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Mutations in the microtubule-associated
protein MAPI | (C70rf43) cause microcephaly
in humans and zebrafish

Yonatan Perez,' Reut Bar-Yaacov,”* Rotem Kadir,' Ohad Wormser,' llan Shelef,*
Ohad S. Birk,'* Hagit Flusser®* and Ramon Y. Birnbaum??*#*
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Microtubule associated protein 11 (MAP11, previously termed C707f43) encodes a highly conserved protein whose function is
unknown. Through genome-wide linkage analysis combined with whole exome sequencing, we demonstrate that human autosomal
recessive primary microcephaly is caused by a truncating mutation in MAP11. Moreover, homozygous MAP11-orthologue
CRISPR/Cas9 knock-out zebrafish presented with microcephaly and decreased neuronal proliferation, recapitulating the human
phenotype. We demonstrate that MAP11 is ubiquitously transcribed with high levels in brain and cerebellum. Immunofluorescence
and co-immunoprecipitation studies in SH-SY5Y cells showed that MAP11 associates with mitotic spindles, co-localizing and
physically associating with a-tubulin during mitosis. MAP11 expression precedes a-tubulin in gap formation of cell abscission at
the midbody and is co-localized with PLK1, a key regulator of cytokinesis, at the edges of microtubule extensions of daughter cells
post cytokinesis abscission, implicating a role in mitotic spindle dynamics and in regulation of cell abscission during cytokinesis.
Finally, lentiviral-mediated silencing of MAP11 diminished SH-SYS5Y cell viability, reducing proliferation rather than affecting
apoptosis. Thus, MAP11 encodes a microtubule-associated protein that plays a role in spindle dynamics and cell division, in which
mutations cause microcephaly in humans and zebrafish.
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MAPI | (C70rf43) mutations cause microcephaly

Introduction

Primary hereditary microcephaly is a neurodevelopmental
disorder characterized by reduction in brain volume, with
an occipital-frontal circumference <—2 standard deviations
(SD) that of the age and sex-matched population at birth.
This genetically heterogeneous disorder leads to intellectual
disability with variable severities (Woods and Parker,
2013). To date, mutations in 20 different genes have
been shown to cause autosomal recessive primary micro-
cephaly (MCPH; OMIM phenotypic series: PS251200).
Humans have a larger and more complex neocortex com-
pared to other mammals because of a substantially greater
neuronal proliferative capacity and differentiation of neur-
onal stem cells at early stages of cortical development
(Kriegstein et al., 2006; Ostrem et al., 2017). Thus, the
proper maintenance of the progenitor pool, correct spatio-
temporal transition of progenitors’ symmetric/asymmetric
divisions and differentiation dynamics are crucial to
normal neocortex development. It is thus not surprising
that most hereditary microcephaly genes have been impli-
cated predominantly in critical cellular processes of mitosis:
mitotic spindle assembly and structure, centrosome and
centriole function, DNA repair and damage response
during cell cycle, as well as kinetochore-associated func-
tions, chromatin remodeling complexes, cleavage furrow
and midbody regulation (Gilmore and Walsh, 2013;
Kadir et al., 2016; Moawia et al., 2017; Shohayeb et al.,
2017; Létard et al., 2018).

We now show that autosomal recessive primary micro-
cephaly in both humans and zebrafish can be caused by
loss of function truncating mutations in a previously un-
studied gene, the chromosome 7 open reading frame 43
(C70rf43) gene (which we now name microtubule asso-
ciated protein 11; MAPI11), and demonstrate that the
encoded protein binds a-tubulin during mitosis, affecting
cell proliferation.

Materials and methods

Subjects and clinical phenotyping

DNA samples were obtained from all available samples follow-
ing informed consent and approval of the Soroka Medical
Center Internal Review Board (IRB). Clinical phenotyping
was determined by an experienced paediatric neurologist and
geneticist. Patient’s photographs are presented following legal
guardian consent and written approval.

Homozygosity mapping

Genome-wide linkage analysis using all available DNA sam-
ples (Fig. 1A) was performed using Affymetrix GeneChip
Human Mapping 500K Set Nsp (Affymetrix) as described pre-
viously (Perez et al., 2014). Homozygosity mapping analysis
was carried out wusing the open online software
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HomozygosityMapper (http://www.homozygositymapper.org/)
(Seelow et al., 2009).

DNA sequence analysis

Whole-exome sequencing was performed as previously
described (Perez et al., 2016). Data were analysed using
QIAGEN’s Ingenuity® Variant Analysis™ software (www.
qiagen.com/ingenuity, QIAGEN Redwood City) as described
previously (Perez et al., 2016). Briefly, variants observed
with an allele frequency >0.5% in the 1000 genomes project,
NHLBI ESP exomes (All) or the Allele Frequency Community
were excluded. In addition, variants that appeared in a homo-
zygous state in our in-house whole exome sequencing database
of 350 Bedouin control samples were also excluded. We
focused on variants which were predicted to have a deleterious
effect upon protein coding sequences (e.g. frameshift, in-frame
indel, stop codon change, missense or predicted to disrupt
splicing by MaxEnt Scan) and variants which were experimen-
tally observed to be associated with a phenotype according to
the Human Gene Mutation Database (HGMD) (Stenson et al.,
2003). Of those variants, we selected only homozygous vari-
ants which were located within homozygous loci shared by all
affected individuals (per genome wide homozygosity mapping
analysis). Validation and segregation analysis of the MAP11
(C70rf43) mutation was done via Sanger, using sequencing
primers:  Forward  5-GCTCAGCCATCTGTCTTTCC-3;
Reverse 5-AGCCACTTTCCAGTGTGACC-3'.

Protein conservation

Protein multiple sequence alignment (MSA) was performed
using Clustal Omega program (http:/www.ebi.ac.uk/Tools/
msa/clustalo/) (Larkin et al., 2007). RefSeq sequence accession
numbers for Homo sapiens, Pan troglodytes, Bos taurus, Mus
musculus, Canis lupus familiaris, Xenopus tropicalis and Danio
rerio of C7orf43 orthologues: NP_060745.3, JAA25474.1,
XP_002698258.1, NP_694801.2, XP_849734.1, NP_00112
1523.1 and XP_001339329.2, respectively.

Lentiviral shRNA mediated MAPI |
(C70rf43) silencing

Two different shRNA oligos were designed to hybridize and
silence coding regions of the human MAPI1 transcript:
MAP11_shRNA (A): 5-GATCCTTGTGATGACCGCTTCTT
GTAAGTC CcttectgtcagaGACTTACAAGAAGCGGTCATCAC
AATTTTTG-3'; MAP11_shRNA (B): 5-GATCCGAACCC
GTCAAGTAGCACCGTGCCActtectgtcagaTGGCACGGTG
CTACTTGACGGGTTCTTTTTG-3'. Lower case letters rep-
resent the shRNA hairpin loop. Oligonucleotides were an-
nealed and ligated into BamHI/EcoRI site of pGreenPuro™™
lentiviral vector (System Biosciences). Lentivirus production
and transduction of SH-SYSY cells was conducted follow-
ing manufacturer’s guidelines. Three different infection
events were done for each silencing oligo. MAP11 silencing
was assessed via real-time quantitative polymerase chain
reaction (RT-qPCR). Results represent the mean of all three.
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Figure | The disease phenotype and MAPI | mutation. (A) Pedigree of the consanguineous Bedouin kindred studied showing three
affected siblings. (B) Patients’ brain MRI showing microcephaly and decreased white matter. White arrows are indicating hypoplasia of corpus
callosum. (€C) Homozygosity-Mapper plot showing two homozygous loci, on chromosome 5 and 7, shared by all affected individuals. (D) Sanger
sequencing of the c.613G>T mutation in an unaffected, obligatory carrier and affected individuals.

MAPI | (C70rf43) transcription
analysis

MAP11 transcription levels were assayed via RT-PCR and RT-
qPCR. For MAPI11 semi-quantitative (RT-PCR) transcription
level assay in different normal human tissues, a panel of
c¢DNA samples was prepared from total RNA derived of 21
normal human tissues (Clontech Laboratories), using Verso
cDNA kit (Thermo Scientific™). Two sets of PCR primers
were designed to amplify cDNA rather than genomic DNA of
either human MAPI11 (C70rf43) transcript variant 1 only
(NM_018275.4) or all known MAPI1 transcript isoforms
(per RefSeq database). Primers used to amplify a segment of
MAP11 unique to transcript variant 1 (366bp amplicon):
Forward 5-CTGCAGCCCCCTTCTCAC-3’; Reverse 5'-
AGCACGGTCAAGTGTTTTCCA-3’; primers used to amplify
a segment of MAP11 shared by all transcript isoforms (238 bp
amplicon): Forward §-AGTCCCCTGTTCGGACCTAC-3;
Reverse 5'-AAGGCCACACTGAAGGTGAG-3" Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was used as housekeep-
ing gene. Primers used for GAPDH amplification (452 bp
amplicon): Forward 5-ACCACAGTCCATGCCATCAC-3;
Reverse 5'-TCCACCACCCTGTTGCTGT-3'. Annealing tem-
perature used was 60°C, the extension time was set for 30s
and the PCR reaction repeats was of 35 cycles for all reactions.
PCR products from each reaction were mixed together (equal
amounts) and run on 2% agarose gel electrophoresis. Gel was
visualized by a ChemiDoc™ MP imaging system (Bio-Rad). For
RT-gPCR analyses of MAP11, total RNA was extracted from

either MAP11 silenced SH-SYSY cells or patients’ and controls’
lymphocytes using GENzol™ Tri RNA Pure Kit (Geneaid
Biotech Ltd.) according to manufacturer’s instructions. Single
stranded cDNA libraries were prepared as described above.
RT-qPCR was done using a FastStart universal SYBR® Green
master reaction master mix (Roche). Analysis was performed
using Rotor-Gene RG-3000 machine (Corbett Research).
Primers used for RT-qPCR of MAPI1 (111bp amplicon):
Forward §-TCAACAACCTTGGCTTTTCC-3’; Reverse 5'-
GCAGCTTCAGTTTCATGTGC-3'. MAPI11 transcript levels
were normalized to GAPDH housekeeping gene. Primers used
for GAPDH (87 bp amplicon): Forward 5-TCGACAGTCAGC
CGCATC-3 ; Reverse 5'-CCGTTGACTCCGACCTTC-3'.

Cell viability assay

Cell viability assay (XTT) was done according to manufac-
turer’s instructions (Cell Proliferation Kit, 20-300-1000;
Biological industries). Briefly, MAP11-silenced and shRNA
scrambled control SH-SYS5Y cells (5000 cells/well) were
seeded on a corning 96-well flat transparent plate in 100 pl
Dulbecco’s modified Eagle medium (DMEM) containing
10% foetal bovine serum (FBS). Wells containing complete
medium without cells were used as control blanks. Twenty-
four hours post seeding, cells were supplemented with XTT
and activation reagent (50 pl per well) and incubated for 3 h.
Then, absorbance of the samples was measured against a
background control using an Infinite® 200 PRO TECAN
reader spectrophotometer (ELISA reader) at 3500nm
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wavelength. To measure reference absorbance (eliminating
non-specific readings), measurements were done at 690 nm
wavelength and the average absorbance of the blank control
wells was subtracted from that of the assay wells. All ex-
periments were done five times; results represent the mean of

all five.

Confocal imaging

Endogenous MAP11 protein was detected using rabbit anti-
human MAP11 (C70rf43) antibody (HPA019359; Sigma-
Aldrich), which was validated by western blot of SH-SY5Y
MAP11 overexpressing cells (Supplementary Fig. 1). Initially,
SH-SYSY cells were grown to ~70% confluence (seeded on
coverslips) in 12-well plates. Cells were washed twice with
PBST (PBS + 0.05% Tween 20), fixed in 4% paraformalde-
hyde (PFA) for 20min, permeabilized and blocked using
Triton™ X-100 (0.5% v/v) in an antibody diluent reagent
(E09-300; GBI Labs). For immunostainings of MAP11 and
a-tubulin, cells were incubated with primary rabbit anti-
MAP11 antibody for 1h, washed twice with PBST and then
incubated with a primary mouse monoclonal anti-a-tubulin
antibody (T6199; Sigma-Aldrich) for 1h. Cells were then
washed twice with PBST and incubated with secondary goat
anti-rabbit IgG Alexa Fluor® 594 (ab150080; Abcam) and
donkey anti-mouse IgG Alexa Fluor® 488 (ab150105;
Abcam) for 1h. For immunostainings of MAP11 and PLK1,
cells were incubated with primary rabbit anti-MAP11
(C70rf43) antibody for 1h, washed twice with PBST and
then incubated with a primary mouse anti-PLK1 antibody
(05-844; Milipore) for 1h. Cells were then washed twice
with PBST and incubated with secondary Dnk anti-rabbit
Alexa Fluor® 488 (ab150065; Abcam) and Dnk anti-mouse
Alexa Fluor® 647 (ab150107; Abcam). Post antibody incuba-
tion, cells were washed twice with PBST and mounted using
Vectashield containing DAPI (H-1200; Vector Laboratories).
All antibodies were used at 1:500 dilutions. Subcellular local-
ization was visualized using an Olympus confocal microscope
(x 60 objective). Confocal images were recorded under identi-
cal conditions. Excitation was performed with a 488 nm (for
Alexa Fluor® 488), 405nm (for DAPI), 594nm (for Alexa
Fluor® 594) and 647 nm (for Alexa Fluor® 647) laser filtered
accordingly. Co-localization of MAP11 and o-tubulin was
assayed by calculating Pearson’s correlation coefficient using
image ] software.

Cloning and co-immunoprecipitation

A custom gene synthesis plasmid, Puc57-Amp (GENEWIZ,
Inc.), with MAP11 (C70rf43) reference sequence (derived
from GenBank; NM_018275.4) followed by FLAG sequence
(5'-GACTACAAAGACGATGACGACAAG-3'), was obtained.
The MAP11 fused to FLAG sequence was subsequently cloned
into the expression pCDNA3.1 (—) plasmid. HEK-293T cells
were seeded on 10cm tissue culture dishes with 10% FBS
containing DMEM medium. Cells were transfected with
MAP11-FLAG-fused overexpressing construct or mock
pCDNA3.1 (—) plasmids (8 ug in 10cm culture dish) using
Lipofectamine 2000® (Thermo Fisher Scientific) per manufac-
turer’s instructions. After 48-h incubation, cells were lysed
with 1.5 ml non-denaturing lysis buffer (50mM Tris HCI,
pH 7.4, with 150 mM NaCl, 1mM EDTA, 1% Triton™),
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incubated for 30 min at 4°C and sonicated (50% amplitude
for 20s, five times). Immunoprecipitation of cell lysates was
done using ANTI-FLAG M2 Magnetic Beads (Sigma-Aldrich)
following manufacturer’s instructions. Bead elution was done
using protein sample buffer (for 4 x, final concentration: 40%
glycerol, 240 mM Tris/HCI pH 6.8, 8% SDS, 0.04% bromo-
phenol blue, 5% beta-mercaptoethanol). Post elution, lysates
were heated (95°C) for 10 min and centrifuged (14 000 rpm)
for 5min to remove residual cell debris. The supernatant was
loaded onto 10% polyacrylamide gel. Following electrophor-
esis (120V, 1.5h), proteins were transferred to nitrocellulose
membranes (1h, 400 mA) using a wet transfer apparatus. The
nitrocellulose membranes were blocked by incubation in TTBS
(0.02M Tris, pH 7.5, 0.15M NaCl, 0.9 mM Tween 20; Bio
Lab) containing 5% skimmed milk for 1h at room tempera-
ture. The blocked membranes were then incubated for 1h with
primary mouse monoclonal ANTI-FLAG® M2 antibody
(F1804; Sigma-Aldrich) at room temperature in a 1:1000 dilu-
tion. Following incubation with primary antibody, membranes
were washed three times with TTBS for 5 min each, and then
incubated with a secondary goat anti-mouse IgG-HRP conju-
gated antibody (Santa Cruz Biotechnology Inc.; Sc-2005) for
1h (room temperature, 1:10 000 dilution), washed three times
in TTBS and visualized using an enhanced chemiluminescence
detection kit (SuperSignal™ West Pico chemiluminescent sub-
strate; Thermo Scientific) in ChemiDoc™ MP imaging system
(Bio-Rad). Membranes were then washed three times in TTBS,
incubated with a mouse anti-a-tubulin antibody for 1h,
washed three times with TTBS and incubated again with a
goat anti-mouse IgG-HRP-conjugated antibody (Santa Cruz
Biotechnology; Sc-2005) for 1h at room temperature,
washed and visualized.

Cell proliferation assay

Proliferation assays were performed using Pacific Blue™
anti-mouse Ki-67 antibody (BioLegend) according to manufac-
turer’s instructions. Briefly, MAP11 shRNA silenced and con-
trol shRNA SH-SYS3Y cells were assayed. Each line assay was
repeated three times with cells from different lentiviral infec-
tion events. Approximately 0.5 x 10° cells were seeded on a 6-
well plate. Twelve hours later, cells were harvested (0.05%
trypsin) washed twice with PBS and fixed using cold 70%
ethanol (added drop by drop to the cell pellet while vortexing)
and incubated for 1h at —20°C. Cells were then washed three
times with FACS buffer (25mM HEPES, 1mM EDTA, 1%
FBS and 0.1% sodium azide in PBS) and incubated with the
Pacific Blue™ anti-mouse Ki-67 antibody at room temperature
in the dark for 30 min. Cells were washed twice with FACS
buffer prior to analysis. Single-cell analyses were performed
with a 13-channel flow cytometry analyzer (CytoFLEX, con-
figuration B5-R3-V35; Beckman Coulter). Flow cytometry re-
sults were analysed with FlowJo (FlowJo, LLC) focusing on
the percentage GFP-positive single cells expressing Ki-67
(Supplementary Fig. 2).

Generating mapl | (c7orf43) specific
sgRNAs

Single guide RNAs (sgRNAs) targeting map11 (ZFIN: si:dkey-
3k24.5) for CRISPR/Cas9-mediated knock-out, was done
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following a published protocol (Gagnon et al., 2014) that uses
a cloning-independent system. Briefly, two different sgRNAs
were designed to hybridize near the truncating mutation of
the zebrafish MAP11 orthologue. The sgRNAs were designed
using CHOPCHOP online (http://chopchop.cbu.uib.no/)
(Montague et al., 2014; Labun et al., 2016). For each
sgRNA, we used a 60-base oligonucleotide containing a T7
promoter for in vitro transcription, a 20-base spacer region
specific to the target site (‘gene-specific oligo’) and an over-
lap region that anneals to an 80-base constant oligonucleotide
(constituting the RNA scaffold recruiting the Cas9 endonucle-
ase). The selected gRNAs sequences: mapl1_gRNA1: 5'-TA
ATACGACTCACTATAAGATGGATCAGTGCTGCTGGGTT
TTAGAGCTAGAAATAGCAAG-3; mapll_gRNA2: 5-TA
ATACGACTCACTATAGTTAAACGGGAGCTCGCAAGGTT
TTAGAGCTAGAAATAGCAAG-3'. The constant 80-base
oligo used: 5-AAAAGCACCGACTCGGTGCCACTTTTTCA
AGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTC
TAGCTCTAAAAC-3'. Gene-specific oligos were annealed in
10mM Tris-Hcl, pH 8.5 buffer in a PCR machine, ramping
temperature down from 95°C to 4°C in a stepwise manner.
Gaps of annealed oligos were then filled-in using T4 DNA
polymerase (New England Biolabs) and run on agarose gel
electrophoresis to ensure correct annealing. Products were pur-
ified using a standard PCR clean-up column. RNAs from both
clones were in vitro transcribed using MEGAscript® T7/SP6 kit
according to manufacturer’s instructions (Ambion). Post tran-
scription, RNA was purified in an RNA column clean-up kit
(RNAeasy® mini kit; Qiagen). There are two main approaches
to achieve CRISPR/Cas9 mediated knockout. One approach is
to generate a double strand break that will be endogenously
repaired via the highly efficient, yet error prone, non-homolo-
gous end joining (NHE]) repair system. A less efficient yet less
error-prone approach is to insert a single stranded oligo donor
(ssODN) as a template to encourage double strand break repair
through homology directed repair (HDR) pathway. Due to the
nature of the MAP11 mutation (truncating), we aimed to in-
crease knockout probability by using the NHE] and HDR
mechanisms in parallel: injecting the sgRNA and Cas9 protein
alone (for NHE]) or by adding a ssODN sequence encoding a
stop cassette (for HDR). The ssODN was designed to contain
stop codons in all three reading frames. The stop cassette con-
tains two 20-base homology arms flanking the predicted Cas9-
mediated breaking point. These homology arms surround the
stop cassette sequence. The stop cassette sequence used: Stop
Cassette  of sgRNA1: 5-TTACCAAACATTGTCCACC
AGTCATGGCGTTTAAACCTTAATTAAGCTGTTAGGCAG
CACTGATCCATCTGGC-3'; Stop Cassette of sgRNA2: 5'-A
CGCACACACACTTCCTCTTGTCATGGCGTTTAAACCTT
AATTAAGCTGTTGTAGGCGAGCTCCCGTTTAACACT-3'.

CRISPR/Cas 9 zebrafish mutants

To generate CRISPR/Cas9-mediated zebrafish knockouts, we
directly injected the sgRNA with recombinant Cas9 protein
(kindly provided by Prof. Gil Levkowitz, Weizmann institute)
with or without the ssODN stop cassette into one-cell stage
zebrafish embryos. The injected solution contained 300ng
sgRNA, 600ng Cas9 protein, 3 uM stop cassette and phenol
red dye in a single mix. Embryos were grown for 3-4 months
post injection and then genotyped by dorsal fin clipping, DNA
extraction and PCR amplification of the targeted MAPI11
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homologue double strand break region. Amplicons were sub-
cloned into pGEM®-T-Easy vectors and Sanger-sequenced.
Selected knockout (KO) F, zebrafish were grown and bred
with wild-type zebrafish to generate non-chimeric F; KO het-
erozygotes. Heterozygote F; offspring were then bred and F,
offspring underwent double-blinded head to body surface area
measurements at day 28 post-fertilization (prior to genotyp-
ing), using Discovery. V12 microscope (Zeiss) and Image] soft-
ware. Post analysis, F, zebrafish were sacrificed and
amplification of the targeted MAPI11 homologue double
strand break region was done using tissue direct PCR amplifi-
cation kit (Terra™ PCR Direct Polymerase Mix; Clontech). As
the two mutations in our zebrafish lines abrogated a Bbvl re-
striction site, amplicon digestion with Bbvl restriction enzyme
(New England Biolabs) followed by gel electrophoresis was
performed to screen for mutant, wild-type and heterozygous
carriers of the two different map11 KO mutations. Primers
used for mutation screenings: F: 5-AAACCTTCAGAACCTA
AGGACTGTT-3; R: §-TTTGCGATAGTGAATTTGCTG-3'.

Zebrafish whole mount cell death
detection by TUNEL assay

Terminal deoxynucleotidyl transferase (TdT) nick-end labelling
(TUNEL) assay was performed for map11-KO line according
to manufacturer’s instructions (Roche; 12156792910). Briefly,
chorions of 24 h-post-fertilization (hpf) zebrafish embryos were
removed using gentle forceps and fixed with 4% PFA over-
night at 4°C. Embryos were washed three times for 10 min
each in PBST (0.5% Triton™ X-100 in PBS) for permeabil-
ization and blocked for 1h at room temperature in blocking
solution [0.5% Triton™ X-100, 10% foetal calf serum (FCS),
1% dimethyl sulphoxide (DMSO) in PBS]. Embryos were then
labelled using TUNEL reaction mixture (labelling solution with
terminal transferase enzyme). Embryos served as positive con-
trols were incubated with 5 U/ml of recombinant DNase I in
50mM Tris-HCI, pH 7.5, 1 mg/ml bovine serum albumin) for
10 min at room temperature prior to labelling. Embryos served
as negative control were incubated without terminal transfer-
ase enzyme. After incubation, embryos were washed in PBST
and visualized with fluorescent Discovery.V12 microscope
(Zeiss). Image analysis was done using Image]. Fluorescent
intensity was measured by integrated density of whole embryos
to calculate relative apoptosis.

Zebrafish whole mount proliferation
assay

Zebrafish proliferation was measured by anti-phospho-
Histone H3 (PH3) staining. Briefly, chorions of 24 hpf zeb-
rafish embryos were removed using gentle forceps and fixed
with 4% PFA overnight at 4°C. Embryos were then washed
twice in PBS and incubated for 7min in —20°C acetone.
Acetone was removed and embryos were washed in
double-distilled water followed by two washes in PBST
(0.1% Tween in PBS) for 5min. Embryos were blocked
for 2h at room temperature in blocking solution (10%
FCS, 1% DMSO in PBST). After blocking, embryos were
incubated in blocking solution with a 1:750 dilution of
rabbit p-Histone H3 antibody (Cell Signaling Technology;
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#9701) overnight at 4°C. Post antibody incubation, embryos
were washed 4 x S5min in PBST and incubated for 2h at
room temperature with a 1:300 dilution of donkey anti-
rabbit HRP conjugated antibody (Abcam; ab970853).
Embryos were washed 4 x 15min in PBST and incubated
for 10 min in 3,3’-diaminobenzidine (DAB) solution
(D4418; Sigma-Aldrich). After incubation, embryos were
washed three times in PBST. Images were captured by
Discovery.V12 microscope (Zeiss) and analyzed for prolif-
eration capacity by measuring pixel integrated density of
zebrafish heads using Image] software.

Data availability

The raw data that support the findings of this study are avail-
able from the corresponding author, upon reasonable request.

Results

Disease phenotype

Three affected individuals of consanguineous Bedouin
Israeli kindred presented with apparently autosomal reces-
sive primary microcephaly without dysmorphic features
(Fig. 1A, B and Supplementary Fig. 3). All affected individ-
uals were born at term with normal birth weights following
uneventful pregnancies. Occipital-frontal circumferences
were below —2 SD at birth, with microcephaly progressing
later in life (Table 1). Global developmental delay leading
to intellectual disability was evident (with no regression),
most notably affecting verbal and expressive skills, capable

Table | Clinical characteristics of patients
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of expressing only three words at the ages of 3—4 years. All
patients were incontinent at 4 years of age and had severe
attention  deficit  hyperactivity  disorder =~ (ADHD).
Ophthalmological and hearing tests were normal, as were
karyotypes, chromosomal microarrays and biochemical and
metabolic work-up. In all patients, except for microcephaly,
brain MRI demonstrated no gross abnormal findings aside
from reduction of white matter and hypoplasia (without
dysplasia) of corpus callosum, similar to apple core
corpus callosal abnormalities (Hanna et al., 2011). One
patient (Patient II:3) had also tethered spinal cord and
lipoma of filum terminale (Fig. 1B and Table 1). Patients
were within normal height and weight compared to age
and sex-matched control population at birth. Later in life
(age 18-31 months), patients presented some delay in
growth (height <3rd centile; Table 1) but reached
normal height by the age of 4 years (data not shown).
Weight was within normal range throughout development,
except for Patient II:3 at the age of 18 months (7.6 kg;
<3rd centile) and 30 months (Table 1); however, that pa-
tient’s weight also normalized by the age of 44 months
(14 kg; 25th centile). Unaffected siblings (Subjects I1:6 and
II:7) had normal occipital-frontal circumference at birth
(35cm, >25th centile and 34cm, >15th centile, respect-
ively) as well as later on in life (data not shown).

Genetic studies

Genome-wide homozygosity mapping, testing all individ-
uals of the kindred studied (Fig. 1A), identified two homo-
zygous segments shared by affected individuals: a ~5.9 Mb

MAPI | genomic mutation
coordinates

MAPI | mutation cDNA
nomenclature

MAPI | mutation protein
nomenclature

NC_000007.13:.99755280G > T
NM_018275.4; c.613G>T

NP_060745.3; p.(E205*%)

Patient ID 11:3

Sex Female

Present age, years [

Birth weight, g 2940

Weight, kg / age measured, months / 10.8 / 30 / 3rd
centile

Head circumference at birth, cm / centile 32/ < 5th

Head circumference, cm / age measured, 39/18/ —6 SD
months / SD below mean

Height, cm / age measured, months / 72/ 18 /< 3rd
centile

Primary microcephaly +

Developmental delay it

+

Intellectual disability
MRI

Other findings

Microcephaly; thin
corpus callosum

Tethered spinal cord;
lipoma of filum terminale

11:4 11:5

Male Male

7 5

3080 2599

12/ 31/ >10th 10.8 / 18 / 25th
325/ < 5th 325/ < 5th
42/30/ —6 SD 41 /23 / —5SD
84 /31 / 3rd 80 /25 /< 3rd
+ +

+ +

+ +

Microcephaly; thin
corpus callosum

Microcephaly; thin
corpus callosum

Patient IDs correspond with pedigrees in Fig. |. + = positive; — = negative.
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homozygous segment on chromosome 5 between SNPs
rs930875 and rs6894609 and a ~12.4 Mb homozygous
segment on chromosome 7 between SNPs rs17165823
and rs2215815 (Fig. 1C). Whole-exome sequencing
(WES) data of Individual 1:4 (Fig. 1A) were filtered for
normal variants as described in the materials and methods
section. Exons and their boundaries not well covered (<10
reads) in the WES data underwent Sanger sequencing.
Following the filtering described above, no homozygous
variants were found within the homozygous chromosome
5 locus (Fig. 1C). However, within the 12.4 Mb homozy-
gous chromosome 7 locus, we identified a single homozy-
gous deleterious mutation, c¢.613G>T, p.(E205*) in
chromosome 7 open reading frame 43 (C70rf43, now
termed MAP11) as the only likely disease-causing muta-
tion: The MAP11 mutation, validated by Sanger sequen-
cing, segregated in the kindred as expected for recessive
heredity (Fig. 1D). Screening of 300 ethnically matched
controls identified no carriers and no homozygous mutants
(data not shown). The mutation has not been previously
reported in the genome Aggregation Database (gnomAD;
http://gnomad.broadinstitute.org/) (Lek et al., 2016). Only
eight MAP11 (C70rf43) loss-of-function variants have been
reported in the Exome Aggregation Consortium (ExAC;
http://exac.broadinstitute.org/), none of which in a homo-
zygous state. The MAP11 mutation is located within tran-
script variant 1 (NM_018275.4) that encodes a 580 amino
acid protein which is highly conserved in all vertebrates
(Supplementary Fig. 4). MAP11 is ubiquitously expressed,
with high levels in brain tissues (Supplementary Fig. 5) yet
has no identifiable predicted domains. Per RefSeq database,
an  additional  transcript  variant of  MAPI1
(NM_001303470.1), encoding a 311 amino acid protein,
lacks the mutated exon. The expression levels of this tran-
script within the human brain and the predicted effect of
the mutation in its 5" UTR is unknown. RT-qPCR analysis
of affected and unaffected lymphocytes showed that the
c.613G>T mutation is not likely to trigger nonsense
mediated mRNA decay of the MAP11 truncated transcript
(Supplementary Fig. 6). Moreover, western blot analysis of
HEK293T cells overexpressing the mutated form of
MAP11 fused to a FLAG sequence, presented minor
levels of the MAP11 truncated protein at the predicted mo-
lecular weight, suggesting that an aberrant form of MAP11
is being generated (Supplementary Fig. 7). Thus, the
MAP11, ¢.613G>T mutation is predicted to cause a pre-
mature stop codon of the mature encoded protein after 205
aa, generating an aberrant protein by deleting almost two
thirds of its C’-terminus (Supplementary Figs 4, 6 and 7).

MAPI | tissue expression

Analysis of MAP11 expression in various normal human
tissues by RT-PCR demonstrated that it is ubiquitous and
highly transcribed in all tissues examined with elevated
transcription in brain, cerebellum, testis and whole blood.
This MAP11 expression pattern is in line with GTEx
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consortium data (Lonsdale et al., 2013) (Supplementary
Fig. ).

MAPI | localization and interaction

To determine the intra-cellular localization of MAP11, we
initially visualized the endogenous MAP11 protein in SH-
SYSY cells. We found that MAP11 is localized to undeter-
mined cytoskeletal associated vesicles. Further investigation
of dividing cells revealed that MAP11 is enriched in mi-
tosis, especially during early metaphase, anaphase and telo-
phase (Fig. 2A). Co-staining of MAP11 and «-tubulin
showed co-localization of both, mainly during anaphase
and telophase (Fig. 2A). In telophase cytokinesis, we
found that a-tubulin precedes the microtubule gap forma-
tion at the midbody leading to cell abscission while MAP11
is still continuous and undisrupted (Fig. 2B), suggesting
that MAP11 has a role in cytokinesis and cell abscission.
Immunostainings of endogenous MAP11 and PLK1 (a key
regulator of cytokinesis, pivotal in midbody assembly and
furrow cleavage formation) (Barr et al., 2004; Archambault
and Glover, 2009; Hu et al., 2012; Hasegawa et al., 2013)
revealed intriguing cellular dynamics of MAP11 during
telophase-cytokinesis stages (Fig. 2C). MAP11 is sur-
rounded by PLK1 at the spindle midzone during telophase
with partial co-localization (Fig. 2C). During cytokinesis,
PLK1 shifts to the centre of the cell midbody and is
required for the formation and maintenance of the mid-
body. Moreover, PLK1 is known to be required for forma-
tion and ingression of the cleavage furrow and plays a role
in cellular abscission. During abscission, MAP11 and PLK1
appeared to co-localize at the edges of each daughter cell
microtubule extension post abscission (Fig. 2C). In con-
trast, MAP11 did not co-localize with PLK1 during meta-
phase, and was not seen at the centrosomes at any stage
during mitosis (data not shown). Co-immunoprecipitation
analysis demonstrated that MAP11 physically associates
with a-tubulin and that a-tubulin could be co-precipitated
with MAP11 in SH-SYSY overexpressing lysates (Fig. 2D).
Thus, MAP11 is associated with microtubule spindles
through a-tubulin interaction in mitosis and is co-localized
with PLK1 during cytokinesis and cell abscission.

MAPI | knock-down and proliferation
assay

To characterize MAP11 function, we silenced its expression
in SH-SYSY cells. The efficacy of lentiviral shRNA-
mediated MAP11 silencing was measured by RT-qPCR:
MAP11 mRNA levels were silenced to ~40% for
shRNA_A and to 58% for shRNA_B. Both were statistic-
ally significant (P < 0.005 for mRNA levels of shRNA_A;
P < 0.05 for mRNA levels of shRNA_B) (Fig. 3A). Cell
viability assay (XTT) of MAP11-silenced SH-SYSY cells
showed statistically significant (P < 0.0005) lower viability
for both shRNA_A and shRNA_B (Fig. 3B) compared to
shRNA control cells. We speculated that this might be
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Figure 2 MAPI I is localized to mitotic spindles and interacts with a-tubulin. (A) Immunofluorescence microscopy of MAPI | in SH-
SY5Y cells. Confocal imaging showing endogenous MAPI | co-localizing with a-tubulin during mitosis. Scale bar = 20 um. Co-localization is highly
significant in anaphase and telophase. Graphs in the right panel show Pearson’s correlation coefficient score (denoted by R) between MAPI | and
a-tubulin for each image (0 < R < |; A higher R-score indicates better co-localization between MAPI | and a-tubulin). (B) Immunofluorescence
microscopy of MAPI | in SH-SY5Y cells focusing on telophase and cytokinesis. At early cytokinesis, a-tubulin precedes MAPI | in the gap

formation followed by cell abscission at the midbody. At late cytokinesis, MAPI | fluorescence projections are sticking out of the microtubule
a-tubulin. Right: Enlarged image of the region of interest. White arrow marks the midbody and cell abscission point. Scale bar = 20 pm. (C) MAPI |
is co-localized with PLK| at the edges of each daughter cell’s microtubule extension post cytokinesis abscission. Right: Enlarged image of the region
of interest; white arrow marks the midbody and cell abscission point. Scale bar = 20 um. (D) Co-immunoprecipitation of MAPI | and a-tubulin
proteins from SH-SY5Y cells lysates overexpressing MAP| | fused to a FLAG sequence. Immunoprecipitation of cell lysates was performed using
anti-FLAG magnetic beads. Inmunoblotting was done using primary anti-FLAG and anti-a-tubulin antibodies followed by appropriate secondary

HRP-conjugated antibodies.

explained by either increase of apoptosis or decrease of
proliferation capacity of MAPI1 knock-down cells.
Indeed, proliferation assays demonstrated that MAPI11
silenced cells were less proliferative (measured by ratios
of Ki-67 positive cells in FACS analysis) compared to
shRNA control cells (Fig. 3C and D). In contrast, no
marked differences in apoptosis rates (Annexin V assay)
were identified between silenced and control cells
(Supplementary Fig. 8A-C).

Zebrafish MAPI | orthologue gene
knock-out using CRISPR/Cas9

To determine the in vivo function of MAP11, we generated
zebrafish knockout model of MAP11 homologous gene
using CRISPR/Cas9. We injected sgRNA and Cas9 protein,
with or without the ssODN oligo as a template for HDR,
into one-cell-stage embryos (Fy) that yielded many mutant
lines (~10% of injected embryos presented a genetic

variation; data not shown). At 3-4 months post injection,
the genetic editing of the MAP11 orthologue gene was
validated by genomic DNA extraction, amplicon subclon-
ing into pGEM®- T Easy plasmid and Sanger sequencing.
One knockout line (map11-KO) and one mutant (mapl1-
A21) line were selected for further analysis. The map11-
KO line is a result of HDR (injected with ssODN stop
cassette), presenting a 34-nucleotide insertion of the
ssODN stop cassette and a 2 nucleotide deletion at the 5’
end of the insertion point, causing frameshift and a prema-
ture stop codon at position 308 of the MAP11 orthologue
(Supplementary Fig. 9A and C). The map11-A21line is a
result of NHE] repair (injected without ssODN), presenting
a 22-nucleotide insertion mutation followed by a single nu-
cleotide deletion at the 5" end of the insertion point, caus-
ing an in-frame seven-amino-acid insertion mutation in the
zebrafish MAP11 orthologue (Supplementary Fig. 9B and
D). Notably, in the map11-KO line, genomic editing via
CRISPR/Cas9 generated additional truncating codons
downstream of the mutations reported above (data not
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Figure 3 Cell viability and proliferation capacity of MAPI | knock-down SH-SY5Y cells. (A) RT-qPCR results of MAP| I, showing the
degree of lentiviral-mediated silencing of SH-SY5Y cells. (B) Viability assay, demonstrating low viability of MAP[ | knock-down cells compared to
shRNA controls. (C) A graph summarizing proliferation assay (measured by Ki-67 positive cells via FACS), showing reduced proliferation of
MAPI [ -silenced cells. (D) Fluorescent activated cell sorting results of MAPI | knock-down cells compared to shRNA control and negative

controls.

shown). By breeding F; heterozygotes, we generated F,
zebrafish offspring that showed normal Mendelian inherent
ratios in both map11-KO and map11-A21 lines (data not
shown). Next, we measured head to body area ratios at 28
days post-fertilization as described in the ‘Materials and
methods’ section (Fig. 4A); while head to body ratios of
F, map11-KO and map11-A21 heterozygotes were similar
to those of control wild-types, head to body ratios of both
homozygous mutants were significantly lower than those of
wild-type or heterozygous controls (Fig. 4). Notably,
map11-KO head to body ratios were slightly higher than
those of map11-A21. These ratios were maintained also in
wild-types and heterozygous carriers and likely stem from
the genetic nature of their founders. Thus, the smaller head
size observed in the two knockout zebrafish lines recapitu-
lates the autosomal recessive inheritance and the human
microcephaly phenotype (Fig. 3C). We also noticed that
some degree of the observed smaller head size might be
attributed to an anterior-posterior axis shortening of zebra-
fish map11 mutants (Supplementary Fig. 10). We investi-
gated brain cell proliferation of map11-KO zebrafish
embryos further, and found that knockout embryos had
decreased brain cell proliferation rate at 24 hpf (measured
by phosphohistone-H3 staining) (Fig. 4D and E) but with
no change in total cellular apoptosis (measured by TUNEL
assay, Supplementary Fig. 11), when compare to wild-type

embryos. Thus, map11 loss-of-function likely reduces neur-
onal proliferation and leads to smaller head size in the two
mutated zebrafish lines, recapitulating the human micro-
cephaly phenotype (Fig. 4).

Discussion

The 508-amino-acid mature encoded MAP11 protein is
highly conserved in all vertebrates (Supplementary Fig. 4).
It has no identifiable domains and there are no publications
regarding its function. Analysis of the expression pattern of
MAP11 in various normal human tissues by RT-PCR
demonstrated that it is ubiquitous, yet highly transcribed
in brain, cerebellum, testis and whole blood, in line with
GTEx portal data (Supplementary Fig. 5A and B).

The autosomal recessive primary microcephaly presented
by our patients is characterized by global developmental
delay, severe intellectual disability with speech impairment,
ADHD and no dysmorphic features (Fig. 1A, B and Table 1).
Aside from the microcephaly, reduced white matter and
thin corpus callosum (Fig. 1B), no structural abnormalities
were evident in brain MRI of affected individuals. One
patient (Patient II:3) had tethered spinal cord and lipoma
of filum terminale, a finding that is not necessarily asso-
ciated with the MAP11 mutation, as the consanguinity of


https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz004#supplementary-data
https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz004#supplementary-data
https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz004#supplementary-data
https://academic.oup.com/brainj/article-lookup/doi/10.1093/brainj/awz004#supplementary-data

MAPI | (C70rf43) mutations cause microcephaly

=== Head area measured with Image J
== Body area measured with Image J

map ylutants raiis ca 0dy Area
D 11 Mutants Zebrafish Head/Body A
0.10+
5 #+Pyalue<).0001
2
g ooed o
E o837 o R ok
= ale ! v f *eder
i 7 TR E
0.08+ -
E . *Lat Do
| "
0.07- \1 T T T T T
0) D N Q0 A 0
v + & T o +
z B o N . NG
A\ & AY ﬁQ'l’ A 6?\ PN Ay i Q\ 5
‘1\0?\\&{\' 1\\1;\ o\‘n‘i\ﬁn « E_\?So ‘\\02 “\i."\ 1\‘1\&0‘\

BRAIN 2019: 142; 574-585 | 583

C Wild-type map11-KO

E Zebrafish Brain Proliferation
1500
o * e WT
= —i
< " mapll-KO
o7 & *  P-value<0.05
Z 10001  Sgye?
z _';.:.'.._ —
"] [ ] 1]
=1 ‘-.-rlz [T
3 -
= 500+ =
g
=11]
=
=

N\
&

Figure 4 CRISPR/Cas9-mediated MAPI | -orthologue zebrafish mutants recapitulate the human microcephaly phenotype.
(A) Head to body area measurements of CRISPR/Cas9 MAPI | orthologue mutants. Zebrafish head and body surface area were measured at age 28
days post fertilization using Image] software. Head to body area ratios are plotted. (B) Wild-type and homozygous map | [-A2] mutant zebrafish
(28 days post fertilization) demonstrating same body area surface. A red line highlights the head surface area of each larva showing smaller head of
map | [-A2| mutants compared to wild-types. (C) Images of 24 hpf zebrafish embryos stained for phospho-Histone H3. Images of map [ [-KO
embryos show decreased proliferating cells within brain regions compared to wild-types (black dots). Scale bar = 0.5 mm. (D) Head-to-body
ratios of map| 1-KO and map [ I-A2Ihomozygous mutants. P-values represent comparison of each mutant (map/ [-A2| and map ! I-KO) to its
corresponding wild-type control. P-values were calculated using an unpaired two-sided student t-test. (E) A graph showing greater proliferation
capacity of wild-type (n = 28) compared to map/ |- KO (n = 17) zebrafish brains (measured by integrated density of the region of interest).

the parents might have caused another, unrelated, pheno-
type. Through a combination of homozygosity mapping
and whole exome sequencing, we showed that this neuro-
developmental disorder is caused by a truncating mutation
in MAP11 (Fig. 1C and D). RT-qPCR analysis of patient-
derived lymphocytes, indicates that the mutated MAP11
transcript is not being degraded through nonsense mediated
mRNA decay (Supplementary Fig. 6). Furthermore, western
blot analysis of HEK293T overexpressing a mutant
MAP11 fused to a FLAG sequence demonstrated that a
truncated  MAP11  protein is  being  generated
(Supplementary Fig. 7), though the function of this trun-
cated protein is yet to be elucidated. Immunofluorescence
analysis of SH-SYS5Y cells demonstrated that MAP11 is
enriched during mitosis and localized to mitotic spindles
especially during early metaphase, anaphase, telophase
and cytokinesis (Fig. 2A). Co-immunostaining of MAP11
and a-tubulin, demonstrated remarkable co-localization as

could be appreciated by the Pearson’s correlation coefficient
scores (Fig. 2A). Further confocal and co-immunoprecipita-
tion analyses showed that MAP11 is a microtubule-asso-
ciated protein (MAP) that associates with a-tubulin at the
cell midzone, and is likely involved in spindle microtubule
dynamics and regulation during mitosis (Fig. 2A-C).
Whether the interaction of MAP11 and a-tubulin is direct
or mediated by other proteins is yet to be elucidated.
Interestingly, MAP11 expression precedes a-tubulin in the
gap formation of cell abscission at the midbody and is co-
localized with PLK1 at the edges of each daughter cell’s
microtubule extension post cytokinesis abscission (Fig. 2B
and C). This suggests that MAP11 plays a role in microtu-
bule and spindle dynamics during mitosis and might also be
involved in the regulation of cell abscission during cytokin-
esis. This is not surprising, as many other microcephaly-
causing genes are involved in mitotic spindle organization,
cleavage furrow and midbody regulation (Woods et al.,
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2005; Thornton and Woods, 2009; Faheem et al., 2015; Ito
and Goshima, 2015; Moawia et al., 2017; Létard et al.,
2018). As primary microcephaly is usually a result of dis-
turbance in cell-cycle regulation and progression of neural
progenitor lineages or neural stem cells, we hypothesized
that MAP11 might be involved in cell survival. Indeed,
through shRNA-mediated silencing of MAP11 in SH-
SY5Y cells, we showed that cells with reduced MAP11
expression have lower viability rates (XTT assay) compared
to controls (Fig. 3A and B). We speculated that this could
stem from either increase in apoptosis or decrease in pro-
liferation capacity of MAP11 knock-down cells. By fluor-
escent activated cell sorting (FACS) analysis we
demonstrated that the difference shown in the viability
assay is due to lower proliferation rates rather than apop-
tosis (Fig. 3B-D, Supplementary Figs 2 and 8). To validate
our genetic studies further, we conducted an in vivo zebra-
fish experiment; using CRISPR/Cas9 genome editing, we
generated two zebrafish MAP11 knockout lines. By analys-
ing head to body area ratios, we demonstrated that homo-
zygous mutant zebrafish had smaller head size compared to
heterozygous carriers and wild-types. Thus, the zebrafish
mutant phenotype recapitulated the human microcephaly
phenotype. In addition to an overall head size decrease,
we also found shortening of the anterior-posterior axis of
mutant zebrafish heads (Supplementary Fig. 10). In accord-
ance to the proliferation and apoptosis data of MAP11 SH-
SYS5Y knock-down cells, we found no difference in cellular
apoptosis levels (whole body) between wild-type and
map11-KO  zebrafish  (Supplementary  Fig.  11).
Interestingly, we demonstrate that map11-KO zebrafish
have decreased brain cellular proliferation compared to
wild-types, indicating that map11 is important for neuronal
proliferation at early zebrafish neurodevelopment. This is
in-line with one of the key molecular features underlying
primary microcephaly: low proliferation capacity of neural
stem cells causing a depleted progenitor pool that is unable
to give rise to sufficient number of neurons to populate the
growing neocortex (Fish et al, 2008; Thornton and
Woods, 2009; Gilmore and Walsh, 2013; Paridaen and
Huttner, 2014; Kadir et al., 2016).

Overall, through in vitro and in vivo studies, we demon-
strate that the orphan protein C70rf43, now termed
MAP11, associates with mitotic spindles, and is both co-
localized to and physically associates with a-tubulin during
mitosis, affecting cell proliferation. We demonstrate that
MAP11 expression precedes that of a-tubulin in the gap
formation of cell abscission at the midbody and is co-loca-
lized with PLK1 at the edges of each daughter cell’s micro-
tubule extensions post cytokinesis abscission. Our findings
suggest a likely role of MAP11 in spindle dynamics during
mitosis and in regulation of cell abscission in cytokinesis.
Finally, we show that similar to other genes involved in
mitotic spindle organization, cleavage furrow and midbody
regulation, MAP11 loss of function mutations cause micro-
cephaly in both humans and zebrafish through reduction of
cell proliferation during early neurodevelopment.
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