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Biallelic Mutations in Citron Kinase
Link Mitotic Cytokinesis to Human
Primary Microcephaly

Hongda Li,1,2 Stephanie L. Bielas,1,2,3 Maha S. Zaki,4 Samira Ismail,4 Dorit Farfara,1,2 Kyongmi Um,1,2

Rasim O. Rosti,1,2 Eric C. Scott,1,2 Shu Tu,5 Neil C. Chi,5 Stacey Gabriel,6 Emine Z. Erson-Omay,7

A. Gulhan Ercan-Sencicek,7 Katsuhito Yasuno,7 Ahmet Okay Ça�glayan,8 Hande Kaymakçalan,9

Barısx Ekici,9 Kaya Bilguvar,7 Murat Gunel,7,* and Joseph G. Gleeson1,2,*

Cell division terminates with cytokinesis and cellular separation. Autosomal-recessive primarymicrocephaly (MCPH) is a neurodevelop-

mental disorder characterized by a reduction in brain and head size at birth in addition to non-progressive intellectual disability. MCPH

is genetically heterogeneous, and 16 loci are known to be associated with loss-of-function mutations predominantly affecting centro-

somal-associated proteins, but themultiple roles of centrosomes in cellular function has left questions about etiology. Here, we identified

three families affected by homozygous missense mutations in CIT, encoding citron rho-interacting kinase (CIT), which has established

roles in cytokinesis. All mutations caused substitution of conserved amino acid residues in the kinase domain and impaired kinase ac-

tivity. Neural progenitors that were differentiated from induced pluripotent stem cells (iPSCs) derived from individuals with these mu-

tations exhibited abnormal cytokinesis with delayed mitosis, multipolar spindles, and increased apoptosis, rescued by CRISPR/Cas9

genome editing. Our results highlight the importance of cytokinesis in the pathology of primary microcephaly.
Primary microcephaly is characterized by reduced head

size accompanied by variable degrees of intellectual, lan-

guage, and motor-skill disability, but not progressive

cognitive decline, spasticity, or epilepsy.1 In autosomal-

recessive primary microcephaly (MCPH [MIM: 251200]),

the cerebral cortex is particularly reduced in size, leading

to an apparently ‘‘simplified gyral pattern’’ because

mantle thickness is grossly preserved but surface area is

dramatically reduced.2 MRI of an affected fetus with a

prenatal diagnosis has shown the frontal lobes of the

cerebral cortex to be affected as early as 30 weeks of

gestation.3

MCPH is considered a disorder of neural progenitor cell

(NPC) proliferation or survival during embryogenesis, pre-

dominantly of autosomal-recessive or X-linked inheri-

tance. Mutations in 16 loci (MCPH1–MCPH16) have

been described as associated with MCPH, and many of

these loci encode proteins implicated in the biogenesis

and function of the centrosome, an organelle critical for

multiple cellular functions.4 MCPH-associated genes

encode essential centrosomal-duplication proteins—SAS-

6, STIL, CPAP, CEP63, CEP135, and CEP152—and pericen-

triolar-matrix proteins—WDR62, ASPM, and CEP215 (also

known as CDK5Rap2). Most of these mutations generate

premature stop codons that predominantly result in

nonsense-mediated mRNA decay and absent proteins.

ASPM (MIM: 605481) mutations, which result in alter-
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ations in mitotic-spindle regulation, account for approxi-

mately 40% of MCPH cases.1 Recently, a hierarchy of

MCPH-associated proteins co-recruiting to the centrosome

was described as mediating centrosomal duplication,5 sug-

gesting a critical role for these MCPH-associated proteins

in centrosomal biogenesis.

Because centrosomes play multiple roles in the cell (e.g.,

serving as microtubule-organizing centers, as spindle poles

during mitosis, and as basal bodies in ciliogenesis), the

cellular etiology of MCPH has remained unclear. Initial

studies focused on the roles of MCPH-associated proteins

at the spindle pole in determining mitotic-spindle orienta-

tion. The position of the centrosome in the dividing cell

regulates mitotic orientation, which can, in turn, regulate

neural stem cell fate decisions.6 Indeed, defects in the

orientation of the mitotic cleavage plane contribute to

neurogenesis defects in an MCPH model.7 Recent work

has extended the roles of centrosomes in microcephaly

to include a potential function in cilia. MCPH-associated

proteins play essential roles in cilia, which are critical for

cells to process Sonic hedgehog signals that can regulate

neurogenesis.8 Furthermore, cells harboring mutations in

microcephaly-associated genes can show disrupted cilio-

genesis,9,10 but classically, ciliopathy disorders do not

demonstrate microcephaly. Thus, identifying non-centro-

somal factors that lead to MCPH when mutated could

help clarify mechanisms.
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To identify additional mechanisms of microcephaly, we

recruited individuals displaying MCPH in the setting of

parental consanguinity. Subjects were enrolled according

to protocols approved by institutional review boards

at affiliated institutions. We performed whole-exome

sequencing (WES) on at least one affected member per

family and focused on the identification of potentially

deleterious rare homozygous variants.11 Three indepen-

dent consanguineous families whose children showed

non-syndromic MCPH presented with homozygous

missense variants in CIT (MIM: 605629), encoding citron

rho-interacting kinase (CIT), which has established roles

in cytokinesis. The variants were unique in our dataset of

more than 5,000 geographically matched individuals

sequenced by exome, were not represented in the Greater

Middle Eastern Variome or the Exome Aggregation Con-

sortium (ExAC) Browser, were fully segregated in the

families according to a recessive mode of inheritance

(Figure S1A), and were predicted to be damaging with

altered evolutionarily conserved amino acids (Figure S1B

and Table S1). Moreover, none of the families displayed

functionally relevant variants in any of the previously es-

tablished MCPH-associated genes in OMIM, and no other

variants that met screening criteria showed segregation ac-

cording to a recessive fully penetrant mode of inheritance

(Table S1).

Family 718 from Egypt had four children affected by

MCPH from a consanguineous marriage (Figure 1A and

Table 1). Individual 718-IV-1 was born at full term with a

reduced head circumference (HC) of 32.5 cm (�1 SD)

and an average body weight. Developmental delay with

motor, speech, and social impairment was noted at 3 years.

At 9 years, HC was 44.8 cm (�5.6 SDs). He displayed

a sloping forehead (Figure 1B), moderate intellectual

disability, mild hypertonia, and brisk reflexes. His sister

(718-IV-2) had a similar clinical course and had a HC of

43 cm (�7.4 SDs) at 8 years of age. Similarly, 718-IV-3

was noted to have microcephaly at birth but died on the

first day of life as a result of unrelated causes, and 718-IV-

4 had a HC of 41 cm (�5.6 SDs) at age 2 years and mild

intellectual disability. Clinical features were not progres-

sive, and no spasticity or epileptic seizures were described.

Brain MRI of 718-IV-1, 718-IV-2, and 718-IV-4 revealed a

simplified gyral pattern and a thin corpus callosum

(Figure 1B).WES identified a homozygousmissense variant

(c.317G>T [p.Gly106Val]; hg19 chr12: g.120295424C>A;

GenBank: NM_001206999.1) affecting the kinase domain

of CIT (Figures 1C and 1D).

Family 1379 from Egypt had two first-cousin parental

consanguineous branches and three children affected by

MCPH. All exhibited reduced head size, intellectual

disability, delayed motor and speech development,

hypertonia, brisk reflexes, sloping foreheads, and relatively

large ears. HC was �7 to �8.4 SDs in the first decade of

life. MRI of individual 1379-IV-B1-1 demonstrated a

simplified gyral pattern and a thin corpus callosum, similar

to those in family 718. WES revealed a homozygous
502 The American Journal of Human Genetics 99, 501–510, August 4
missense variant (c.376A>C [p. Lys126Gln]; hg19 chr12:

g.120295365T>G) also affecting the kinase domain. We

noticed that subject 1379-B1-1 was more severely impaired

than other affected individuals from this family. Whether

other variants from this individual (Table S2) contribute

to his clinical symptoms requires further investigation.

Family 1924 from Turkey had a singlemale child affected

with MCPH from a consanguineous marriage. He dis-

played a reduced HC of 45 cm (�6.5 SDs), intellectual

disability, delayed motor and speech development, and

large protruding ears. WES detected a homozygous variant

(c.689A>T [p.Asp230Val]; hg19 chr12: g.120270639T>A)

also affecting the encoded kinase domain. It is worth

noting that another common feature of the MCPH-

affected individuals from these three families is short stat-

ure, which is also seen in individuals with MCPH1 muta-

tions12 but is not a common finding in other MCPH cases.

CIT was identified as a 183 kDa GTP-bound Rac and Rho

binding protein.13 There are two cDNA isoforms: (1) one

(GenBank: NM_001206999.1) encoding a 2,027 aa full-

length CIT-K, which has N-terminal kinase, coiled-coil,

zinc finger, Pleckstrin homology, and citron homology do-

mains,14 and (2) another (GenBank: NM_007174.2) encod-

ing a 1,545 aa CIT-N, which is produced by alternative

transcriptional initiation and lacks the kinase domain

but maintains the other C-terminal domains (Figures 1C

and 1D).15CIT-KmRNA is specifically expressed in prolifer-

ating neural precursors in the developing brain, whereas

CIT-N mRNA is expressed by post-mitotic cells,16 suggest-

ing a role for the kinase in neurogenesis. CIT-K localizes

to the cleavage furrow and midbody, where it promotes

cytokinesis during cell division.17

The CIT variants that we identified were notable for

several reasons. First, variants were not observed in the

ExAC Browser or in our collective ethnically matched

database of 10,000 WES traces from families affected by

neurodevelopmental disease. Second, all variants occurred

within the kinase domain of the protein. Third, all variants

altered highly conserved residues, not just in evolution-

arily orthologs of CIT but also in other sequence-similar

kinase family members, including ROCK1 and AKT1

(Figure S1C). In fact, p.Lys126Gln, the amino acid substitu-

tion detected in family 1379, was in the invariant lysine

(K) residue in subdomain II, which is present in all known

kinases and is involved in the phosphotransfer reaction.18

Fourth, using the resolved structure of the ROCK1 kinase

domain to predict the function of the altered amino acids

in CIT,19 we found that two variants (p.Gly106Val and

p.Lys126Gln) were within the ATP binding pocket of the

kinase domain, and one (p.Asp230Val) was within the

DFG (Asp-Phe-Gly) motif, which positions ATP for phos-

phoryl transfer20 (Figure S1D). These findings suggest

that the mutations impair kinase activity.

To test for impaired kinase activity, we FLAG tagged

amino acids 1–480 of CIT-K, encoding the kinase domain,

either as wild-type (WT) or with each identified CIT variant

engineered. The tagged proteins were immunoprecipitated
, 2016



Figure 1. Mutations in CIT Cause Primary Microcephaly
(A) Pedigrees of consanguineous families 718, 1379, and 1924. Symbols are as follows: filled, affected; empty, unaffected; circle, female;
square, male; hash, deceased; B, branch.
(B) Faces (top) and axial MRI (bottom) of representative affected individuals from each family show reduced brain volume and a simpli-
fied gyral pattern, consistent with a diagnosis of MCPH.
(C) Exonic structure of CIT and the location of the identified mutations. The shorter CIT-N isoform, encoded by GenBank: NM_007174.
2, lacks the N-terminal kinase domain. The longer CIT-K isoform, encoded by GenBank: NM_001206999.1, encodes the kinase domain
where the CIT variants localize.
(D) Identified missense variants cluster within the kinase domain of full length CIT-K.
(E) Defective activity of the kinase domain with CIT variants. P[32] incorporation was detected in the wild-type only for histone H1 and
FLAG-CIT autophosphorylation.
from transfected 293T cells with anti-FLAG antibody and

then used in an in vitro kinase assay. We utilized a ki-

nase-dead (p.Lys126Ala) version with an alanine substitu-

tion at the ATP donor site as a negative control.17 As

reported, WT CIT-K exhibited kinase activity toward exog-

enous histone H1 substrate, as well as autophosphoryla-

tion activity.21 Neither of these kinase activities was

observed from the clone harboring p.Lys126Ala. Further-

more, none of the clones with CIT variants showed phos-

phorylation of histone H1 or autophosphorylation on

the basis of P[32] incorporation (Figure 1E), suggesting

that all three variants impair kinase activity.

Cytokinesis refers to the final stage of the cell cycle, in

which the physical separation of two daughter cells occurs
The Amer
during cell division. During cytokinesis, the contractile

ring forms beneath the cell equatorial surface to form the

cleavage furrow, and then ingression of the furrow results

in the formation of an intercellular bridge called the mid-

body. The cell cycle completes as the midbody is resolved

and the two daughter cells separate, a process known as

abscission.22 Disrupted cytokinesis frequently leads to

binucleated cells, aneuploidy, chromosomal instability,

activation of p53, cell-cycle arrest, and apoptosis. CIT-K is

localized in the midbody during abscission, and knock-

down can result in failed abscission followed by re-fusion

of the two daughter cells.23

To study the functional consequences of theCIT variants

at the cellular level, we collected skin-derived fibroblasts
ican Journal of Human Genetics 99, 501–510, August 4, 2016 503



Table 1. Clinical Features of the Affected Individuals in This Study

718-IV-1 718-IV-2 718-IV-4 1379-IV-B2-1 1379-IV-B2-3 1379-IV-B1-1 1924-IV-1

Gender male female male female female male male

Ethnic origin Egypt Egypt Egypt Egypt Egypt Egypt Turkey

Pregnancy duration term term term term term term term

Weight at birth 3.2 kg (�0.2 SD) 3 kg (�0.4 SD) 3.5 kg (þ0.1 SD) 2.5 kg (�1.9 SDs) 2.5 kg (�1.9 SDs) 2 kg (�2.4 SDs) NA

Length at birth 48 cm (�0.4 SD) 49 cm 50 cm (þ0.4 SD) 50 cm (þ0.4 SD) 49 cm 49.5 cm (þ0.2 SD) NA

HC at birth 31 cm 31.5 cm 32 cm 31 cm 30 cm 30 cm NA

HC at last examination 44.8 cm (�5.6 SDs) 43 cm (�7.4 SDs) 41 cm (�5.6 SDs) 41.2 cm (�7.8 SDs) 40 cm (�8.4 SDs) 39.5 cm (�8.3 SDs) 45 cm (�6.5 SDs)

Diagnosis age 3 years 2 years at birth 5 years 1 year 1 year 4 years

Intellectual disability moderate mild mild moderate moderate severe moderate

Development

Gross motor delayed delayed delayed delayed delayed delayed delayed

Fine motor delayed delayed normal delayed delayed absent delayed

Language delayed delayed delayed delayed delayed absent delayed

Social delayed delayed delayed delayed delayed delayed delayed

Seizures

Present � � � � � � �

Neurological Findings

Hypertonia mild mild � mild mild severe, acquired
arthrogryposis

�

Hypotonia � � � � � � �

Deep tendon reflexes brisk brisk normal brisk brisk brisk normal

Spastic tetraplegia � � � � � þ �

Ataxia � � � � � � �

Investigations

Metabolic normal normal NA NA NA normal normal

VEP and ERG normal normal normal NA NA normal normal

EEG normal normal normal NA NA generalized
epileptogenic activity

normal

MRI

Simplified gyral
pattern

þ þ þ NA NA þ þ

(Continued on next page)
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from affected and carrier individuals from families 718 and

1379, from affected individuals from family 1924, and

from a healthy unrelated control individual. Primary fibro-

blasts were unremarkable in culture and displayed no de-

fects in cell proliferation or mitosis (data not shown).

Therefore, we generated induced pluripotent stem cells

(iPSCs) through reprograming by integration-free episomal

methods.24 We excluded gross chromosomal post-reprog-

ramming rearrangements. Furthermore, we found no

defect in differentiation of iPSCs into mesodermal or endo-

dermal lineages.

From iPSCs, we next generated NPCs by using a dual-

SMAD inhibition protocol.25 As expected, amounts of

PAX6 and CIT-K in mutant NPCs were comparable to those

in related controls (Figures S2A and S2B). CIT-K was de-

tected and localized to the midbody core in a manner indis-

tinguishable from that of the wild-type during cytokinesis

(Figure S2C), suggesting that the absence of kinase activity

does not lead to protein mislocalization. Furthermore, mid-

body integrity was intact, as evidenced by indistinguishable

localization of Aurora B to the midbody flank.26

To assess for functional defects in cytokinesis, we used

time-lapse imaging to monitor cell-cycle progression by

comparing the entire duration ofmitosis in NPCs. Previous

work in HeLa cells showed that knockdown of CIT resulted

in delayed cytokinesis and ‘‘blebbing’’ of the cellular mem-

brane, followed by either ‘‘early fusion’’ or ‘‘late fusion’’ of

the daughters with binucleated derivatives.23 In mutant

NPCs, we found a dramatic increase in the length of cyto-

kinesis and cellular blebbing in all mitotic cells recorded.

This resulted in one of two outcomes. In about 25%

of cells, blebbing was followed by failed cytokinesis and

the formation of cellular fusions and binucleated cells

(Figure 2A, middle). In the remainder, after the delay,

cytokinesis completed with separation of the two daughter

cells (Figure 2A, bottom). On average, the length of

cytokinesis was doubled in mutant cells (mean 5 SEM:

73.6 5 4.1 min versus 33.5 5 1.4 min).

Failure to achieve cytokinesis can result in subsequent

multipolar spindles as a result of duplicated centrosomes

and nuclear material. To evaluate for multipolar spindles,

we fixed and stained sub-confluent NPCs for a-tubulin

and DAPI and then counted the percentage of mitotic fig-

ures with three or more spindle poles. Multipolar spindles

were evident in about 28% of mitotic cells, whereas they

were evident in fewer than 5% of control cells. We

conclude that multipolar spindles are a frequent feature

of CIT-mutated NPCs.

To test whether the mutation caused the observed

cellular phenotypes, we corrected the c.317G>T

(p.Gly106Val) mutation by using CRISPR/Cas9-based

genome editing in iPSCs derived from affected individual

718-IV-1 by homologous recombination (Figure 3A). A

genome-editing donor plasmid containing wild-type CIT

exon 4, flanking genomic sequence, and a puromycin

cassette (LoxP-Puro-LoxP) was electroporated together

with Cas9- and gRNA-expressing plasmids into iPSCs.
ican Journal of Human Genetics 99, 501–510, August 4, 2016 505



Figure 2. Cell-Division Defects in NPCs Derived from Individuals with CIT Variants
(A) Representative phase-contrast time-lapse images of NPCs from unaffected and affected individuals. 718-III-1 is a healthy father (black
typeface), and 718-IV-1 is an affected member (red typeface). Asterisks mark the dividing cells analyzed in each series. Note that unaf-
fected cells completed division within 28min. Affected cells (top row) showed blebbing at 16 min and then incomplete cytokinesis with
binucleated derivatives at 28 min. Affected cells (bottom row) showed minimal blebbing and then division by 48 min. Arrows mark
cortical blebbing.
(B) Quantification of the length of cytokinesis (n ¼ 15 cells per group).
(C and D) Representative images and quantification of the percentage of multipolar cells in NPCs from unaffected (C) and affected (D)
individuals. Arrowheads mark multipolar cells (n ¼ 7 cultures per group).
Bar graphs show the mean 5 SEM. **p < 0.01 (Student’s t test). Scale bar represents 10 mm.
Individual iPSC clones were propagated after puromycin

selection. After successful biallelic targeting (Figures S3A–

S3C), the puromycin cassette was removed by transfection

with a plasmid expressing Cre recombinase (Figure S3D).

Of note, the expression level of CIT was indistinguishable

between affected and wild-type cells after puromycin

recombination in corrected lines (data not shown), sug-

gesting that genome editing did not adversely affect

expression.We then differentiated cells into NPCs and per-

formed time-lapse microscopy to evaluate cytokinesis.

Corrected cells showed no delay in the length of cytoki-

nesis (Figures 3B and 3C). Furthermore, there was no

accumulation above baseline of multiple spindle cells in
506 The American Journal of Human Genetics 99, 501–510, August 4
corrected NPCs (Figures 3D and 3E). We conclude that

the CIT variants identified from the affected individual

were necessary for mediating defects in cytokinesis, given

that cellular defects were corrected when the wild-type

allele was genetically engineered into mutant cells.

Both prolonged and incomplete cell division are associ-

ated with genotoxic stress and increased apoptotic cell

death22,27 and are proposed as mechanisms in mouse

and zebrafish MCPH models.28–30 Furthermore, Cit-defi-

cient mice display binucleated cells and increased

apoptosis in the developing cerebral cortex.16 To test for

apoptosis in a complex cellular milieu, we generated neu-

rospheres from control and mutant cells, together with
, 2016



Figure 3. Correcting the CIT Variant Rescues Cellular NPC Phenotypes in Cells from Affected Individuals
(A) Schematic of gene-editing strategy for correcting the CIT variant in iPSCs. WTexon 4 and the floxed puromycin cassette were recom-
bined at the mutant locus after Cas9 cleavage. Cre-mediated removal of the LoxP-Puro-LoxP cassette left only the single LoxP site.

(legend continued on next page)
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CIT-mutation-corrected cells, and then stained for cleaved

caspase-3 as a marker of apoptosis. Dramatic evidence for

increased apoptosis (an overall 4-fold increase in intensity)

was detected in mutant but not control or mutation-cor-

rected neurospheres (Figures 3F and 3G).

Here, we describe families affected by recessive MCPH

caused by biallelic missense CIT alleles affecting the kinase

domain and thus leading to undetectable kinase activity.

These mutations were remarkable in that they did not alter

the expression level of the mRNA or CIT localization in

anaphase, suggesting that the kinase activity of CIT is

required for function in controlling cytokinesis. Previous

studies using overexpression of kinase-dead CIT in HeLa

cells found largely retained effects, but these studies could

not differentiate between loss-of-function and toxic gain-

of-function effects.17 The fact that the parent and sibling

carriers were healthy and had a normal HC suggests that

our mutations did not act in a dominant-negative fashion,

and because no individuals with truncating CITmutations

were detected with MCPH, it is tempting to speculate that

CIT retains some biological activity even in the setting of

kinase loss. This is further supported by the finding of

the more severe microlissencephaly phenotype observed

among individuals with truncating CIT mutations, shown

in the accompanying paper by Li et al.31

CIT is classified as an AGC kinase (by homology with

protein kinases A, G, and C), which are regulated by second

messengers, such as cyclic AMP (PKA) and lipids (PKC).32

CIT binds activated Rho and Rac,13 and activated Rho

correlates with the translocation of CIT to the cleavage

furrow.33 Most AGC kinases require sequential phosphory-

lations of the ‘‘turn’’ and ‘‘hydrophobic’’ motifs to stabilize

the active conformation,34 but it is still unclear whether

other kinases regulate CIT’s kinase activity. Although

CIT can function with proteins such as KIF14 and

TUBB3,26,35 direct phosphorylation targets of CIT have

not yet been identified.

Several spindle-pole-localized MCPH-associated proteins,

including ASPM, CENPJ, and CDK5RRAP2, are also present

in the midbody during cytokinesis.36 Moreover, loss of

ASPM in cultured cells leads to cytokinesis failure followed

by apoptosis, in addition to misorientation of the mitotic

spindle.37 Our results confirm that cytokinesis failure and

subsequent apoptosis are underlying mechanisms for the

genetic forms of MCPH. Interestingly, the C terminus of

ASPM interacts with CIT-K, suggesting that CIT-K and

ASPM might function together in regulating cytokinesis.36
(B) Representative differential interference contrast (DIC) time-lapse
rected (gray) NPCs during cytokinesis. Scale bar represents 10 mm.
(C) Quantification of the length of cytokinesis (n ¼ 15 cells for each
(D and E) Representative images and quantification of the percentage
(COR) NPCs. Arrowheads mark multipolar cells (n ¼ 4 cultures per g
(F and G) Representative images (F) and quantification (G) of active c
corrected neurospheres (n ¼ 6 cultures per group). Note the dramati
IV-1) prior to correction (F, arrow). Scale bar represents 150 mm.
(C, E, and G) One-way ANOVA was followed by Tukey’s multiple-co
Bar graphs show the mean 5 SEM. **p < 0.01.
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Our data align with those of other studies arguing

against MCPH as a primary defect of centrosomes for the

following reasons. First, fruit flies without centrosomes still

undergo neurogenesis,38 suggesting that centrosomes are

not required for neuronal proliferation. Second, mutations

in microcephaly-associated genes Sas4 and Cep63 in mice

lead to genotoxic stress, activation of the p53 pathway,

and apoptosis, probably independent of cleavage plane ef-

fects.39 Third, neurogenesis defects inmicrocephalymouse

models have been rescued at least in part by concurrent

removal of p53.39,40 The data support a model in at least

some forms of microcephaly, whereby loss of mitotic integ-

rity through an effect on centrosomes or cytokinesis can

result in genome instability, genotoxic stress, apoptosis,

and subsequently, reduced cerebral volume.
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Figure S1 

 
 
 
Figure S1. Mutations in the kinase domain of CIT-K cause primary microcephaly  
(A) Sequencing chromatograms illustrating CIT mutations in the affected children. (B) 
Evolutionary conservation of the residues with patient mutations across the animal kingdom. 
(C) Kinase domain conservation among CIT-K and other AGC kinases. The residues with 
patient mutations are marked with black boxes. The sequence alignment was performed using 
Vector NTI (Invitrogen). (D) The crystal structure of the kinase domain of ROCK1, with residues 
with patient mutations labeled. Hydroxyfasudil, a competitive inhibitor of ATP, is marked with 
arrowhead showing the ATP binding pocket. The kinase domain and residues of ROCK1 were 
viewed by PyMol (https://www.pymol.org). 



  

Figure S2 

 
 
 
 
Figure S2. Expression level and localization of CIT-N in patient-derived NPCs  
(A) Representative immunocytochemistry images of PAX6+ NPCs differentiated from iPSCs. 

Scale bar = 10µm. (B) Relative mRNA level of CIT in affected and control NPCs. (n=3 cultures 
for each group). Student’s t test. Bar graph: mean ± s.e.m (C) Representative 
immunocytochemistry images for CIT-K (white arrowhead) and midbody marker Aurora kinase 
B (AURKB) (yellow arrowhead) during cytokinesis in NPCs with absent, heterozygous or 
homozygous CIT mutations. The localization of CIT-K and AURKB was indistinguishable 

among all conditions. Scale bar = 10µm. 
 

  



Figure S3 

 
 
Figure S3. Identification of correctly-targeted iPSC clones in genome editing 
(A) Forward primer F1 outside the 5’ recombination arm, reverse primer R1 inside the 
puromycin cassette. This PCR allowed identification of iPSC clones with homologous targeting 
vector recombination. (B) Forward (F2) and reverse (R2) primers outside of Exon4 and the 
puromycin cassette. A ~2500 bp band represented the recombined allele, and a ~1500bp band 
represented the unmodified allele. Clone #35 and #36 were homozygous for homologous 
recombination, and were chosen for downstream studies. (C) Sanger sequencing confirmed 
c.317G>T mutation corrected in clone #36. (D) PCR identification of clones with LoxP-Puro-
LoxP cassette removal. A ~2500 bp band represented the corrected allele, and a ~1500bp 
band represented removal of the LoxP-Puro-LoxP cassette. Clone #36-2 and #36-3, with 
LoxP-Puro-LoxP cassette removal on both alleles, were used for downstream studies.  
 



Table S1 Genetic variants identified in each family from exome sequencing 

Family 718

Family 1379

Family 1924

Abbreviations. Chrom, chromosome; pos, position; ref, reference; mut, mutation. 

 



Table S2 Additional variants identified in 1379-B1-1 from exome sequencing 

We identified additional compound heterozygous variants and dominant variants in subject 

1379-B1-1.  

Compound heterozygous variants 

 

Abbreviations. Chrom, chromosome; pos, position; ref, reference; mut, mutation; HGVS, 

Human Genome Variation Society; HGVS_c, cDNA location; HGVS_p, protein location.   



Dominant variants  
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