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SUMMARY

Katanin is a microtubule-severing complex whose catalytic activities are well characterized, but
whose in vivo functions are incompletely understood. Human mutations in KATNB1, which
encodes the noncatalytic regulatory p80 subunit of katanin, cause severe microlissencephaly. Loss
of Katnbl in mice confirms essential roles in neurogenesis and cell survival, while loss of
zebrafish katnbl reveals specific roles for katnin p80 in early and late developmental stages.
Surprisingly, Katnbl null mutant mouse embryos display hallmarks of aberrant Sonic hedgehog
signaling, including holoprosencephaly. KATNB1-deficient human cells show defective
proliferation and spindle structure, while Katnbl null fibroblasts also demonstrate a remarkable
excess of centrioles, with supernumerary cilia but deficient Hedgehog signaling. Our results reveal
unexpected functions for KATNBL in regulating overall centriole, mother centriole, and cilia
number, and as an essential gene for normal Hedgehog signaling during neocortical development.

INTRODUCTION

Although human genetics has identified essential roles for many centriole- and cilia-related
proteins during human development, the functional relationships between these two crucial
organelles are less well understood. Mutations in genes encoding centrosomal proteins cause
a wide range of syndromes, notably microcephaly, which is characterized by reduced brain
size with or without other features, such as reduced somatic size. Microcephaly-associated
mutations in genes encoding centrosomal and pericentriolar proteins, including MCPH1,
CDK5RAP2, ASPM, CENPJ, WDR62, CEP152, CASCS5, STIL, CEP135, CEP63, NIN,
PCNT, and POC1A, implicate a centrosomal pathway important during human neurogenesis
(Hu et al., 2014; Mahmood et al., 2011; Thornton and Woods, 2009). However, cellular
mechanisms by which centrioles control neurogenesis are still unclear.

A second class of diseases, broadly termed “ciliopathies,” manifest with a range of features,
but common themes include retinal disease, left-right asymmetry defects, polydactyly,
hepatobiliary disease, renal cysts, and obesity (Hildebrandt et al., 2011). These diseases
reflect functions of cilia in a wide range of cellular processes, including mechanosensation,
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chemosensation, and developmental responses to patterning signals and growth factors
(Nigg and Raff, 2009; Novarino et al., 2011; Oh and Katsanis, 2012).

Although cilia and centrosomes both function centrally in neocortical development, their
interrelationships in the context of neurogenesis are not well understood. The neocortex is
formed from a layer of neuroepithelial cells that divide and expand to form radial glial
progenitors, which subsequently give rise to intermediate progenitors and, ultimately,
neurons (Greig et al., 2013; Lui et al., 2011). Neuronal progenitors lining the lateral
ventricle protrude apical primary cilia to receive critical cues from the cerebrospinal fluid,
such as IGF2 and Sonic hedgehog (Shh), in order to maintain proliferative cell divisions
(Lehtinen et al., 2011; Saade et al., 2013; Tong et al., 2014). Mutations that impair the
function of the cilium disrupt progenitor polarity and neurogenesis (Higginbotham et al.,
2013; Lee and Gleeson, 2011; Willaredt et al., 2008). Recently, the ciliary membrane and a
ciliary remnant have been shown to remain tightly associated with the mother, or older,
more mature centriole in dividing apical neuroepithelial cells. The asymmetrical inheritance
of both the mother centriole and this apical ciliary membrane allows asymmetrical cilium
outgrowth and maintenance of apical stem cells (Paridaen et al., 2013; Wang et al., 2009).
These data suggest that relationships between mother centrioles and cilia are crucial to
neurogenesis and the maintenance of stem cell character.

Here, we describe recessive mutations in KATNB1, encoding the p80 subunit of the
microtubule-severing enzyme katanin, that cause severe microcephaly with simplification of
cortical gyri and sulci, or microlissencephaly. By modeling the condition in mice and
zebrafish, we find that katanin p80 is a crucial regulator of early embryonic development.
Remarkably, KATNB1-deficient cells show abnormalities of both the centriole and primary
cilium. In mouse embryonic fibroblasts (MEFs), loss of katanin p80 leads to the formation
of supernumerary centrioles capable of forming multipolar spindles and nucleating ectopic
cilia. Evidence of perturbed Shh signaling further supports disruption of ciliary function.
Our data provide a new mechanism of microcephaly that involves katanin p80-medi-ated
regulation of interactions between centriole and ciliary signaling.

Mutations in KATNB1 Cause Microlissencephaly

Three unrelated Middle Eastern families presented with individuals affected with severe
microcephaly, global developmental delay, and seizures. MRI of the affected individuals
revealed dramatically reduced brain size and cortical volume with simplified gyri, shallow
sulci, and enlarged lateral ventricles posteriorly (Figure 1A), with relative sparing of the
midbrain, basal ganglia, and cerebellum. Affected individuals also displayed mild facial
dysmorphisms and sloping foreheads, consistent with reduced cranial volume (see Figure
S1A available online).

Family 1 is a large Jordanian family with five affected individuals from related,
consanguineous nuclear families; siblings of the affected individuals are all reported to be
healthy (Figure 1B). Family 2 originates from Saudi Arabia, and the affected male proband
is the third child of healthy, first-cousin parents (Figure 1B), with two healthy older

Neuron. Author manuscript; available in PMC 2015 December 17.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hu et al.

Page 4

siblings. Family 3 is of Palestinian origin, and the affected individual is the fourth child of
two healthy parents with no reported consanguinity (Figure 1B”). A sibling of Proband 3
died from a viral illness at age 2, while other siblings are healthy. Several paternal first
cousins were reported to display a similar microcephaly and seizure phenotype, although
medical records and DNA samples were unavailable.

Medical genetic and neurological evaluation of the affected individuals at birth and
throughout life revealed dramatically reduced head circumference, disproportionate to
height and weight (Figure S1B-S1D). Detailed clinical information on all affected
individuals is available in Table S1. The severely reduced brain size, simplified gyri and
enlarged ventricles, especially posteriorly, and relative sparing of the brain stem and
cerebellum seen on MRI in affected individuals from all three families bear a striking
resemblance to the microlissencephaly caused by mutations in NDE1 (Alkuraya et al., 2011;
Bakirciglu et al., 2011), and so we use the same term henceforth.

The consanguineous pedigrees implicated recessive inheritance of rare, pathogenic variants.
To identify the causative mutations in these families, we undertook a combination of
homozygosity mapping, whole-exome sequencing, and targeted next-generation sequencing
(see Experimental Procedures for further details). In Family 1, mapping of shared regions
that are homozygous and identical-by-descent (IBD) in the affected individuals, and
exclusion of common homozygous segments shared by unaffected family members,
identified a single shared IBD candidate locus totaling 9 Mb on Chromosome 16 (Figure
S1E). Subsequent whole-exome sequencing of Proband 1 revealed a single, unique
homozygous variant present in the region of IBD. Whole-exome sequencing in Proband 2
identified 3 homozygous, rare, protein-altering variants, and targeted sequencing of coding
exons within blocks of homozygosity greater than 2 cM in Proband 3 identified seven
homozygous, rare, protein-altering variants. Crossreferencing all three families identified
homozygous deleterious mutations in a single, overlapping gene, KATNBL1. Sanger
sequencing confirmed precise familial segregation of disease-associated variants (Figure
S1F-S1F”), and all three variants were absent from European or ethnically matched control
populations.

KATNBL encodes the p80 subunit of katanin, a microtubule-severing enzyme comprised of a
p60 catalytic subunit and a p80 regulatory subunit (McNally and Vale, 1993). Family 1
carries a mutation that abolishes the initiator ATG codon (Figure 1C), predicted to result
either in complete loss of protein, or potential production of an N-terminally truncated
protein from a downstream conserved in-frame methionine at position 57. Family 2 carries a
missense mutation that converts a highly conserved glycine to a tryptophan (Figure 1C’).
Family 3 carries a splice site mutation at the exon-intron boundary of exon 6 that is
predicted to abolish all splice donor activity (Figure 1C”), as the first base pair of the splice
donor site is 100% conserved in eukaryotes (Mount, 1982; Senapathy et al., 1990). Katanin
p80 contains six WDA40 repeats in the N terminus of the protein, and the mutations in
Families 2 and 3 are located within the first and third WD40 repeats, respectively (Figure
1D). The predicted N-terminal truncated product in Family 1 also disrupts the WD40
domains.
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KATNB1 DNA and protein sequences are highly evolutionarily conserved. Using several
different methods of model averaging (Zhang et al., 2006), we calculated nonsynonymous to
synonymous substitution ratios (Ka/Ks) between 0.03 and 0.08, indicating extremely strong
negative selection of nonsynonymous variation. The specific proband nucleotide mutation
sites are also highly conserved, with GERP scores of 4.97, 4.28, and 5.01 and for the start
codon, missense, and splice site mutation sites, respectively (Cooper et al., 2005; Davydov
et al., 2010). Additionally, for the missense mutation, comparing the MultiZ alignment
across 100 vertebrate species, all but one species contain glycine at that residue (Blanchette
et al., 2004; Karolchik et al., 2014). Together, these data indicate that the KATNB1 gene and
the proband mutation sites are extremely well conserved, and that mutation of these sites is
most likely pathogenic.

Mutations in KATNB1 Alter mRNA Splicing and Protein Quantity

The high conservation of KATNBL and the highly conserved protein structure of WD40
repeats (Neer et al., 1994) suggest that the identified mutations would severely disrupt
katanin p80 protein stability and function. Expression studies in primary fibroblasts and
induced pluripotent stem cells (iPSCs) derived from Proband 1 identified reductions in both
katanin p80 and p60 in human cells. The start codon mutation causes the loss of the first
methionine, and translation is predicted to initiate at the next inframe methionine 56 amino
acids downstream (Figure S2B). KATNB1 and KATNA1 mRNA are detectable at comparable
levels in Proband 1-derived iPSCs compared to control cell lines by quantitative RT-PCR
(Figure 2A). However, full-length katanin p80 is not detectable in Proband 1-derived
primary fibroblasts or iPSCs, and in iPSCs we find a new, smaller katanin p80 protein
product consistent with the predicted N-terminal truncated form (Figure 2B). Remarkably,
p60 protein was also undetectable in primary fibroblasts and greatly reduced in iPSCs
despite unchanged transcript levels (Figures 2A and 2B), most likely resulting from a
posttranscriptional event. A lymphoblastoid cell line derived from Proband 2 showed an
84% reduction in katanin p80 protein compared with a control line, with protein minimally
detectable after long exposure (Figure 2C), suggesting that the missense allele is either null,
due to defective function of the mutant protein, or hypomorphic, with some residual protein
and residual activity. Interestingly, we also find a concomitant 64% decrease of the katanin
p80 binding partner katanin p60 in Proband 2-derived lymphoblasts, compared with control
(Figure 2C), suggesting that the loss of katanin p80 impairs katanin p60 stability.

For Family 3, we analyzed mRNA splicing using a minigene comprised of full-length
cDNA, including the introns immediately upstream and downstream of the splice mutation
site(Figure 2D). We transfected tagged wild-type and mutated Proband 3 mini-gene
constructs into HEK293T cells, followed by RT-PCR, and found that, compared with wild-
type, the mutant minigene creates a smaller RNA product corresponding to skipping of exon
6 (dele6, Figure 2E). Sanger sequencing of the RT-PCR product identified the presence of
the exon 5—exon 7 boundary (Figure 2F). Expression studies showed that the splicing
mutation results in stable, albeit functionally defective, protein. Transfection of tagged wild-
type and Proband 3 minigenes, and wild-type and exon 6-deleted (dele6) cDNAS, into
HEK?293T cells with quantitative western blot revealed a 51%—77% reduction in katanin p80
from the mutant minigene and cDNAs compared with their wild-type counterparts (Figure
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2G). Because exon 6 is an in-frame exon, and mutant protein is present at lower quantities
than wild-type, this mutant form may be hypomorphic. Whereas tagged, wild-type katanin
p80 localizes to the centrosome of interphase cells (Figure 2H), most tagged dele6 protein
accumulates in the nucleus during interphase, with minimal localization to the centrosome
(Figure 2H), indicating that the misspliced protein is functionally perturbed. In summary, all
three mutations disrupt the N-terminal WDA40 repeats of KATNBLZ, result in lower levels of
katanin p80 as well as p60 protein, yet have the potential to produce defective proteins with
some partial function.

Katanin p80 Is Required for Embryonic Survival

To study functions of katanin p80 in vivo, we generated a Katnbl gene-trap (gt) mouse line,
with the gene-trap vector inserted between coding exons 2 and 3 (Figure 3A). We confirmed
by RT-PCR that Katnbl coding exon 2 splices fully to the Engrailed-2 splice acceptor of the
gene-trap vector, with no detectable wild-type Katnbl mRNA in homozygous gene-trap
mutants (Figures 3B and 3C). Katanin p80 protein is reduced by 51% in heterozygous
embryos and is undetectable in homozygous mutant embryos (Figure 3D), indicating that the
gene-trap allele is almost certainly null. Similar to our primary human cell line data (Figures
2B and 2C), katanin p60 protein levels are reduced by 39% and 72% in the heterozygous
and homozygous Katnbl gene-trap embryos, respectively (Figure 3E).

Homozygous null Katnbl gene-trap embryos die embryonically, with dramatically reduced
body size by embryonic day 15.5 (E15.5) (Figures 3F and 3G). Embryos are found along a
spectrum of phenotypic severity, and some very severely affected embryos die as early as
E12.5. All homozygous mutant embryos are grossly morphologically abnormal, with
features including pallor of the liver, microophthalmia to anophthalmia, and reduced limb
bud outgrowth (Figure 3H). In addition, homozygous mutant embryos show forebrain
abnormalities ranging from microcephaly to holoprosencephaly, in which the two
hemispheres of the brain fail to separate, resulting in a single ventricle (Figures 3H-3J).
Histopathological analysis of the embryos revealed a lack of red blood cells in the liver,
suggesting failed definitive erythropoiesis, which is a potential cause of embryonic death
(data not shown) (Baron, 2013). Underdeveloped limb buds, anophthalmia, and
holoprosencephaly are commonly seen in mouse mutants with defective Shh signaling
(Chiang et al., 1996; Hayhurst and McConnell, 2003; Litingtung et al., 2002) and are
associated with human mutations in SHH (Belloni et al., 1996; Roessler et al., 1996), while
Indian hedgehog, another hedgehog family protein, has been implicated in definitive
erythropoiesis (Cridland et al., 2009). The overlap of phenotypes between homozygous
Katnbl gene-trap mice and Shh pathway mutants raises the unexpected possibility that
katanin p80 might be involved in modulating Shh signaling. These data indicate that katanin
p80 is required for embryonic development and survival, and confirm the association of the
human mutations with the severe brain malformations.

Katanin p80 Is Required for Early Embryogenesis and Formation of Anterior Structures in

Zebrafish

As a second, independent model of katanin loss of function during development, we utilized
the high conservation of the katanin p80 protein sequence and gene structure in zebrafish
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(Figures 4A and Figure S3A) and targeted the exon 6-intron 6 boundary near the Proband 3
mutation site with TALEN endonucleases (Figure 4B; Table S2). We generated a series of
mutant alleles harboring different frameshift as well as in-frame deletions and insertions at
the target site (Figures 4B and Figure S3B). Most of the alleles are frameshift mutations and
are predicted to lead to early termination and, consequently, truncated proteins (Figure 4C
and Figure S3B).

Mutant progeny from F1 carriers of truncated alleles are viable. However, progeny of
females deficient for katnbl, although able to develop through 70% epiboly, show a wide
spectrum of phenotypes stemming from defects in gastrulation and formation of anterior
structures, ranging from milder microcephaly to more severe anencephaly and early
embryonic death (Figures 4D, 4E, and S3C). The similar phenotypic results observed in
mice and zebrafish deficient for Katnbl demonstrate that katanin plays a major role during
early embryogenesis and patterning of anterior structures. Since the humans we identified
with KATNB1 mutations survive beyond birth into childhood, the embryonic lethality of
Katnbl deficiencies suggests that the three identified human alleles may retain partial
function. Interestingly, the maternal rescue observed in the zebrafish (Figure 4E) indicates
that normal maternal katnbl mRNA is sufficient to permit generally normal growth and
patterning during postembryonic development in the absence of zygotic katnbl, suggesting
that variation in developmental timing of katanin p80 function also affects phenotypic
severity.

Katnb1l Is Ubiquitously Expressed in the Brain and Critical for Neocortical Development

Given the striking brain morphological phenotypes in the probands and homozygous gene-
trap mouse embryos, we investigated functions of katanin p80 during cortical development.
Katanin p80 is expressed in the mouse cerebral cortex throughout development (Figure 5A).
To evaluate cell-type-specific expression, we took advantage of the presence of a LacZ
cassette in the gene-trap vector and stained for LacZ protein in the neocortex of
heterozygous embryos. We found ubiquitous staining throughout the proliferative
ventricular zones and in the cortical plate (Figure 5B), in agreement with available mouse
transcriptome data (Ayoub et al., 2011).

The dramatic reduction in brain size seen in homozygous mutant mice reflects abnormal
proliferation as well as cell death. Following a pulse of bromodeoxyuridine (BrdU) to
pregnant dams at E12.5, a stage corresponding to early neurogenesis, we find a 35%
reduction in number of actively proliferating cells in homozygous mutant embryos
compared with wild-type, confirming that fewer cycling progenitors are indeed present
(Figures 5C and 5D). Furthermore, we find that overall cortical thickness is reduced by 54%
at E13.5, a stage corresponding to peak neurogenesis (Figures 5E-5H), with preserved cell
polarity (Figure S5A). To more specifically characterize cortical defects, we performed
immunohistochemistry for specific progenitor subtypes and neurons. Sox2
immunoreactivity, which identifies radial neuroepithelial progenitors, is reduced 32% in
Katnbl null embryos. Tbr2 immunoreactivity, which identifies intermediate progenitors
formed by asymmetric divisions of radial neuroepithelial cells, is reduced more severely,
with 72% depletion. Neurons, labeled with DCX immunoreactivity and derived from
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asymmetrical divisions of radial neuroepithelial cells or from the Thr2-positive progenitors,
are the most severely affected, with an 83% reduction compared to wild-type (Figures 5E—
5H). These results reveal a striking reduction in cycling ventricular zone progenitors in
Katnbl null cortex, but an even more profound loss of cells that depend upon asymmetrical
cell divisions, including intermediate progenitors and neurons. These data parallel the results
of katanin p80 loss in the Drosophila brain presented in an accompanying paper, in this
issue of Neuron (Mishra-Gorur et al., 2014). We hypothesized that cell death might also be a
factor in neuronal depletion, and indeed we find apoptotic cells, marked by activated cleaved
caspase 3, in homozygous mutant brains. Even in the most mildly affected homozygous
gene-trap embryos, apoptosis is abundant throughout the brain, particularly in the
proliferative ventricular zones of the cortex, whereas apoptotic cells are absent from wild-
type brains (Figure 51). We obtained similar results using neural stem cells (NSCs)
differentiated from human iPSCs. Proband 1-derived neurospheres fail to grow and exhibit
widespread apoptosis (Figure S5B-S5D). Together, these data indicate that katanin p80 is
required for neuronal progenitor proliferation and survival during cortical development.

Loss of Katanin p80 Disrupts Spindle Structure and Mitosis

To better understand the cellular functions of katanin p80 during human development, we
studied proband-derived cell lines. Katanin p80 and p60 localize to the spindle poles of
mitotic cells and to the pericentriolar matrix of interphase cells (Figure SSA- S5C). In
immortalized human lymphoblasts and human iPSCs expressing mutant KATNBL alleles, we
find defects in centrosomal structure and function. Approximately 49% of S phase Proband
2-derived lymphoblasts contain more than two centrosomes, compared with 11% in control
lymphoblasts (Figures 6A and 6B). Instead of localizing perinuclearly, these centrosomes
cluster in the center of the cell, with the DNA arranged around the centrosomes (Figure 6A).
iPSCs derived from Proband 1 displayed mitotic abnormalities in 51% of cells, compared to
only 4% of control iPSCs: 10% of cells displayed multipolar spindles, with supernumerary
chromosomes and excess kinetochores, 22% of cells displayed abnormal monoastral
spindles, and an additional 19% contain misaligned chromosomes (Figures 6C and 6D).
Flow cytometry analysis for DNA content on lymphoblasts from Proband 2 revealed an
increased proportion of cells in S and G2 phase, compared with control lymphoblasts
(Figures 6E and 6F), indicative of cell cycle perturbation and aneuploidy.

Katanin p80 Limits Centriole Number

We further investigated centriole biogenesis in MEFs isolated from gene-trap embryos.
Katnbl null MEFs are more severely affected than proband-derived mutant cell lines, with
76% of gene-trap MEFs containing multipolar mitotic spindles, compared with 12% in wild-
type MEFs (Figures 7A and 7D). We also found binucleate homozygous gene-trap MEFs,
likely resulting from aneuploid divisions (Shi and King, 2005), while we almost never found
binucleate wild-type MEFs (data not shown). MEFs isolated from homozygous gene-trap
embryos often failed to proliferate (Figure S6C), and those homozygous gene-trap MEFs
that did grow well in vitro divided significantly more slowly than wild-type MEFs (Figure
7F), consistent with the widespread defects in proliferation observed in the mutant embryos.

Neuron. Author manuscript; available in PMC 2015 December 17.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hu et al.

Page 9

Defects in cytoskeletal structure in homozygous gene-trap MEFs, with increased acetylated
tubulin immunoreactivity around the centrosome (Figure S6D), suggest increased overall
microtubule stability. Furthermore, we find more prominent staining for CAMSAP2, a
microtubule minus-end protein that protects against depolymerization, as well as more
linear, streak-like staining for EB1, a microtubule plus-end protein (Figure S6E and S6F).
Together, these data suggest that microtubule dynamics are altered and that loss of katanin
p80 results in a more stabilized cytoskeleton.

Surprisingly, we found a high proportion of overduplicated centrioles in homozygous gene-
trap MEFs (Figure 7B), with 76% of cells displaying supernumerary centrioles (Figure 7E),
consistent with our multipolar spindle data. Transmission electron microscopy of
centrosomes reveals that these ectopic centrioles have normal 9-fold symmetry but are
unpaired, unlike wild-type, paired centrioles (Figures 7C, Figure S6A, and Figure S6B).
These supernumerary centrioles associate with multiple centrosomal proteins, including y-
tubulin, Stil, and Cep63 (Figure 7B), suggesting they form functional centrosomes and may
explain the origin of the mitotic spindle defects we observe (Figures 7A and 7D).

Loss of Katanin p80 Causes Supernumerary Cilia and Abrogates Sonic Hedgehog

Signaling

The mother centriole is the older centriole in a cell, and normal cells contain only one
mother centriole. Examining the localization of two mother centriolar proteins, Ninein and
Cepl64, revealed the surprising presence of multiple mother centrioles in Katnbl
homozygous gene-trap MEFs (Figure 8A), suggesting defects in not just centriole number,
but also centriole maturation and identity.

Since the mother centriole nucleates the primary cilium, the presence of multiple mother
centrioles suggested that Katnb1l mutant cells may be capable of nucleating multiple cilia.
Indeed, after serum starvation to induce cilia growth, we identified many cells with multiple
Ift88- or Arl13b-positive cilia (Figure 8B). Over 35% of Katnbl homozygous gene-trap
MEFs possess supernumerary cilia (Figure 8D), nearly four times as many as wild-type
MEFs, confirming an excess of functional mother centrioles in Katnbl mutant cells. Some
cells contain only a second, shorter cilium, but other cells grow two or even three full-length
cilia (Figures 8B and 8D). As with wild-type cells, Katnb1l mutant MEFs do not produce
cilia without serum starvation (data not shown), suggesting that the multiple cilia arise from
supernumerary centrioles upon initiation of ciliogenesis, rather than from defective ciliary
resorption.

The overproduction of cilia in the absence of katanin p80 raised the question of whether
homozygous gene-trap MEFs also show alterations in ciliary signaling. The
holoprosencephaly seen in homozygous gene-trap embryos suggested a defect in Shh
signaling, which, in vertebrates, is dependent on cilia (Huangfu and Anderson, 2005;
Huangfu et al., 2003; Mahjoub and Stearns, 2012). We triggered Shh signaling in MEFs
using Smoothened agonist (SAG) stimulation. SAG normally causes Gli3 and Smoothened
(Smo) to accumulate at the tips of primary cilia. In contrast, Gli3 failed to accumulate in
cilia in SAG-stimulated MEFs lacking katanin p80 (Figure 8C), with a 77% reduction in
Gli3 localization to the ciliary tip in homozygous gene-trap MEFs (Figure 8E). Smoothened
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accumulation in cilia in SAG-stimulated MEFs is also decreased in homozygous gene-trap
MEFs, even in cells containing only a single cilium (Figure S7A). gRT-PCR analysis of
downstream targets Gli1 and Patchedl, which are normally upregulated in response to Shh
signaling, showed a 5-fold increase in Glil induction and 11.8-fold increase in Patchedl
induction upon SAG stimulation in wild-type MEFs, but no response in homozygous gene-
trap MEFs (Figures 8F and 8G). Together, these data demonstrate that the loss of katanin
p80 leads to overduplication of centrioles and excessive maternal centrioles, leading to
supernumerary cilia, and that the resulting multiple cilia fail to properly transduce Shh
signals.

DISCUSSION

Here, we identify katanin p80 as a critical regulator of human brain development, and
extend its functions beyond regulation of microtubule severing and the mitotic spindle.
Three independent mutations in KATNB1, affecting protein levels and subcellular
localization, result in severe microlissencephaly in humans, and complete genetic ablation of
Katnbl leads to embryonic lethality in mice and zebrafish. On a cellular level, loss of
katanin p80 causes the formation of supernumerary centrioles, including extra mother
centrioles. These centrioles result in multipolar spindles and also nucleate supernumerary
cilia, leading to reduced Shh signaling. Together, these data implicate katanin as a regulator
of mother and daughter centriole number, and of the ciliary number and function that follow,
thus greatly expanding our view of katanin function.

Despite the severe microlissencephaly seen in humans with KATNB1 mutations, the human
mutations we identified are most likely hypomorphic. Katanin p80 is essential during early
embryogenesis in both mice and zebrafish. Humans do not display phenotypes as extreme as
those as seen in the loss-of-function mouse or zebrafish mutants, nor do they show evidence
of defects classic for ciliary or Shh dysfunction, such as polycystic kidney disease, laterality
defects, midline patterning defects (including holoprosencephaly), or digit anomalies
(Dubourg et al., 2007; Hildebrandt et al., 2011; Novarino et al., 2011). Additionally, NSCs
derived from human iPSCs do not develop excess cilia or decreased Shh signaling seen in
loss-of-function MEFs, further supporting the hypomorphic nature of the human alleles.
This may reflect the specific mutations we have identified, all of which disrupt the N-
terminal WD40 repeats, and result in reduced, but not completely abolished, protein levels;
thus, the mutated proteins may retain enough residual activity to rescue the severe, complete
loss-of-function phenotypes. Finally, a previously published mouse carrying a missense
mutation in Katnb1 is viable, with defects observed only in spermatogenesis (O’Donnell et
al., 2012), suggesting that alleles of KATNBL can give rise to varied phenotypes of altered
severity (see also Mishra-Gorur et al., 2014).

Our results also indicate that there are distinct temporal roles for katanin. Loss of maternal
katnbl results in severe defects of gastrulation, whereas loss of zygotic zebrafish katnbl is
compatible with survival and growth to viable, fertile adults, indicating that katnbl is
necessary for tissue patterning during early development, with additional roles during later
development. Therefore, the more severe phenotype seen in mice may represent early loss of
mammalian katanin p80 function, and the milder human disease phenotypic spectrum may
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arise from loss of katanin p80 function later during development, possibly in a nervous-
system-specific manner.

The identification of mutations in KATNB1 suggests that mutations in KATNAL, encoding
the catalytic katanin p60 subunit, might also cause microlissencephaly, given their strong
biochemical and functional interactions. In our cohort of microcephalic and lissencephalic
pedigrees, we have not yet identified any individuals with KATNA1 mutations. Complete
loss of KATNAL function may be incompatible with embryonic survival, as is the case with
Drosophila katanin p60 (Mao et al., 2014), or mutations in KATNAL may cause an entirely
different human phenotype. Further characterization and sequencing in individuals will be
necessary to more fully explore the human genetics of katanin mutations.

The essential roles of KATNB1 in humans, mice, and zebrafish are somewhat surprising,
given our knowledge of the role of the katanin complex from previous work, and illustrate
the unique insight hypomorphic human mutations offers in uncovering novel regulators of
early embryonic development. Katanin is amicrotubule-severing enzyme necessary for
meiotic spindle assembly (Mains et al., 1990; Srayko et al., 2006), determination of mitotic
spindle length (Loughlin et al., 2011; McNally et al., 2006), severing at microtubule
crossovers (Lindeboom et al., 2013; Zhang et al., 2013), axon outgrowth (Ahmad et al.,
1999; Karabay et al., 2004; Yu et al., 2005), and cell motility (Zhang et al., 2011).
Furthermore, katanin has been shown to be required for axonemal structure (Casanova et al.,
2009; Dymek and Smith, 2012) and basal body release (Rasi et al., 2009). However, these
functions all relate to katanin’s microtubule-severing activity. Our data point to roles for the
katanin complex that have not previously been described or even suspected based on its
microtubule-severing function. The supernumerary cilia we observe are not remnants from
previous cell cycles that have not been disassembled, but, rather, are formed de novo with
each cell cycle. Furthermore, our data implicate katanin p80 in functions independent of
targeting katanin p60 to the centrosome or regulating katanin p60 catalytic activity (Hartman
etal., 1998; McNally et al., 2000).

Katanin p80, Centrioles, and Cilia

We present evidence showing katanin’s involvement in control of centriolar number and
centriolar type, as well as in ciliogenesis and Shh signaling, and in vivo evidence linking all
three processes. Katnbl-deficient cells show a striking excess of centrioles, including
multiple mother centrioles. In asymmetrical divisions of cortical progenitor cells, the mother
centriole is preferentially inherited by the stem cell that continues dividing, whereas the
daughter centriole is associated with the more differentiated cell. Moreover, the mother
centriole is associated with a piece of ciliary membrane that serves to initiate a new cilium

in the cell inheriting the more mature, mother centriole, allowing it to respond more quickly
to extracellular growth signals, including Shh and IGF2 (Anderson and Stearns, 2009;
Lehtinen et al., 2011; Paridaen et al., 2013; Piotrowska-Nitsche and Caspary, 2012; Saade et
al., 2013). Although overduplication of centrioles has been produced by overexpression of
genes such as PLK4, SAS-6, STIL, CPAP, and CEP120 (Arquint and Nigg, 2014; Habedanck
et al., 2005; Kleylein-Sohn et al., 2007; Lin et al., 2013; Peel et al., 2007; Strnad et al., 2007,
Tang et al., 2011), or by loss of CCDC14, CEP76, Lin-23, and Sel-10 (Firat-Karalar et al.,
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2014; Peel et al., 2012; Tsang et al., 2009), centriole overduplication does not always cause
excess mother centrioles or cilia to form (Mahjoub and Stearns, 2012; Marthiens et al.,
2013), as overexpression of Plk4 in the mouse brain leads to centrosomal overduplication
and microcephaly, but without defects in cilia number or Shh signaling (Marthiens et al.,
2013). Our findings of multiple mother centrioles in Katnbl mutant cells, and multiple cilia
but with defective ciliary Shh signaling, suggest that katanin p80 may serve an essential role
in the link between centriole and cilium to cell fate in the cortical ventricular zone.

The precise mechanism by which loss of katanin p80 causes centriole overduplication
remains unexplored. Duplication of centrioles is normally limited to once per cell cycle, and
presence of a daughter centriole inhibits centriole duplication (La Terra et al., 2005;
Loncarek et al., 2008; Wong and Stearns, 2003). However, certain cell lines are capable of
excess duplication when artificially arrested in S phase (Balczon et al., 1995), and
overexpression of various centriolar and pericentriolar matrix proteins causes
overduplication (Loncarek et al., 2008; Mahjoub, 2013).

Centriole duplication can occur from a template mother centriole or by de novo synthesis,
which require similar factors (Khodjakov et al., 2002; La Terra et al., 2005). In the absence
of katanin p80, both excessive templating of the mother centriole and unbridled de novo
centriole synthesis are possibilities. Immunostaining and electron microscopy show
centrioles clustered together, rather than scattered throughout the cell, suggesting that some
templating may occur. However, the centrioles we observe are not paired in the classic
orthogonal orientation of templated, duplicating centrioles and suggest the de novo pathway
may nonetheless be active. Furthermore, centriole duplication has been proposed to be
regulated by controlling the localization of duplication factors (Firat-Karalar et al., 2014).
The increased microtubule stability with loss of katanin may prevent trafficking of positive
and negative regulators of centriole duplication to and away from the centrosome, resulting
in unbridled duplication.

There is emerging evidence in neurodevelopment for genes linking centrosome, spindle, and
cilia biology. Ciliopathy syndromes are associated with rare brain malformations, though the
mechanism by which they occur and their significance is still unclear (Lee and Gleeson,
2011; Nigg and Raff, 2009; Oh and Katsanis, 2012). Our results suggest that defects in cilia
may cause isolated nervous system disease, potentially related to its roles in later
development. Loss of two other centrosomal microcephaly genes, CDK5RAP2 and NDE1,
are known to cause excess centrosomes and multipolar spindles and have recently been
shown to affect cilia length and number as well (Alkuraya et al., 2011; Bakircioglu et al.,
2011; Barrera et al., 2010; Bond et al., 2005; Kim et al., 2011; Lizarraga et al., 2010).
Mutations in NDE1 were the first identified cause of microlissencephaly (Alkuraya et al.,
2011; Bakircioglu et al., 2011), with a phenotype very similar to that of KATNB1 mutations,
and katanin p80 physically interacts with Ndell, a close paralog of Ndel (Toyo-Oka et al.,
2005). Ndel and Cdk5Rap2 also encode centrosomal proteins essential for neurogenesis,
though loss of neither Ndel nor Cdk5Rap2 is as severe as Katnbl loss in mice (Barrera et
al., 2010; Feng and Walsh, 2004; Lizarraga et al., 2010). An appealing model, therefore, is
that CDK5RAP2, NDE1, and KATNB1 may control the pathway limiting centriole
duplication, and that the presence of excessive centrioles, particularly mother centrioles, in
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dividing neuroepithelial cells results in perturbed ciliary growth factor signaling, defective
proliferation, and excessive cell death.

EXPERIMENTAL PROCEDURES

Human Subjects

Animals

A combination of homozygosity mapping, whole-exome sequencing, and targeted
sequencing of coding exons within areas of homozygosity was performed and filtered as
described in the Supplemental Experimental Procedures. All studies were reviewed and
approved by the Institutional Review Board of Boston Children’s Hospital, Harvard Medical
School, and local institutions.

Targeted gene-trap ESCs (EUCOMM) were injected into C57BL/6 blastocysts to generate
chimeric mice. Male chimeras were bred to WT C57BL/6 females (Charles River) to
transmit the gene-trap allele. The mice were maintained on a C57/BL6 background. For
pulse-labeling experiments, E12.5 timed pregnant mice were injected with 75 mg/kg BrdU
intraperitoneally and euthanized 30 min later.

TALENS targeting the exon 6-intron 6 boundary of zebrafish katnbl
(ENSDARG00000005456) were obtained from ZGENEBIO Biotech Co. Ltd (Table S2). To
generate katnbl mutants, 150-200 pg of RNA was injected into one-cell-stage eggs (albino/
slc45a2).

Culture Systems

Epstein-Barr virus-immortalized lymphoblastoid cell lines established from Proband 2 were
maintained in RPMI-1640 (GIBCO) with 10% fetal bovine serum (FBS, GIBCO), and 1
mM penicillin and streptomycin (P/S). Primary fibroblasts were established from Proband 3
and were maintained in RPMI-1640 (GIBCO) with 10% FBS, and 1 mM P/S. Human iPSCs
(Figure S2A) were generated using retroviral vectors encoding human KLF4, SOX2, OCT4,
and C-MYC cDNA (Addgene) and grown in knockout DMEM with 20% knockout serum
replacement, 2 mM L-glutamine, 1% NEAA, 0.1 mM B-mercaptoethanol, 0.1% P/S, and 4
ng/ml bFGF on irradiated fibroblast feeders. iPSCs were dissociated to form embryoid
bodies (EBs) and induced in neural induction medium (DMEM/F12 supplemented with 20%
KOSR, 2 mM L-glutamine, 0.2 mM NEAA, 0.1 mM 2-mercaptoethanol, and 1 mM sodium
pyruvate) for 7 days. EBs were then adhered onto laminin-coated plates in neural precursor
medium (neurobasal with 2mM L-glutamine, 1% B27, 1% N2, and 20 ng/ml bFGF) for 7-
14 days to form rosettes, which were manually isolated and expanded as NSCs in neural
induction medium.

Trypsin-dissociated MEFs isolated from E13.5 mouse embryos were grown in DMEM, High
Glucose (HyClone) with 15% FBS, and 1 mM P/S and L-glutamine. Cilia were induced by
serum starvation for 48 hr in Optimem (GIBCO) media, then treated with DMSO or 100 nM
SAG for an additional 24 hr.

Additional details are available in Supplemental Experimental Procedures.
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Quantitative RT-PCR

See Supplemental Experimental Procedures.

Western Blotting

See Supplemental Experimental Procedures.

Immunostaining

See Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mutationsin KATNB1 Cause Microlissencephaly
(A) MRI images of affected individuals show reduced cortical size (ctx), simplification of

gyral folding pattern, enlarged lateral ventricles (Iv) posteriorly and thinning of the corpus
callosum (cc), with relative sparing of the cerebellum (cb), basal ganglia (bg), thalamus (th),
and brainstem (br). Scale bar, 50 mm.

(B-B”) Pedigrees of families with microlissencephaly. Square, male; circle, female; red
arrowhead, affected proband; black shading, affected individual; gray shading, reported
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affected individual, medical records unavailable; double lines, consanguineous marriages;
diagonal line, deceased; asterisk, DNA sample collected.

(C-C”) Mutation in Family 1 abolishes start ATG codon. Mutation in Family 3isata 5’
splice site. Missense mutation in Family 2 converts a conserved glycine to a tryptophan.
(D) Predicted protein structure of katanin p80. Mutations lie at first amino acid and in
WD40 domains.

See also Figure S1, Table S1, and Movie S1.
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Figure 2. Mutant KATNB1 Alleles Produce L ess Protein Than Wild-Type Alleles, and dele6

Mutant Protein IsMislocalized

(A) gRT-PCR of Proband 1-derived fibroblast and iPSC lines shows presence of KATNB1
and KATNAL mRNA at levels comparable to control cell lines. Unpaired t test, p < 0.05; ns,

not statistically significant.
(B) Western blot of Proband 1-derived fibroblast and iPSC lines

shows absence of full-

length katanin p80 and presence of smaller protein product compared to control (top).

Katanin p60 levels are also reduced (bottom).
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(C) Western blot of Proband 2-derived lymphoblastoid cell lines shows near absence of
katanin p80, detectable only at high exposure (top), and reduction of katanin p60 (bottom).
Quantification using LI-COR imaging system.

(D) Schematic of the splice site minigene cDNA construct. Primer arrows show location of
PCR primers for (E).

(E) RT-PCR results of minigene assay. Smaller product in splice mutant minigene (asterisk)
corresponds in size to deletion of exon 6 (dele6).

(F) Sanger sequencing of smaller spliced product (asterisk in E) confirms skipping of exon
6.

(G) Western blot of transfected minigenes and cDNAs shows reduced protein levels in
splice mutant allele relative to wild-type. Quantification using the LI-COR imaging system.
(H) Wild-type EGFP-tagged katanin p80 localizes to the centrosome (left; Pericentrin), but
EGFP-tagged dele6 mutant protein diffuses throughout the nucleus, with minimal
centrosomal localization (right). Scale bar, 10 um.

See also Figure S2.
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Figure 3. Katnbl Gene-Trap Mutants Die by E14.5, with Brain Phenotypes Ranging from

Microcephaly to Holoprosencephaly

(A) Location of gene-trap insertion. Gene-trap insertion leads to early truncation of Katnbl

MRNA, to mimic a null allele.

(B and C) RT-PCR confirms absence of wild-type allele in homozygous gene-trap mice (B).

Sanger sequencing of gene-trap RT-PCR product confirms splicing of exon 2 into gene-trap

cassette (C).
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(D and E) Katanin p80 protein is absent in gt/gt mice (D), and less katanin p60 protein is
produced in gt/gt mice, compared with wild-type (E). Quantification using the LI-COR
imaging system.

(F) Homozygous gt/gt mice are present in expected Mendelian ratios before E14.5 but are
almost never found after E15.5, indicating that Katnbl loss of function is embryonically
lethal. Chi-square test, p < 0.0001.

(G) Compared with wild-type, homozygous gt/gt embryos are dramatically reduced in body
size at E14.5. Error bars indicate mean £ SEM. One-way ANOVA, p < 0.001.

(H) Homozygous gt/gt embryos vary in size, with brain phenotypes ranging from
microcephaly (embryos 2-4) to holoprosencephaly (embryo 5). Some homozygous gt/gt
embryos are micropthalmic (embryo 2), while others have no eye development (embryos 3—
5), and all have underdevelopment of the limb buds and pallor of the liver. All pictured
embryos are littermates. Scale bar, 5 mm (top) and 1 mm (bottom).

(I) Coronal sections through embryonic brains show reduced cortical size, thickness, and
holoprosencephaly in homozygous gt/gt embryos. Dashed line, outline of brain. Scale bar,
200 um.

(J) Distribution of homozygous gt/gt phenotypes recovered between E12.5 and E15.5.
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Figure4. Maternal Contribution of katnbl I's Essential for Zebrafish Gastrulation
(A) Katanin p80 protein and gene structure is highly conserved between humans and

zebrafish.

(B) TALENS targeting the genomic region surrounding the zebrafish katnbl exon 6-intron 6
boundary create a series of mutant alleles. Reference sequence (top). Blue box, TALEN
recognition sites; dash, deleted base pairs; red letters, inserted base pairs.

(C) Mutant alleles are predicted to alter protein structure by deletion of amino acids or early
truncation of katanin p80 protein.

(D) Progeny of mutant females show a wide spectrum of phenotypes, ranging from early
embryonic lethality and anencephaly to microcephaly.

(E) Maternal effect of katnbl is observed in crosses of mutant females, compared with
progeny arising from heterozygous carriers. Embryos developed normally until 70%
epiboly.

See also Table S2 and Figure S3.
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Figure5. Loss of Katanin p80 Impairs Proliferation of Cortical Progenitorsat E12.5, with Fewer
Progenitorsand Postmitotic Neurons Present in Cortex

(A) Katanin p80 protein is present in the cerebral cortex throughout embryonic and postnatal
development.

(B) Katanin p80 protein is present throughout the developing cortex at high levels in
postmitotic neurons in the cortical plate, and lower levels in progenitors of the ventricular
and subventricular zones at E14.5. VZ, ventricular zone; SVZ, subventricular zone; CP,
cortical plate. Scale bar, 50 um (left) and 20 um (inset, right).
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(C) Fewer actively proliferating cortical progenitors are labeled by acute BrdU injection at
rostral (left), middle (middle), and caudal (right) matched coronal sections in gt/gt cortex
compared with wild-type. Scale bar, 20 um.

(D) Quantification of BrdU-positive cells per length of ventricular surface. Error bars
indicate mean £ SEM. Unpaired t test, p < 0.001.

(E-G) Homozygous gt/gt mutant cortex is reduced in thickness at E12.5 compared with
wild-type, with preferential reduction in intermediate progenitors (F, Tbr2+) and neurons
(G, DCX+) over radial glia (E, Sox2+). Scale bar, 20 um.

(H) Quantification of radial thickness of cortex, with percent composition of markers in (E)—
(G). Error bars indicate mean £ SEM. One-way ANOVA, p <0.01.

(1) Apoptotic cells labeled by activated cleaved caspase 3 are abundant in homozygous gt/gt
ventricular zones, even in mildly affected embryos. Scale bar, 20 um.

See also Figure S4.

Neuron. Author manuscript; available in PMC 2015 December 17.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hu et al. Page 28

A Control Proband 2 lymphoblast B Lymphoblast Centrosomal
Overduplication
=
P 1.01 .
T >
< 0 Cé’ 0.8-
()] 8 o
o &S5 0.4
o 9O
= = L
@ SN 0.2
e
o 0. 0..-
Control Proband 2
c Normal iPSC Mitosis Monoastral Spindle |
: z
ga
© £
=3
o2
O e
Misaligned Chromosomes Multipolar Spindle
- z
20
o £
53
Lo
D iPSC Mitotic Abnormalities
Control Proband 2 100 =
g 1.01 ol G2
8 dekkk " 80 =
) 0.84 - - s
= 8w & 60
je; 0.6 Monoastral g 200 2 2
e v Spm_dle 2 o Qa1
u— Multipolar 0 s 100 || G1
o
c 0.4 Spindle G2 20
o Misaligned ol _ | ol .
'g 0.2- Chromosome 0 30 XS‘OO‘ 920 120 4] 30 )(6‘004 90 120 o
S Hoechst area (DNA content) Control  Proband 2
o
a 0.0-

Control Proband 1

Figure 6. Loss of Katanin p80 Causes Centrosome and Centriole Overduplication in Proband-
Derived Cell Linesand MEFs

(A) Lymphablasts derived from Proband 2 undergo centrosomal overduplication, with DNA
surrounding centrally located centrosomes. Scale bar, 10 um.

(B) Quantification of proportion of lymphoblasts with overduplicated centrosomes.
Unpaired t test, p < 0.01.

(C) Mitotic iPSCs derived from Proband 1 contain monoastral spindles, multipolar spindles,
and lagging chromosomes (arrowhead). Scale bar, 10 um.
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(D) Quantification of proportion of mitotic iPSCs with abnormal mitoses. Unpaired t test, p
< 0.0001.

(E and F) A greater percentage of Proband 2-derived lymphoblasts are aneuploid and have
skewed DNA content compared with control lymphoblasts by FACS (E), indicating that the
cell cycle is disrupted in proband-derived lymphoblasts (F).

See also Figure S5.
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Figure 7. Loss of Katanin p80 Causes Centriole Overduplication
(A) Homozygous gt/gt MEFs have multipolar mitotic spindles and misaligned chromosomes

(arrowhead). PHH3, phosphorylated histone H3. Scale bar, 10 um.

(B) Centrioles, labeled by Centrin, are overduplicated in homozygous gt/gt MEFs compared
with wild-type MEFs. Centrosomal proteins y-tubulin (top), Stil (middle), and Cep63
(bottom) associate with supernumerary centrioles with normal stoichiometry. Scale bar, 10

um.
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(C) Serial transmission electron micrograph sections through centrosomes show multiple
unpaired centrioles in gene-trap MEFs, whereas wild-type MEFs contain only one pair of
centrioles. Arrowhead, centriole. Scale bar, 200 nm.

(D) Quantification of mitotic spindle abnormalities in (A). Unpaired t test, p < 0.0001.
(E) Quantification of centriolar overduplication in (B). Unpaired t test, p < 0.0001.

(F) Homozygous gt/gt MEFs grow more slowly than wild-type or gt/+ MEFs. Two-way
ANOVA, p < 0.001.

See also Figure S6.
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Figure 8. In the Absence of Katanin p80, Fibroblasts Produce Supernumerary Cilia with
Abrogated Shh Signaling
(A) Homozygous gt/gt MEFs contain multiple mother centrioles that label with Ninein (top)

and Cep164 (bottom). Scale bar, 10 um.

(B) Homozygous gt/gt MEFs grow multiple cilia marked by IFT88 and Arl13b (right), while
wild-type MEFs grow only a single cilium (left). Arrowheads, supernumerary cilia not
shown in inset. Scale bar, 10 um.
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(C) After stimulation by Smoothened agonist (SAG), gt/gt MEFs fail to relocate Gli3 to the
cilium, indicating a deficit in Sonic hedgehog signaling (right). Wild-type MEFs robustly
relocate Gli3 to the cilium after SAG stimulation (left). Scale bar, 10 um.

(E) Quantification of proportion of ciliated MEFs with supernumerary cilia from (B). Error
bars represent mean £ SEM. Unpaired t test, p < 0.01.

(E) Quantification of cilial tip Gli3 intensity in SAG-stimulated cells from (C). Unpaired t
test, p < 0.0001.

(F and G) Downstream Sonic hedgehog targets Glil (F) and Patchedl (G) are induced at
lower levels following SAG stimulation in gt/gt MEFs compared with wild-type MEFs.
Error bars represent mean + SEM. Unpaired t test, p < 0.05.

(H) NSCs derived from Proband 1 do not grow supernumerary cilia. Scale bar, 10 um.

(1) After stimulation by Smoothened agonist (SAG), control and mutant NSCs show similar
Smoothened (Smo) localization to the cilium. Scale bar, 10 um.

See also Figure S7.
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