-
nificant. (C) Histograms show FSC and SSC of total CD3e" CD4" T cells (upper) or 4th gener-
ation (G4) in CD3e" CD4" T cells (lower).

(TIF)

S5 Fig. Expression of Arhgef2 in E11 and PO mouse brain. (A) Arhgef2 is strongly expressed
in the neuroepithelium of the brain at E11. (B) At PO, Arhgef2 is expressed predominantly in
the VZ/SVZ and upper layer of the neocortex, in the external granule layer (EGL) of the cere-
bellum and in the pontine nuclei (DIC images of in situ hybridization with anti-sense and
sense Arhgef2 RNA probes, n = 4, scale bar 1 mm (A), scale bar 100 um (B)).

(TIF)

S6 Fig. Arhgef2-/- mice shows normal distribution of neurons in the cortical layers. (A)
Representative fluorescence micrographs of WT and Arhgef2-/- mice cortex stained for layers
II-IV (Cuxl, green), layers V-VI (Ctip2, red) and DAPIL. (B). Quantification of cortical volume,
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surface area, thickness, total number of DAPI cells, Cux1 and Ctip2 positive cells per view field
revealed no significant difference between control and mutant mice. (n = 3-4, Student’s ¢-fest,
ns- not significant, error bars represent + SD, scale bar 100 pm).

(TIF)

S7 Fig. Arhgef2-/- mice shows no abnormalities in the midbrain structures. Representative

DARB (3, 3’-Diaminobenzidine) stained micrographs of WT and Arhgef2-/- mice showing nor-
mal structures of FoxP2-positive inferior colliculus and superior colliculus. Scale bar 200 um.

(TIF)

S8 Fig. Normal Purkinje cell size and molecular layer thickness in the Arhgef2-/- mice. (A)
Representative H&E stained micrographs of WT and mutant cerebellum (scale bar 500 pm),
and (B) magnified cerebellar folia. (C) No significant change in Purkinje cell size and thickness
of the molecular layer was observed in the mutant mice upon quantification. (n = 3-4, Stu-
dent’s t-fest, ns- not significant, error bars represent + SD, scale bar 20 pum).

(TIF)

S9 Fig. Co-expression of Arhgef2 and Mbh2 in the mantle zone of developing hindbrain.
Photomicrographs representing transverse E11 section of dorsal hindbrain stained for Arhgef2
(green), Mbh2 (red), Olig3 (cyan), and DAPI, indicates a clear colocalisation in the mantle
zone along migratory pathway. Scale bar 100 pum.

(TTF)
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