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SUMMARY

Exome sequencing analysis of over 2,000 children with complex malformations of cortical 

development identified 5 independent homozygous deleterious mutations in KATNB1, encoding 

the regulatory subunit of the microtubule severing enzyme katanin. Mitotic spindle formation is 

defective in patient-derived fibroblasts, a consequence of disrupted interactions of mutant 

KATNB1 with KATNA1, the catalytic subunit of katanin, and other microtubule associated 

proteins. Loss of KATNB1 orthologs in zebrafish (katnb1) and flies (kat80) results in 

microcephaly, recapitulating the human phenotype. In the developing Drosophila optic lobe, kat80 

loss specifically affects the asymmetrically dividing neuroblasts, which display supernumerary 

centrosomes and spindle abnormalities during mitosis, leading to cell cycle progression delays and 

reduced cell numbers. Furthermore, kat80 depletion results in dendritic arborization defects in 

sensory and motor neurons, affecting neural architecture. Taken together, we provide insight into 

the mechanisms by which KATNB1 mutations cause human cerebral cortical malformations, 

demonstrating its fundamental role during brain development.

INTRODUCTION

A mechanistic understanding of human brain development has only recently begun to be 

elaborated at the gene level, with the discovery of disease causing mutations in monogenic 

forms of malformations of cerebral cortical development (MCD). MCD syndromes have 

traditionally been classified on the basis of imaging findings that correlate with disturbances 

at distinct phases of cortical development, including proliferation of neural progenitors (e.g. 
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leading to genetic forms of microcephaly), neuronal migration (e.g. pachygyria, 

lissencephaly, subcortical and periventricular heterotopias), and postmigratorial development 

and organization (e.g. schizencephaly, polymicrogyria) (Barkovich et al., 2012). Phenotypic 

overlap between these MCD disorders is commonly observed, with a single gene mutation 

leading to multiple cortical abnormalities, suggesting that diverse cerebral malformations 

can have a unified underlying causation (Bilguvar et al., 2010).

Genetic studies have also highlighted significant heterogeneity in the molecular pathways 

underlying MCD, with the possible exception of autosomal recessive primary microcephaly 

(MCPH) which is associated with a plethora of genes (e.g. ASPM, CDK5RAP2, CASC5, 

CENPJ, CEP63, CEP135, CEP152, STIL and WDR62) that encode proteins involved in 

cytoskeletal control of the mitotic apparatus, including centrosomes and mitotic spindle 

poles (Bettencourt-Dias et al., 2011; Bilguvar et al., 2010; Kaindl et al., 2010; Thornton and 

Woods, 2009).

Despite dramatic differences in brain size and complexity, animal models have proven 

invaluable in elucidating the biology of MCD, for example by confirming the importance of 

centrosome in microcephaly (Kaindl et al., 2010). In Drosophila, homozygous loss of either 

asp (abnormal spindle, ortholog of human ASPM, mutated in MCPH5, OMIM#608716) or 
cnn (centrosomin, ortholog of human CDK5RAP2, mutated in MCPH3, OMIM#604804), 

affects asymmetric cell division during development (Bond et al., 2005; Wakefield et al., 

2001). Similarly, both mouse and zebrafish models of human SCL/TAL1-interrupting locus 
gene (STIL), mutated in MCPH7 (OMIM#612703), have shown that STIL plays a role in 

centrosome duplication and function and mitotic spindle organization and signaling (Izraeli 

et al., 1999; Pfaff et al., 2007).

The centrosome functions as the primary microtubule-organizing center of the cell and in 

humans, mutations in microtubule-associated proteins (DCX, LIS1, NDE1)(Alkuraya et al., 

2011; Bakircioglu et al., 2011; Gleeson et al., 1998; Reiner et al., 1993) or tubulin isoforms 

(TUBA1A, TUBA8, TUBB2B and TUBB3) (Abdollahi et al., 2009; Jaglin et al., 2009; 

Kumar et al., 2010; Tischfield et al., 2010) also underlie defects in cellular proliferation, 

neuronal migration and cortical organization. Proper functioning of microtubules is in turn 

dependent on the tight control of their length, number, as well as cargo movement (Shu et 

al., 2004; Tanaka et al., 2004).

A concerted action of polymerizing and severing enzymes regulates microtubule length. 

Indeed, mutations in SPAST, encoding the microtubule severing enzyme spastin, result in 

progressive axonal degeneration and autosomal dominant spastic paraplegia (SPG4, OMIM# 

182601), thus linking microtubule remodeling to neurodegeneration (Hazan et al., 1999). 

Katanin, the only other well-characterized microtubule severing enzyme, composed of a 

catalytic, p60 (KATNA1), and a regulatory, p80 (KATNB1), subunit, acts by disrupting 

contacts within the polymer lattice (McNally and Vale, 1993). In developing neurons, 

katanin localizes to microtubules and centrosomes and is essential for microtubule 

shortening and release (Ahmad et al., 1999). Katanin functions in cell division (McNally et 

al., 2006; Zhang et al., 2007), neuronal morphogenesis (Karabay et al., 2004; Yu et al., 
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2008) and assembly and disassembly of cilia and flagella (Casanova et al., 2009; Sharma et 

al., 2007).

p60/KATNA1 is a member of the AAA (ATPases Associated with diverse cellular 

Activities) domain containing protein family, whereas p80/KATNB1 binds to p60 and 

targets it to subcellular structures including the centrosome, further mediating its interactions 

with Dynein, LIS1 and NDEL1 (Hartman et al., 1998; McNally et al., 2000). A missense 

mutation in the highly conserved WD40 domain of Katnb1 has been shown to cause 

azoospermia and male sterility in mice (O’Donnell et al., 2012).

Here, by studying patients with MCD, we identify homozygous mutations in KATNB1 that 

result in a spectrum of MCD disorders, including microcephaly co-occurring with 

lissencencephaly or less severe neuronal migration abnormalities such as periventricular or 

subcortical heterotopias. Knockdown of KATNB1 orthologs in zebrafish (Danio rerio; 
katnb1) and Drosophila (kat80) results in a small brain, recapitulating the human phenotype. 

Further, in Drosophila, kat80 is essential for the formation of the mitotic spindle and its loss 

results in supernumerary centrosomes and delayed anaphase onset, preferentially affecting 

asymmetrically dividing neuroblasts in vivo. Lastly, KATNB1 predominantly regulates 

neuronal dendritic arborization. Taken together, these findings demonstrate a fundamental 

role of KATNB1 in human cerebral cortical development and pathology.

RESULTS

Whole-exome sequencing identifies recessive mutations in KATNB1 in patients with 
malformations of cortical development (MCD)

We performed whole-exome capture and next generation sequencing of germline DNA of 

over 2,000 children, who were mainly products of consanguineous unions. In Family 1 

(NG-961), the 2 affected siblings (kinship coefficient 0.23, Table S1) displayed cognitive 

delay and seizures (Table S1). Physical exam revealed microcephaly, with magnetic 

resonance imaging (MRI) demonstrating subcortical heterotopia (Fig. 1A) (Table S1). 

Exome-sequencing (Table S1) identified 2 homozygous predicted deleterious missense 

variants, one was previously reported and affected the glucosaminyl (N-acetyl) transferase 2 
gene (encoding a blood group II antigen) (p.Glu298Lys, rs139794913) resulting in cataracts, 

a phenotype not seen in our patients. The other, a p.Ser535Leu mutation, was novel and 

affected the KATNB1 gene (Table S1).

Family 2 (NG-LIS-711), with a history of 3 early childhood deaths, also had 2 affected 

members (kinship coefficient of 0.12, Table S1) that exhibited severe cognitive delay and 

autistic features (Table S1). MRI scans confirmed microcephaly and revealed severe 

simplified gyral pattern and corpus callosum abnormality (Fig. 1B) (Table S1). Exome 

sequencing (Table S1) detected only 2 homozygous variants, one affected the 

metallothionein-4 gene (p.TyrTrp300CysArg) while the other was a KATNB1 predicted 

deleterious missense mutation (p.Leu540Arg) (Table S1).

In Family 3, a 21 month-old female (NG-MIC-2584) (who also had a sister that died 25 days 

after birth) presented to medical attention with jaundice, respiratory distress and severe 
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delay in motor and mental development and was found to be microcephalic (Table S1). MRI 

demonstrated microlissencephaly and grossly dilated ventricles (Fig. 1C). Exome 

sequencing revealed a homozygous frameshift mutation (p.Val150Cysfs*22) in KATNB1.

In Family 4, the patient (NG-MIC-1218-4) exhibited mild cognitive delay (Table S1). Her 

MRI was mainly remarkable for microcephaly (Fig. 1D). Exome sequencing of the patient 

and her unaffected sibling (kinship coefficient of 0.23) (Table S1), identified 21 homozygous 

variants observed only in the patient. Twelve of these variants were novel, including a 

predicted deleterious missense mutation (p.Val45Ile) in KATNB1.

Prompted by the identification of multiple independent homozygous mutations in KATNB1, 
we then searched our exome sequencing databases for any potential compound heterozygous 

patients and identified a fifth patient (NG-PNH 226). This was a single affected offspring of 

a non-consanguineous union whose clinical and radiologic findings have previously been 

reported (Wieck et al., 2005). She displayed severe cognitive and motor developmental delay 

and advanced microcephaly, MRI confirmed the microcephaly and revealed partial genesis 

of corpus callosum, polymicrogyria and posterior predominant periventricular nodular 

heterotopia (Table S1). Analysis of her exome sequencing results did not identify any 

homozygous variants in the known MCD genes but revealed 2 heterozygous KATNB1 
mutations: a splice acceptor (IVS9-1G>A; g.57787300G>A) variant and a predicted 

deleterious missense mutation (p.Gly578Asp; g.57790282G>A) (Fig. 1E, Table S1). Sanger 

sequencing proved the patient to be compound heterozygous for the KATNB1 mutations 

with each of the variants being inherited from one of the parents (Fig. S1).

To summarize, brain imaging of KATNB1 mutant patients demonstrates severe 

microcephaly with diffuse frontal predominant undersulcation (only the frontal lobe in NG-

MIC-1218) with variable gyral size, mildly thick cortex with subtle irregularity of the 

cortical-white matter border but no clear microgyri, variable subcortical or periventricular 

heterotopia, variable hypogenesis of the corpus callosum, and relatively preserved brainstem 

and cerebellum. The cortical malformation thus differs from both classic pachygyria 

(lissencephaly) and polymicrogyria, but resembles the cortical malformation seen in other 

severe congenital microcephaly syndromes, especially NDE1 (Alkuraya et al., 2011; 

Bakircioglu et al., 2011). At the genetic level, exome sequencing of these patients revealed 

all of them harbor rare homozygous or compound heterozygous LOF, splice site or predicted 

deleterious missense KATNB1 mutations, including p.Val45Ileu, p.Val150Cysfs*22, 

p.Ser535Leu, p.Leu540Arg and IVS9-1G>A;p.Gly578Asp (Fig. 1 and Table S1). All 

mutations were confirmed by Sanger sequencing and segregated as expected, with both 

parents of the affected children being heterozygous for the respective mutations. None of the 

mutations were observed in the public databases or, among the 3,000 exomes sequenced at 

Yale including 1,460 ethnically matched control chromosomes. These findings provide 

conclusive evidence that mutations in KATNB1 are the underlying genetic cause of the 

observed MCD phenotypes.

Mutations in KATNB1 disrupt mitotic spindle architecture

To study the functional effects of the KATNB1 mutations at a cellular level, we used dermal 

fibroblast cultures established from skin biopsies of two patients (siblings NG-961-1 and 
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NG-961-4, carrying the p.Ser535Leu mutation) and an unaffected heterozygous parent 

(NG-961-2). Western analysis revealed reduced KATNB1 (but not of its interactors) in 

patient-derived cells (Fig. S2A) without an obvious impact on the microtubule network as 

there were no apparent differences in either the intensity of KATNB1 immunostaining or the 

microtubule cytoskeleton in interphase cells (Fig. 2A–C). However, in dividing cells, the 

mutations affected the mitotic spindle with patient-derived cells displaying disorganized 

microtubules (Fig. 2D–F′) and reduced KATNB1 immunostaining (Fig. 2G–I′). Since 

KATNB1 facilitates the recruitment of KATNA1 and its interactors, such as NDEL1, to 

target locations, we next investigated NDEL1 and KATNA1 localization in mitotic cells and 

found both to be reduced in the mitotic spindle (Fig. 2J–L′, M–O′, respectively). Also, 

patient derived fibroblasts displayed aberrant number of centrosomes (Fig. 2P–R′). Next, we 

expressed wild type or mutant KATNB1 (p.Ser535Leu) in HeLa cells and found that tubulin 

staining of the mitotic spindle and localization of the mutant forms to the centrosomes were 

reduced, suggesting that the defect in KATNB1 is sufficient to cause mitotic spindle 

perturbation (Fig. 2S–T″, Fig. S2). Moreover, immunoprecipitation of HeLa cell lysates 

transfected with WT or mutant forms of KATNB1 along with KATNA1 or NDEL1 showed 

reduced interaction of the mutant forms of KATNB1 with both KATNA1 and NDEL1 (Fig. 

2U–V). This supports an essential role for the interaction of these proteins for their targeting 

to the mitotic spindle.

We also assessed the effect of N-terminal domain mutation in dermal fibroblast cultures 

from the index case of family NG-2584 (carrying the p.Val150Cysfs*22 mutation) and an 

unaffected parent. As with the p.Ser535Leu mutant fibroblasts, we failed to detect an impact 

of the mutation on microtubule architecture in interphase cells; but mitotic cells displayed 

spindle morphology defects (Fig. 3A–D′) and supernumerary centrosomes (Fig. 3C–D′). In 

mitotic cells, spindle pole localization of KATNB1 was strikingly affected (Fig. 3G–H′) 

while that of LIS1 was slightly reduced (Fig. 3I–J′). Also, dynein levels at the spindle poles 

and the spindle proper were dramatically reduced (Fig. 3K–N′).

KATNB1 expression in the developing brain

The above findings demonstrate that KATNB1 mutations impact the overall spindle 

dynamics and integrity by affecting the assembly of the NDEL1/KATNA1/Dynein/LIS1 

complex at the spindle poles and microtubules. To understand how these mutations lead to 

severe cortical abnormalities in humans, we next investigated KATNB1 expression in the 

developing human brain by interrogating the Human Brain Transcriptome Database (Kang et 

al., 2011) and found it to be stably expressed throughout fetal development, starting shortly 

after conception (Fig. 4A). Expression levels remained elevated into infancy particularly in 

neocortex, hippocampus and striatum, with high levels still detected in the adult brain. The 

high levels of expression and localization in neural progenitor cells and postmitotic neurons 

during early development suggest a continuing role of KATNB1 in neuronal proliferation, 

migration, and laminar organization of the human cortex.

We then investigated KATNB1 expression in the developing mouse and zebrafish brains. In 

mouse, Katnb1 was initially expressed in neural progenitors until mid-neurogenesis, and 

subsequently in postmitotic neurons in the cortical plate; in postnatal brain, Katnb1 was 
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expressed widely (Fig. 4B–F). Similarly, katnb1 was also highly expressed in the developing 

zebrafish brain. During early developmental stages, katnb1 mRNA expression was 

ubiquitous throughout the embryo, including the cephalic region. As the embryo develops 

further, katnb1 mRNA expression profile became more restricted (Fig. 4G–K).

Loss of KATNB1 orthologs in zebrafish and Drosophila results in microcephaly

Based on the finding of diffuse katnb1 expression in the developing zebrafish brain, we 

initially used this model organism to study KATNB1 function. Knocking down katnb1, the 

single ortholog, by morpholino injection resulted in a significant reduction of the midbrain 

size (P = 9.16×10e−7) (Fig. 5A–D, E), recapitulating the major phenotypic finding in 

humans.

Next, to gain a detailed mechanistic insight into the biology of KATNB1, we extended our 

studies to Drosophila, a model that has been successfully implemented to study human 

MCD-associated genes. kat80 [the single fly ortholog of human KATNB1 (Goldstein and 

Gunawardena, 2000)], has been shown to be ubiquitously expressed in both embryonic and 

larval stages (Chintapalli et al., 2007; Frise et al., 2010). To examine the potential role of 

kat80 in regulating brain size, we employed the GAL4/UAS system (Xu and Rubin, 1993). 

We used Prospero-GAL4 to drive expression of kat80 RNAi (kat80-IR) in neural progenitor 

cells (neuroblasts) and their newly born progeny (ganglion mother cells), which constitute 

the majority of cells in the developing larval brain (Fig. 5H) (Isshiki et al., 2001). kat80-IR 
resulted in markedly reduced brain size (microcephaly) of 3rd instar larvae as compared with 

controls (Fig. 5I–J) with a concomitant reduction in the number of differentiated cells (Fig. 

5F) (1,080 ± 110 versus 673 ± 116 in wild-type (yw) and kat80-IR flies, respectively; 

P=0.034). Approximately 30% of the kat80-IR brains were reduced to 1/10th of normal size 

(Fig. 5J).

kat80 loss in Drosophila results in mitotic spindle abnormalities, delay in anaphase onset 
and mitotic failure

The above findings demonstrate that KATNB1 regulates neurogenesis in both vertebrates 

and invertebrates but do not reveal the underlying molecular mechanism. As mutations 

affecting neuroblast (NB) numbers are also known to impact brain size (Lee et al., 2006), we 

next examined whether kat80-IR expressing larval brains had fewer cells. Larval central 

brain NBs are specified during embryogenesis, then enter quiescence, progressively exiting 

during larval life to reach a total number of ~100 per brain lobe at 3rd instar. NBs can be 

identified by their large size and expression of molecular markers, including the cell polarity 

protein Miranda (Mir) and transcription factor Worniu (Wor) (Ashraf et al., 2004; Lai et al., 

2012). We used Wor-GAL4 to express kat80-IR and GFP::Miranda to identify NBs and 

scored the number of Wor/Mir-positive cells. We found that 3rd instar kat80-IR larval brains 

had on average ~70 NBs per lobe as compared to ~100 in wild-type brains (Fig. 5K–L, G; P 
< 0.002), indicating that kat80 regulated brain size at least partly by controlling the NB 

number, which could be due to either excessive cell death or reduced cell proliferation. 

TUNEL staining showed no apparent ectopic cell death (Fig. S3A–D″) in kat80-IR clones, 

indicating that, at least in the 3rd instar larvae, kat80 knockdown impacts brain size 

independent of cell death.
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Given the impact of KATNB1 loss on mitotic spindle (Fig. 2D–F′, 3C–D′), we postulated 

that in kat80-IR brains the remaining ~70 NBs could have cell cycle progression defects, 

further impacting the production of NB progeny and leading to microcephaly. Hence, we 

examined cell cycle progression in NBs using time-lapse imaging, and scored the time 

elapsed between nuclear envelope breakdown (NEBD, determined by the initial detection of 

microtubules in the center of the cell) and anaphase onset (AO, defined by the first sign of 

separation of sister chromatids), as previously described (Siller et al., 2005) (Fig. 6A–C, J). 

We made use of Worniu-Gal4 to drive GFP::Miranda in order to mark the NBs and the 

microtubule-binding protein Zeus::mCherry to label the mitotic spindle. The NEBD-AO 

interval was significantly elongated in kat80-IR NBs as compared with controls (17.86 min 

± 3.59; versus 10.33 min± 0.82, respectively; P = 0.0075), with AO extending over 2 hours 

in ~13% (N=30) of kat80-IR NBs, indicating that kat80 knockdown significantly delayed 

NB cell cycle progression.

Since patient derived fibroblasts showed spindle and centrosome defects (Fig 2D–F, P–R; 

3C–D, M–N), we also examined kat80-IR NBs for similar abnormalities. We observed 

supernumerary centrosomes and multipolar and/or barrel shaped spindles (Fig. 6D–I), 

suggesting that kat80 regulates Drosophila brain size in vivo by controlling both number as 

well as cell cycle progression of NBs.

Differential effects of kat80 loss in the optic lobe

Unlike the embryonically derived central brain NBs, those in the optic lobe are specified 

from neural epithelium (NE), which expands during larval life by undergoing symmetric 

divisions in the epithelial plane (Fig. 5H). In contrast, optic lobe NB specification is 

accompanied by a coordinated switch from symmetric to asymmetric division (Fig. 5E), a 

90-degree rotation of the division axis, and expression of specific molecular markers (Egger 

et al., 2007; Egger et al., 2011; Homem and Knoblich, 2012). Thus, the optic lobe is ideal to 

study symmetrically versus asymmetrically dividing cells. We used GH146-Gal4 to drive 

kat80-IR expression in the outer and inner proliferation centers of the optic lobe NE 

(Berdnik et al., 2008). Overall, no defects in NE morphology or spindle orientation were 

detected (Fig. 7A–E′), indicating that kat80 does not regulate spindle integrity or cell cycle 

progression of symmetrically dividing NE cells. In sharp contrast, but similar to our 

observations in the central brain, the number of mitotic NBs (Mir-positive) was significantly 

reduced in the kat80-IR expressing larval brains compared with controls (Fig. 7F–G′, J–L). 

In addition, kat80-IR brains showed supernumerary centrosomes (average number/cell=3) 

and twice as many cells in metaphase (57±7% versus 26.9±1.5% in kat80-IR versus wild-

type (yw), respectively) (Fig. 7H–I′, M). These observations strongly suggested that kat80 

loss specifically affects asymmetrically dividing neural progenitor cells, at least in the 

Drosophila optic lobe.

Kat80 loss impacts on dendritic arborization

Finally, previous reports demonstrated changes in neuronal architecture and dendritic 

arborization not only in MCD patients (Barak et al., 2011; Kaindl et al., 2010), but also in 

other intellectual disability and related syndromes, including the Rett syndrome (Armstrong, 

2005). Therefore, we studied potential neuronal structural abnormalities of the differentiated 
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neurons in the kat80-IR Drosophila larvae. We examined the dendritic arborization (da) 

sensory neurons, which innervate the overlying larval epidermis and fall into 4 categories 

based on dendritic branching pattern and complexity (Grueber et al., 2007). Due to their 

accessibility and stereotyped morphology, da neurons serve as a model for dendritic growth, 

maintenance, and tiling (Jan and Jan, 2010). We used pickpocket-Gal4 (ppk-Gal4) (Grueber 

et al., 2007) to drive kat80-IR expression in class IV da neurons, which are characterized by 

highly branched dendritic trees. In kat80-IR Drosophila larvae, dendritic arborization was 

dramatically reduced (Fig. 8A–B) and the total number of dendritic termini was significantly 

diminished (Fig. 8E, P <0.01), suggesting that dendritic extension and number in peripheral 

neurons were compromised by kat80 loss.

We next extended our observations to the Drosophila CNS, by examining dendritic 

arborization of adult flight motoneurons (MN1–5) that innervate the dorsal longitudinal 

flight muscle (Consoulas et al., 2002; Ikeda and Koenig, 1988). Among all singly 

identifiable flight motoneurons, MN5 serves as a paradigm of dendritic architecture 

(Consoulas et al., 2002; Vonhoff and Duch, 2010). Using D42-Gal4 to express kat80-IR 
primarily in adult flight motoneurons (Vonhoff and Duch, 2010) resulted in reduced 

dendritic arborization of MN5 (Fig. 8C–D). Because dendritic defects in flight motoneurons 

alter flight performance (Vonhoff et al., 2012), we tested flight ability and found a 

significantly reduced flight response in adult D42>kat80-IR versus wild type flies (Fig. 8F). 

Innervation of flight muscles was normal, as confirmed by imaging of MN axons and their 

targeting into the neuromuscular junction (NMJ) (Fig. S5A–B). Further, although the 

number of boutons was not altered in the NMJ of D42>katp80-IR larvae, their diameter was 

significantly larger (Fig. S5C–H), suggesting defective axonal transport. Finally, we did not 

detect any significant changes in axonal structure (data not shown). Taken together, these 

observations suggested that kat80 regulates dendritic arborization of sensory and motor 

neurons in Drosophila.

DISCUSSION

Here, we report the identification of homozygous deleterious mutations in KATNB1 in 

multiple independent patients with pleomorphic cerebral cortical phenotypes of varying 

severity, consisting primarily of microlissencephalies, in which microcephaly co-occurred 

with neuronal migration abnormalities, ranging from white matter nodular heterotopia to 

lobar or global pachygyria, as well as cortical organization problems, including 

polymicrogyria.

KATNB1 encodes the p80 regulatory subunit of the microtubule severing enzyme katanin. A 

subset of the identified mutations (p.Leu540Arg, p.Ser535Leu and p.Gly578Asp) localize to 

the C-terminal region of KATNB1, which is known to interact with the p60/KATNA1 

catalytic subunit as well as NDEL1; while 2 mutations (p.Val45Ileu, p.Val150Cysfs*22) map 

to the N-terminal region, which interacts with the molecular motor protein dynein and LIS1 

(O’Donnell et al., 2012; Toyo-Oka et al., 2005). Patient-derived dermal fibroblasts displayed 

disorganized mitotic spindles and expressed lower amounts of KATNB1, similar to findings 

in the Taily mouse, which carries a hypomorphic allele of p80 (O’Donnell et al., 2012). The 

disease-causing mutations affected the interaction of KATNB1 with NDEL1 and KATNA1, 
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disrupting their efficient localization to the centrosome and to the mitotic spindle during 

division. This is consistent with previous findings demonstrating that NDEL1 is required for 

Katanin localization to the centrosome during cell division (Toyo-Oka et al., 2005), 

suggesting that KATNB1, KATNA1 and NDEL1 are inter-dependent for their respective 

localization to the centrosomes. Similarly, fibroblasts harboring an N-terminal mutation in 

KATNB1, display spindle defects and a significant reduction in the amount of dynein 

localizing to the spindle and centrosomes. Thus, KATNB1 mutations result not only in 

decreased KATNB1 protein levels but also reduced localization of the katanin complex and 

other effector molecules to target areas, causing mitotic spindle defects.

To gain mechanistic understanding into KATNB1 function, we used Drosophila, a model 

system that has provided invaluable insight into the mechanism of action of genes involved 

in human MCD syndromes (Gonzalez et al., 1990; Liu et al., 2000; Rujano et al., 2013; 

Saunders et al., 1997; Siller and Doe, 2008; Yamamoto et al., 2014). Loss of the KATNB1 
ortholog resulted in microcephaly in both Drosophila and zebrafish, recapitulating the 

human phenotype. In addition, in the accompanying paper by Hu, et al., Katnb1 knockout in 

mice leads to severe cortical abnormalities by affecting centriole and cilia biogenesis during 

development (Hu et al., 2014).

In Drosophila, loss of kat80 results in fewer NBs, which display cell cycle progression delay, 

ectopic supernumerary centrosomes and aberrant mitotic spindles. The reduced NB numbers 

in central brain is most likely a result of their failing to exit quiescence. During mitosis, 

anaphase chromatid-to-pole motion is tightly linked to de-polymerization of the opposite 

ends of chromosome-associated microtubules. Synchronized microtubule dynamics result 

from the highly regulated, concerted action of several proteins, including kat60 (Ghosh et 

al., 2012; Zhang et al., 2007). Since kat80 is important for targeting the kat60 catalytic 

subunit, our observation of delayed onset of anaphase in kat80-IR NBs demonstrates the 

central role of katanin in anaphase.

Unlike central brain NBs, which are derived from embryonic neural stem cells, the 

Drosophila optic lobe NBs originate from the neuroepithelium, in a process that resembles 

the development of the vertebrate cerebral cortex where progression from symmetric to 

asymmetric neurogenic divisions occur at early larval stages (Egger et al., 2007). Hence, 

Drosophila presents a unique system to dissect the molecular impact of any gene mutation 

on asymmetric versus symmetric cell division. For example, while asp loss leads to spindle 

defects and prometaphase arrest in central brain NBs, it causes chromosome segregation 

defects resulting in aneuploidy and apoptosis in optic lobe neuroepithelial cells (Gonzalez et 

al., 1990; Rujano et al., 2013; Saunders et al., 1997).

Surprisingly, kat80 loss did not significantly impact symmetrically dividing progenitors in 

optic lobe NE, yet resulted in severe reduction of asymmetrically dividing NBs, clearly 

demonstrating the differential effects of KATNB1 mutations on asymmetrically versus 

symmetrically dividing cells. The reduction in NB numbers could be due to deregulation of 

signaling mechanisms that control NB specification e.g., the Notch and JAK/STAT 

pathways. However, we found no effect of kat80 loss on either pathway in the optic lobe 

(Fig. S4), suggesting that kat80 regulates NB numbers independent of these cues. Indeed, it 
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is known that in the optic lobe, intracellular signaling events, and not spindle orientation, 

regulate NB specification and hence cell fate (Egger et al., 2007). Thus, in kat80-IR larvae, 

the deficit in optic lobe NBs is also likely due to a cell fate specification defect, a notion also 

supported by our observation that, at some frequency, we do indeed find kat80-IR larvae 

with normal size brains containing supernumerary NBs (KM-G, unpublished observations). 

This would suggest a novel role for katanin in cell fate specification, which was previously 

shown to be independent of spindle orientation. Therefore, in the Drosophila larval brain, 

kat80 plays a dual role such that its loss not only compromises the initial pool of cells per se 
(exit from quiescence or cell fate specification), but also their proliferative capability 

(delayed anaphase onset, spindle and centrosomal defects), resulting in severe microcephaly.

Finally, microtubule severing and transport are known to play a central role in neuritogenesis 

(Franker and Hoogenraad, 2013). We observed a striking reduction of dendritic arborization 

of both central and peripheral neurons in kat80-IR flies, a finding that is consistent with the 

reported significant reduction of the dendritic field area and the number of the dendritic 

termini in kat-60L1 mutants (Stewart et al., 2012) and the role of Kat60 in dendritic 

elaboration (Mao et al., 2014). Dendrite pruning involves a noticeable degree of microtubule 

severing, especially in sensory neurons, and indeed MCDs have been associated previously 

with defective neuritogenesis (Gleeson et al., 1998; Shu et al., 2004). Furthermore, dendritic 

anomalies have been shown to be associated with intellectual disability (also seen in the 

patients reported here) and related syndromes caused by chromosomal aberrations (e.g., 
Down and Williams syndromes) and single gene mutations (e.g., Rett, Fragile-X and 

Rubinstein-Taybi disorders) (Armstrong, 2005; Kaufmann and Moser, 2000).

Our findings demonstrate the fundamental importance of microtubule dynamics in brain 

development across species. Perturbation of this evolutionarily conserved cellular process 

leads to complex cerebral cortical malformations caused by abnormalities in microtubule 

severing. The successful identification of new genes, such as KATNB1, implicated in 

cerebral cortical development provides unique insights into how the human brain develops 

normally and how this process may be derailed. This clearly has a significant impact not 

only in the area of basic neuroscience, as it promises to reveal key players in the 

fundamental mechanisms that govern the development of the human brain, but also has 

implications for understanding the pathophysiology of common neurodevelopmental 

disorders.

EXPERIMENTAL PROCEDURES

Human subjects

The study protocol was approved by the Yale Human Investigation Committee. Upon fully 

informed consent, genomic DNA was extracted from peripheral blood samples of patients, 

their parents, and unaffected siblings when available. DNA samples from affected 

individuals were subjected to whole-exome capture and sequencing, and to genome-wide 

genotyping for selected individuals. Identified mutations were confirmed and tested for 

segregation in the respective pedigrees by Sanger sequencing.
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Fly Genetics

Oregon R or yw flies were used as wild-type controls. Other fly strains used include: 

w;worniu-GAL4, UAS-Miranda::GFP, UAS-Zeus::mCHERRY/Cyo;Dr/TM6b (Chris Doe); 

w;UAS-CD8-GFP;D42-gal4,chagal80; c380-Gal4, UAS-CD8-GFP;;cha-gal80; hsFLP;Act-
FRT-CD2-FRTgal4,UAS-CD8(n); y[1] w[1118]; P{w[+m*]=GawB}GH146 (Bloomington 

Stock Center); kat80 RNAi lines were obtained from VDRC. Three independent kat80RNAi 

lines showed similar results.

Zebrafish experiments—katnb1 morpholino was injected into 1-cell stage wild type and 

dorsal view images of 72 hpf control and morphant embryos were taken by a Leica M205 

FA dissecting microscope with LAS AF software. Statistical analysis was carried out in 

Microsoft Excel.

All other experimental methods are described in Supplemental Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. KATNB1 mutations in MCD patients
(A) Kindred NG-961. Pedigree structure depicting a 1st cousin consanguineous union is 

shown on the left. Coronal T2-weighted images (left) and axial T1-weighted images (right) 

show symmetric nodular grey matter heterotopia in the bilateral corona radiata, indicated 

with white arrows, in both affected siblings. Sanger sequencing confirmation of the 

p.Ser535Leu mutation in KATNB1 is shown at the bottom. (B) Kindred NG-LIS-711. 

Complex pedigree structure is shown at left. Axial (left) and sagittal (right) T1-weighted 

images show diffuse pachygyria. A chromatogram of Sanger sequencing result, which 

confirmed the KATNB1 p.Leu540Arg homozygous mutation in both affected children, is 

shown at the bottom. (C) Kindred NG-MIC-2584. Pedigree structure demonstrating a 1st 

cousin consanguineous union with two affected children (one deceased) is shown on the left. 
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Axial (upper) and sagittal (lower) T2 -weighted images reveal a microlissencephalic brain 

with grossly dilated ventricles. Sanger sequencing confirmation of the p.Val150Cysfs*22 

homozygous mutation is shown at the bottom. (D) Kindred NG-MIC-1218. Pedigree 

structure (top left) and axial T1- (upper) and sagittal T2- (lower) weighted images revealing 

a microcephalic brain with grossly normal architecture. The patient is homozygous for the 

p.Val45Ile mutation (bottom). (E) Exon-intron structure of KATNB1 is shown. Solid bars on 

top indicate the functional interaction domains and their localization to the KATNB1 

protein. The location of each mutation and the associated phenotype are noted. MCP: 

microcephaly; Het: heterotopia; PaGY: pachygyria; PMG: polymicrogyria. (See also Figure 

S1 and Table S1).
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Figure 2. C-terminal mutant forms of KATNB1 disrupt the mitotic spindle and display reduced 
interaction with NDEL1 and KATNA1
(A–C) As evidenced by beta-tubulin staining, microtubule architecture of the interphase 

dermal fibroblasts, derived from patients and their parents, is intact. However, the mitotic 

spindle is significantly disrupted and malformed in patient-derived cells in anaphase (D–F). 
Patient fibroblasts also show reduced localization of KATNB1 (G–I), NDEL1 (J–L) and 

KATNA1 (M–O) to the mitotic spindle and increased number of centrosomes (arrow) as 

seen by staining for γ-tubulin (P–R). Panels marked with a prime (′) show merged images 

of primary antigen and DAPI (blue) staining (D′–F′, G′–I′, J′–L′, M′–O′, P′–R′). 

Consistent with the observations in patient fibroblasts, transfection of HeLa cells with wild 

type and mutant forms of KATNB1 results in reduced localization of mutant form of 

KATNB1 (green) to centrosomes and abnormal spindle formation (tubulin staining, red) in 

anaphase cells (S–T″). The specific KATNB1 mutation assayed/investigated is indicated at 

the top of the panel. Co-immunoprecipitation of wild type and mutant forms of KATNB1 

with KATNA1 (U) and NDEL1 (V) shows reduced interaction of mutant KATNB1 with both 

proteins. Scale bar: 5 μm (A–C, P–R) 1μm (D–O, S–T). All confocal images were captured 

using identical settings. (See also Figure S2)
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Figure 3. N-terminal mutant forms of KATNB1 display reduced interaction with dynein and 
disrupted mitotic spindle
β-tubulin staining shows microtubule architecture to be intact in interphase dermal 

fibroblasts derived from patients and their parents (A–B). However, patient-derived cells 

display increased number of centrosomes (arrow) as seen by staining for γ-tubulin (C–D) 

and significantly disrupted and malformed mitotic spindle in anaphase (E–F). Patient 

fibroblasts also show reduced localization of KATNB1 (G–H), LIS1 (I–J) and dynein (K–
N) to the mitotic spindle and spindle poles. Panels marked with a prime (′) show merged 

images of primary antibody and DAPI (blue) staining (A′–N′). All confocal images were 

captured using identical settings.
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Figure 4. KATNB1 is highly expressed in the developing brain
(A) KATNB1 is expressed across all regions and developmental periods in the human brain. 

KATNB1 exon array signal intensity. NCX, neocortex; STR, striatum; HIP, hippocampus; 

MD, mediodorsal nucleus of the thalamus; AMY, amygdala; CBC, cerebellar cortex. In 

developing mouse brain, Katnb1 is expressed in neural progenitors until mid-neurogenesis 

(E11.5, E13.5) (B, C), and then is also expressed in postmitotic neurons in the cortical plate 

(E15.5, E18.5) (D, E), and widespread expression was observed in postnatal brain (P14) (F). 

ne: neuropithelium; vz: ventricular zone; svz: subventricular zone; iz: intermediate zone; cp: 

cortical plate. Scale bar: G–I: 200 μm, J–K: 500 μm. Similarly, katnb1 is expressed in the 

brain in the developing zebrafish embryo (G–K): Lateral views of whole-mount in situ 
hybridization of the brain and torso of zebrafish embryos reveal the expression pattern of 

katnb1 at 24 hours post fertilization (hpf) (G), 36 hpf (H), 48 hpf (I), 60 hpf (J) and 72 hpf 

(K). During early developmental stages (G–H), katnb1 mRNA expression is ubiquitous 

throughout the embryo, including the cephalic region. As the embryos develop further (I–
K), katnb1 mRNA expression becomes restricted to neural tissue. Black lines point to 

various anatomical structures. d, diencephalon; t, telencephalon; m, mesencephalon; rh, 

rhombomeres; cb, cerebellum; ot, optic tectum; mhb, midbrain hindbrain boundary; mb, 

midbrain; hb, hindbrain; fb, fin bud. Scale bar: 500 μm.
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Figure 5. Knockdown of KATNB1 orthologs in zebrafish and Drosophila results in small brain 
phenotype
katnb1 morpholino reduces zebrafish midbrain size: Confocal microscopy shows that the 

katnb1 morphants at (B) 9 nanogram (ng), (C) 15 ng, and (D) 30 ng have smaller midbrains 

(arrows) as compared with (A) control at 2 days post fertilization (dpf). The reduction in 

brain size is statistically significant (E). Zebrafish brain is labeled with green fluorescence 

by Tg(HuC:Kaede). (H) Left panel: Schematic of the Drosophila brain; box indicates brain 

lobe imaged. Right panel: Schematic of a single brain lobe marks the location of 

symmetrically dividing neuroepithelium (NE, green) and asymmetrically dividing 

neuroblasts (NBs, red). (I, J) Expression of kat80-IR with prospero-Gal4 results in a 

dramatically reduced brain size in 3rd instar larvae. There is an overall reduction in the 

number of neurons and glia generated as seen by ELAV (red) and Repo (green) staining, 

respectively. (K, L) kat80-IR expressed under worniu-Gal4, UAS-mir::GFP, UAS-
zeus::mCherry results in a significant reduction in NB number in central brain. Images in F–
I are 3D projection of identical Z-sections. (F) Quantification of glial cell counts seen in 

panel F–G. There is significantly reduced number of glial cells in kat80-IR larvae (Error bars 

indicate SD, yw: 1080±110; kat80-IR: 673±116; two-tailed test, P=0.034). (G) GFP- and 

RFP-positive cells were quantified using 3D projections of identical Z-stacks from 

worniu>gal4 and worniu>kat80-IR brains, which reveal a significant reduction in central 

brain NBs per brain lobe (yw: 96.5±7.9; kat80-IR: 62.5±2.3; P = 0.002). (See also Figure 

S3)
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Figure 6. kat80-IR delays anaphase onset in Drosophila central brain neuroblasts, causing a 
reduction in their numbers
(A–C) kat80-IR was expressed under worniu-Gal4, UAS-mir::GFP, UAS-zeus::mCherry. 
Thirty NBs from worniu>kat80-IR and 6 NBs from worniu>gal4 3rd instar larval brains 

were used for time- lapse imaging. Wild type NBs exhibit anaphase onset at ~ 10.33 ± 0.82 

minutes after nuclear envelope breakdown. kat80-IR leads to increase in anaphase onset time 

with an average of about 17.9 ± 3.59 minutes (error bars indicate standard deviation; two-

tailed test, P=0.008). In addition, 4 NBs failed to display anaphase onset even after 2 hours 

of imaging (C). Snapshots of live imaging of 3rd instar larval brains expressing kat80-IR 
under worniu>Gal4, mir-GFP, zeus-mcherry. A wild type (D–F) and a kat80-IR (G–I) NB 

undergoing division are shown. kat80-IR expression results in multiple centrosomes 

(asterisks in G–H), and multipolar and barrel-shaped spindles (arrowhead in I). (J) 

Quantification of time to anaphase onset of 30 kat80-IR NBs compared with wild type (yw) 

cells reveals significant delay in mutant NBs.
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Figure 7. kat80-IR results in centrosomal defects and reduced neuroblasts in Drosophila optic 
lobe
Expression of kat80-IR with GH146-gal4 does not affect the morphology of the 

neuroepithelium (NE, marked by E-cadherin staining (green) in A, B) or spindle orientation 

(C–E′). In C–E′, arrows mark the mitotic spindles and staining with alpha tubulin (red), 

phospho-histone H3 (pH3, marking the metaphase plate in the neuroepithelial cells, green) 

and DAPI (marking the nuclei, blue) are shown. Panels C, D, E show α-tubulin staining only 

(gray scale) for easier visualization of the mitotic spindle. (F–G′) Expression of kat80-IR in 

the optic lobe results in significantly reduced number of NBs (arrow). Miranda (marking 

NBs, red) and Scribble (marking NE cells) staining is shown in wild-type (yw, F-F′) versus 

kat80-IR (G-G′) larval brains. H and H′ are high magnification images of the kat80-IR 
brain in G, indicating that the NBs in kat80-IR brains are mainly in metaphase (arrowheads). 

(I-I′) GH146>kat80-IR brains also show increased number of centrosomes in NBs as seen 

by gamma-tubulin staining (green) in miranda-positive NBs (red). (J–K) 3D projections of 

identical Z-sections of GH146>kat80-IR and wildtype (yw) brains showing reduced number 

of miranda positive NBs in the optic lobe of 3rd instar larval brains. (L) Quantification of the 

miranda positive cells in the optic lobe shows significantly reduced NBs in the kat80-IR 

brains (yw: 389±24.8; kat80-IR:165 ±10.5; two-tailed t-test P = 0.005). (M) Quantification 

of phosphor-histone H3 (pH3) positive NBs in kat80 depleted brains shows an increase in 

the number of pH3 positive NBs in metaphase (also visible in panel H) (yw: 26.9±1.5; 
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kat80-IR: 57±7; two-tailed t-test, P =0.04) suggesting delayed anaphase onset. (See also 

Figure S4)
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Figure 8. kat80-IR results in reduced dendritic arborization in central and peripheral nervous 
system
(CNS and PNS, respectively) (A–B) Larval class IV sensory neurons in the PNS were 

visualized using UAS>CD8-GFP expressed under the control of the PPK-GAL4 driver. 

Morphological analysis of dendrites of class IV dendrites, which display distinct 

morphology, was only performed in segments A3 and A4. We observed a significant 

reduction in dendrite extension in kat80-IR larvae (B) as compared to the wild-type, shown 

in A. (C–D) kat80-IR reduced dendritic arbor of motoneuron 5 in the CNS (D) as compared 

to wild-type flies (C). Dendrites of adult flight motoneurons in the CNS were visualized by 

expressing UAS>CD8-GFP under the control of the D42-GAL4 or C380-GAL4 driver. 

Asterisk marks the motoneuron 5 cell body. (E) The total number of terminal dendrites is 

statistically significantly reduced in kat80-IR versus wild-type larvae as counted manually 

on z-projections: (mean± SEM: WT = 420 ± 15.67; kat80-IR = 369.6 ± 7.8, P = 0.01 (N= 10 

cells, 7 larvae for WT and N= 10 cells, 5 larvae for kat80-IR larvae)). (F) The effect of 

reduced dendritic arborization of flight motoneurons was assessed in a flight assay. 

Expression of kat80-IR using the D42 driver (expressed in adult motoneurons controlling 
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wing muscles) resulted in severely impaired flight response, as assessed by the landing 

distance in the cylinder (left 2 columns in black, landing distance in millimeters: mean ± 

SEM: D42 driver: WT (yw)= 42.4 ± 8.7; kat80-IR = 411.7 ± 30.7 (P=0.0001)). In contrast, 

kat80-IR expression in PNS sensory neurons under the ppk driver did not affect the flight 

response, as expected (right 2 columns in grey, landing distance in millimeters ppk driver: 

mean ± SEM: WT = 122.6 ± 21.8; kat80-IR = 69 ± 19.9). N= 20 adult males for each 

genotype. (See also Figure S5)
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