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Abstract

The human KCTD13 gene is located within the 16p11.2 locus and copy number variants of this locus are associated with a high
risk for neuropsychiatric diseases including autism spectrum disorder and schizophrenia. Studies in zebrafish point to a role of
KCTDI13 in proliferation of neural precursor cells which may contribute to macrocephaly in 16p11.2 deletion carriers. KCTD13 is
highly expressed in the fetal human brain and in mouse cortical neurons, but its contribution to the development and function of
mammalian neurons is not completely understood. In the present study, we deleted the KC7DI3 gene in human-induced
pluripotent stem cells (iPSCs) using CRISPR/Cas9 nickase. Following neural differentiation of KC7D13 deficient and isogenic
control iPSC lines, we detected a moderate but significant inhibition of DNA synthesis and proliferation in KCTD13 deficient
human neural precursor cells. KCTD13 deficient cortical neurons derived from iPSCs showed decreased neurite formation and
reduced spontaneous network activity. RNA-sequencing and pathway analysis pointed to a role for ERBB signaling in these
phenotypic changes. Consistently, activating and inhibiting ERBB kinases rescued and aggravated, respectively, impaired neurite
formation. In contrast to findings in non-neuronal human HeLa cells, we did not detect an accumulation of the putative KCTD13/
Cullin-3 substrate RhoA, and treatment with inhibitors of RhoA signaling did not rescue decreased neurite formation in human
KCTDI13 knockout neurons. Taken together, our data provide insight into the role of KC7D13 in neurodevelopmental disorders,
and point to ERBB signaling as a potential target for neuropsychiatric disorders associated with KCTD13 deficiency.
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Introduction

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s12035-019-01727-1) contains supplementary

: A X Neuropsychiatric disorders including autism spectrum disor-
material, which is available to authorized users.

der (ASD), schizophrenia (SZ), and bipolar disorder are the
third leading cause of disability worldwide and are associated
with major personal and social burdens [1]. These disorders
are characterized by complex genetics and a high heritability
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develop neuropsychiatric disorders [6, 7]. One of the most
frequent CNVs involved in neuropsychiatric disorders is lo-
cated in the 16p11.2 locus and harbors 29 genes. Patients
carrying 16p11.2 CNVs suffer from intellectual disability,
ASD, SZ, and bipolar disorders [8—11]. In a recent GWAS
of CNV burden in SZ, 16p11.2 duplications attained the
highest genome-wide significance, and a meta-analysis of
16p11.2 deletions reported an odds ratio of nearly 40 for au-
tism [12, 13].

Potassium-channel-tetramerization-domain-containing 13
(KCTD13), also known as polymerase delta-interacting pro-
tein 1 (PDIP1), or BTB/POZ domain-containing adapter for
Cullin-3-mediated RhoA degradation protein 1 (BACURDI1)
[14, 15], is located in the 16p11.2 locus. KCTDI13 is one of
five genes that has been identified in ASD patients carrying
smaller 16p11.2 deletions [16], and KCTDI3 is one of four
genes in the larger 16p11.2 deletions that harbors brain-critical
exons (i.e., high brain expression but low missense mutation
burden) [17]. In a recent GWAS of schizophrenia, KCTD13
was functionally assigned to non-coding genetic risk variants
by chromatin conformation capture using human brain tissue
[18].

In zebrafish, morpholino-mediated knockdown of the
KCTDI13 orthologue increases both head size and the level
of neural progenitor cell proliferation [19]. In human Hela
cells, KCTD13/BACURDI acts a substrate-specific adapter
of the Cullin-3 (CUL3) ubiquitin E3 ligase complex, which
mediates the ubiquitination and degradation of the small
GTPase Ras homolog gene family member (RhoA) [14]. In
a cell-free assay, KCTD13/PDIP1 interacts with DNA poly-
merase delta and with proliferation cell nuclear antigen
(PCNA). Interaction increases DNA polymerase activity two-
fold to threefold, and thus may play a role in DNA replication
or cell cycle control during mitosis [15]. Additionally, single
cell RNA-sequencing (RNA-seq) revealed a high expression
of KCTD13 in excitatory glutamatergic neurons of the mouse
cerebral cortex [20]. Based on these findings, we hypothe-
sized that KCTD13 may also modulate proliferation of human
neural precursor cells, or RhoA-mediated neurite outgrowth
[21, 22] in human post-mitotic cortical neurons.

Disease modeling based on human-induced pluripotent
stem cells (iPSCs) has revealed specific pathomechanisms,
unknown disease etiologies, and new therapeutic strategies
[23, 24]. During the last decade, iPSC lines were generated
from patients diagnosed with various neuropsychiatric dis-
eases and differentiated into forebrain neurons. Subsequent
structural and functional analyses contributed to a better un-
derstanding of the neurodevelopmental pathomechanisms that
increase the risk for neuropsychiatric disorders [25-29].

16p11.2 co-expressed and interacting proteins (including
KCTD13-Cullin-3) are enriched in the mid-fetal period of
the developing human cortex [21]. Moreover, since the tran-
scriptome of human iPSC-derived neurons most closely

recapitulates that of human fetal forebrain neurons [30], they
represent an ideal cellular system for 16p11.2/KCTD13 dis-
ease modeling. In the present study, we used CRISPR/Cas9
nickase to generate KCTDI3 deficient human iPSC lines.
Following differentiation of the KCTD13 deficient iPSC lines
and the isogenic parental control iPSC line into neural progen-
itor cells (NPCs) and cortical neurons, we detected decreased
cell proliferation and impaired neurite formation, respectively.
RNA-sequencing and pathway analysis pointed to a role for
ERBB signaling in impaired neurite formation, which we con-
firmed using activators and inhibitors of ERBB kinases.

Materials and Methods

Human iPSC Culture Human iPSCs were cultured under feeder
cell-free conditions in Essential 8 medium (E8, Thermo Fisher
Scientific) supplemented with 1:100 Antibiotic-Antimycotic
(Thermo Fisher Scientific) on Matrigel-coated (BD
Bioscience) 6-well tissue culture plates. Cells were split before
reaching 100% confluence using 0.02% ethylenediaminetet-
raacetic acid (EDTA, Sigma) and replated in E8 supplemented
with 10 phM ROCK inhibitor Y-27632 (Tocris). All cell lines
were cultured at 37 °C and 5% CO, in a humidified atmo-
sphere. All iPSC-derived cells were negatively tested for my-
coplasma using MycoAlert™ PLUS Mycoplasma Detection
Kit (Lonza) according to the manufacturer’s protocol.

Genome Editing Using CRISPR/Cas9 Nickase The guide RNA
pair (sense 5-gAGTCCCCATGCCTATGTTCC(TGG)-3' and
antisense 5-gCCAGCTGGCAGTCCTCAATC(AGG)-3")
targeting exon 2 of the KCTD13 gene was identified using
the Sanger Institute CRISPR webtool (http://www.sanger.ac.
uk/htgt/wge/find_crisprs). The guide RNAs (gRNA) were
chosen on the basis of having the lowest combined off-
targeting score while targeting as many of the known and
predicted transcripts as possible. Analysis of the KCTD13
locus (ENSG00000174943, NC_000016.10 (29906335..
29926232)) using both NCBI and Ensembl suggested that in
addition to the main isoform (ENST00000568000.5, NM
178863) there existed a smaller 209 residue variant
(ENST00000561540.2) and a further five predicted transcript
variants X1-X5. The region spanning the end of exon 2 and
the 5" end of intron 2-3 was determined to be the optimal
region for CRISPR targeting, since this region contains exonic
sequence shared between all of the identified transcripts with
the exception of X3. Transcription of the latter predicted var-
iant initiates further downstream and was not targeted, since it
lacks the BTB/POZ domain and there is no experimental ev-
idence of expressed protein. The chosen gRNA pair was ID:
1136385458 1136385466 and the individual CRISPRs
1136385458 (0: 1, 1: 0, 2: 1, 3: 12, 4: 115) and 1136385466
(0:1,1:0,2:0, 3: 12, 4: 126) (http://www.sanger.ac.uk/htgt/
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wge/find_crisprs). The sense gRNA has one off-target of two
mismatches in an intergenic region and 12 off-targets of three
mismatches in intergenic or intronic regions. The antisense
gRNA has 12 off-targets of three mismatches in intergenic,
intronic, or exonic regions. However, there exists no off-target
pairing of these gRNAs closer than 1 kb to one another such
that the possibility of off-target DNA cleavage is considered to
be negligible. Complementary oligonucleotides with Bbsl
compatible overhangs were designed, annealed according to
the Zhang method [31], and these DNA guide inserts ligated
into Bbsl-digested target vectors; the antisense guide was
cloned into the spCas9 D10A nickase expressing vector
pX335 (Addgene Plasmid #42335) and the sense guide into
the puromycin selectable plasmid pPBABED P U6 (University
of Dundee, DU48788) yielding clones DU52808 and
DU52809, respectively.

The quality-controlled (Sendai virus clearance,
pluripotency, normal karyotype) iPSC line SB Ad3 clone 4,
which was reprogrammed from skin fibroblasts of a female,
31 years old, healthy donor (StemBANCC consortium, [32]),
was used for genome editing. Cells were treated with 10 uM
ROCK inhibitor Y27632 for 2 h before nucleofection. Cells
were dissociated into single cells using 0.5 ml Accutase
(Merck). Subsequently, 800,000 iPSCs and 5 pg of each plas-
mid were transferred into the nucleofection solution of the
Amaxa human stem cell nucleofector starter kit according to
the manufacturer’s instructions (Lonza). Nucleofection was
performed using program B-016 on the Amaxa nucleofector
device (Lonza). Nucleofected iPSCs were seeded on a
Matrigel-coated 6-well plate in medium containing 10 pM
ROCK inhibitor Y27632. The next day, 0.5 pg/ml puromycin
(Merck) was added for 48 h. Surviving single colonies were
picked, transferred into 24-well plates, and expanded for char-
acterization as described below.

Differentiation of iPSCs to NPCs NPCs were generated using
a protocol well-established by the StemBANCC consortium
[33], which is based on a previously published method [34,
35] with minor modifications. In brief, neural induction of
confluent iPSCs was induced by feeding with medium con-
taining 10 uM SB431542 and 1 puM Dorsomorphin (both
Merck) for 8-12 days depending on appearance of a uni-
form neuroepithelial sheet. Medium consisted of 250 ml
Neurobasal™ Medium, 250 ml DMEM/F-12,
GlutaMAX™ Supplement, 2.5 ml N-2 Supplement
(100X), 5 ml B-27™ Supplement (50X, serum free),
500 pl 2-mercaptoethanol (50 mM), 2.5 ml MEM Non-
Essential Amino Acids Solution (100X), 1.25 ml
Penicillin-Streptomycin (10,000 U/mL), L-Glutamine
(200 mM) (all Thermo Fisher Scientific), 125 ul Insulin
solution human and 2.5 ml Sodium pyruvate solution (both
Sigma). Afterwards, neuroepithelial sheets were dissociated
with 1 mg/ml Dispase (Thermo Fisher Scientific) and
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replated as clusters on laminin-coated (Sigma) 6-well
plates. Neural rosette formation was promoted by feeding
with medium containing 20 ng/ml FGF2 (R&D Systems)
from day 13 on. Background differentiation was removed
by multiple 1 mg/ml Dispase dissociation steps. Cells were
fed daily with medium from days 17 to 25. Cells were pas-
saged using Accutase to obtain a single cell solution on day
25 and were subsequently expanded or frozen.

Differentiation of NPCs to Neurons For neuronal differentia-
tion, confluent NPCs were fed daily with medium containing
10 uM DAPT (STEMCELL Technologies), 50 uM cAMP
(Sigma), 20 ng/ml BDNF, and 20 ng/ml GDNF (both
Peprotech) for 7 days and re-seeded (Day 0) on plates coated
with 0.07% polyethyleneimine (PEI) in borate buffer and
1:100 laminin (both Sigma) for neuronal maturation. DAPT
was excluded from maturation medium and cells were fed by
50% medium change three times per week. Neurons derived
from iPSCs were assayed on the days of maturation indicated
in the “Results” section.

DNA Extraction QuickExtract DNA Extraction Solution was
used for the DNA extraction according to the manufacturer’s
protocol (Epicenter). Briefly, a 6-well plate with confluent
iPSCs was washed twice with PBS. Thereafter, 0.5 ml
QuickExtract solution was added per well. The cells were
scraped off the plate, vortexed for 15 s, and transferred to a
1.5 ml tube. The sample was incubated at 65 °C for 6 min,
vortexed for 15 s, and incubated at 98 °C for 2 min. DNA was
stored at — 80 °C.

T7 Endonuclease Assay EnGen Mutation Detection Kit (NEB)
was used according to the manufacturer’s instructions. The
Tm calculator tool (https://www.neb.com/) was used for
calculating the melting temperatures of primers. The
genomic sequences containing the gRNA target sites were
amplified using 5’-GTGGCACAGGTTTGAGACAG
ATCA-3’ as forward primer, and 5’-GCTGTTACACTCGC
ACCTGA-3’ as reverse primer. The amplified products were
loaded on an E-Gel™ General Purpose Agarose Gels, 1.2%
(Thermo Fisher Scientific) and run on an E-Gel iBase™
Power System device with 2 min of PRE-RUN and the pro-
gram 1E-Gel 0.8-2% for 26 min.

DNA Sequencing The genomic DNA fragment including the
gRNAs target sites was amplified using HotStart Q5
Polymerase (NEB), and the primers described above. DNA
sequencing was performed by Sequiserve (Vaterstetten,
Germany).

Karyotyping DNA was extracted from iPSC clones using
Qiagen AllPrep DNA/RNA Micro Kits according to the man-
ufacturer’s protocol (Qiagen, Hilden, Germany). DNA
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samples were sent to Life & Brain Genomics (Bonn,
Germany) for karyotype analysis using the Illumina
BeadArray Technology (HumanOmni2.5Exome-8 BeadChip
v1.3, lllumina, San Diego, CA, USA). Genotypes were ana-
lyzed using GenomeStudio V2.0.2. For copy number analysis,
the CNV-Partition algorithm version 3.2 (Illumina, San Diego,
CA, USA) was applied. Copy number variants were reported,
if larger than 350,000 base pairs.

Quantitative RT-PCR RNA was isolated using RNeasy Mini
Kit (Qiagen). Subsequently, cDNA synthesis was performed
with VILO Super Script Master mix (Thermo Fisher
Scientific) according to the manufacturer’s protocol. The
cDNA was amplified in triplicates in a 384-well plate on a
Quantstudio 6 device (Thermo Fisher Scientific) using
QuantiFast Probe RT-PCR Master Mix (Qiagen) and
TagMan probes (Supplementary Table 1).

Immunocytochemistry Cells were fixed in 4% paraformalde-
hyde (Alfa) and permeabilized in 0.1% Triton X-100.
Afterwards, cells were blocked in 5% normal goat serum
(NGS, Vector) for 2 h, followed by overnight incubation with
the primary antibodies in 10% fetal calf serum (FCS, Thermo
Fisher Scientific) (Supplementary Table 2). Subsequently, sec-
ondary antibodies (all Thermo Fisher Scientific) were applied
in 5% FCS for 2 h. Cells were stained with a 1:15,000 dilution
of Hoechst 33342 solution (1 mg/ml, Thermo Fisher
Scientific) to visualize nuclei.

BrdU Labeling 5-Bromo-2'-deoxy-uridine (BrdU) Labeling
and Detection Kit I (Roche) was used according to the
manufacturer’s protocol. Cells were counted using a
Neubauer counting chamber and Trypan blue solution
(0.04%, Sigma) to stain dead cells. 100,000 NPCs per well
were seeded on 96-well plates. On the next day, cells were
incubated for 1 h with BrdU labeling agent, followed by
fixation and incubation with anti-BrdU antibody. Nuclei
were counterstained with Hoechst 33342 dye.

EdU Labeling Briefly, 40-pum cell strainers (Falcon) were used
to remove cell clumps, and 100,000 NPCs per well were seed-
ed on 96-well plates. Click-iT™ 5-Ethynyl-2’-Deoxyuridin
(EdU) Alexa Fluor™ 488 Imaging Kit was used according
to the manufacturer’s protocol (Thermo Fisher Scientific) on
the next day. Additionally, NPCs were immunostained for
Nestin as described above.

Digital Image Analysis All fluorescence images were taken
from 96-well high-content imaging plates (Greiner) using
20x% (49 visual fields per well) or 63x (125 visual fields per
well) water objectives and the Opera Phenix imaging sys-
tem (PerkinElmer). Image analyses were performed using

either Columbus or Acapella Studio 4.1 software
(PerkinElmer) with in-house customer scripts as described
in details elsewhere [36]. The results were transferred to
GraphPad Prism 7 (GraphPad Software) for statistical
analysis.

The building block toolbox of Columbus was used for
simple image analysis, e.g., quantification of the percentage
of BrdU/EdU, Nestin, or VGLUT1/VGAT immunostained
cells. The “Find Nuclei” building block was used to detect
Hoechst stained nuclei. Size and intensity of Hoechst signal
were used to discard condensed nuclei (dead cells). Next step
was to detect the intensity of different channels (e.g., 488 nm
for BrdU) to determine the number of positive cells of this
population (e.g., % BrdU-positive cells of living cells).
Cytoplasm was determined by MAP2 staining with the
“Find Cytoplasm” building block. MAP2-positive neurons
were determined by setting a threshold for MAP2 intensity.
VGAT- or VGLUT1-positive neurons were determined by
counting all MAP2-positive neurons displaying VGLUT1 or
VGAT immunofluorescence in the cytoplasm above a certain
threshold.

Acapella Studio 4.1 software was used to design scripts
that extract the following read-out parameters. For the defini-
tion of MAP2-positive cells, the nuclei mask was determined
by applying the nucleus detection algorithm “C” to the
HOECHST staining. MAP2-positive neurons were deter-
mined by defining a 15-18 pum reference ring region around
the nucleus and calculating MAP2 immunofluorescence in-
tensity values for the cytosol region (mean intensity) and for
the reference region (10% quantile intensity = 10% darkest
pixel). This quantile calculation became necessary, since the
neurons form roots (extensions) crossing the reference region.
In case of applying simply the mean intensity for the reference
region, different values would result for neurons with different
number of roots. To score for MAP2-positive neurons the ratio
of “MAP2 mean intensity (cytosol region)”/*MAP2 10%
quantile intensity (ring region)” had to exceed a factor of 40.
The number of MAP2* neurons with roots was determined by
all MAP2" cells expressing at least one extension (root) from
the neuron body. The mean neurite length was calculated by
summing up the length of all MAP2 extensions (determined
by the Acapella neurite detection module using a signal to
background of 1.5) normalized to the number of all MAP2*
cells. Number of roots per MAP2* roots was determined by
dividing the total number of roots by total number of MAP2*
with roots.

Pre- and post-synaptic spots were determined by discrimi-
nating spots with a 2.0 (pre) and 1.4 (post) fold higher mean
intensity than the local background (calculated by the ring
region at a distance of 0.4-0.6 um around the spot). The spot
search mask was defined as the MAP2 detected dendrite net-
work including 1.0 um beyond the MAP2 mask. In case pre-
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and post-synaptic spots overlap with at least one pixel
(0.2 pm % 0.2 pm), they were counted as overlapping spots
(synapses). This value was finally normalized to the length (in
um) of the neurite network.

Phalloidin staining was used to determine F-actin labeled
growth cone areas and intensities. Phalloidin labeled cones
located at MAP2-positive extensions had to express a higher
Phalloidin intensity than the Phalloidin reference ring at a
distance of 0.6—1.2 pm around cones. The growth cone area
per neuron was calculated by summing up all growth cone
areas and dividing by the number of neurons. The growth
cone intensity per neuron was calculated by summing up all
growth cone pixel intensities and dividing by the number of
neurons.

DNA Histograms NPCs were filtrated using 40 um cell
strainers to remove cell clumps, and seeded on 6-well plates
at a density of 2 x 10° cells per well. Medium was completely
changed on the next day. On day 3, cells were dissociated
using Accutase (5 min at 37 °C), pelleted by centrifugation,
resuspended in PBS, and counted. Cells were transferred into
2 ml tubes (1 x 10° cells per tube). The Propidium Iodide Flow
Cytometry Kit (Abcam) was used following the manufac-
turer’s protocol. Cell suspensions were measured with a
MACSQuant flow cytometer (Miltenyi Biotech) and analyzed
with FlowJo software (Tree Star).

Neurite Outgrowth Assay After 7 days of neuronal differenti-
ation, cells were mechanically lifted, filtrated using a 40 pm
cell strainer, and re-seeded at a density 0f 25,000 cells per well
on PEI and laminin-coated 96-well plates. Cells were incubat-
ed for 1 h at 37 °C. Subsequently, non-adherent cells were
gently removed by changing the medium, and adherent cells
were fixed with 4% PFA. Nuclei of adherent cells were stained
with Hoechst dye and counted. The neurites were visualized
by immunostaining for MAP2. Growth cones were detected
by Phalloidin staining of actin filaments (Thermo Fisher
Scientific) [37]. Image analysis was performed using
Acapella software as described above. For rescue experi-
ments, iPSC-derived neurons were treated with the
compounds/proteins listed in Supplementary Table 3 after
7 days of differentiation. Neurons were treated 4 h before
mechanical detachment and 4 h after subsequent re-seeding
of the neurons to ensure inhibition/activation of the signaling
pathway of interest throughout the experimental procedure
(8 h in total). Neurite outgrowth was analyzed as described
above.

Multi-electrode Array Analysis Neurons were plated at a den-
sity of 100,000 cells per well on 24-well multi-electrode
array (MEA) plates (MultiChannel Systems, MCS) coated
with 0.07% PEI and laminin. Recordings were performed
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using Multiwell Screen software (MCS) using a bandwidth
filter from 100 Hz to 5 kHz cutoff frequencies and at a
sampling rate of 20 kHz. The plates were recorded for
10 min at 37 °C after 5 min equilibration. Analysis was
performed using Multiwell Analyzer software (MCS). A
spike was counted when the extracellularly recorded signal
exceeded a threshold of five times the standard deviation of
the baseline noise level [38]. Electrodes were considered
active, if spike rate >0.01 Hz. The ERBB3/4 ligand
Neuregulin-1b peptide (50 nM) was added during each
50% medium exchange three times per week.

RhoA Activity Assay The RhoA G-LISA Activation Assay Kit
(Colorimetric format, Cytoskeleton) was used to determine
the levels of active (GTP-bound) RhoA according to manu-
facturer’s protocol.

Cell Lysis Cells were lysed with cell lysis buffer (Cell
Signaling Technology) supplemented with 1:100 protease in-
hibitor cocktail and phosphatase inhibitor cocktail 2 (both
Sigma). Samples were incubated on ice for 15-20 min.
Subsequently, cell debris was pelleted by centrifugation at
21,100 xg for 10 min at 4 °C, and supernatants were used
for further analysis.

Extraction of Nuclear and Cytoplasmic Proteins Protein ex-
traction was performed using the NE-PER Nuclear
Cytoplasmic Extraction Reagent kit according to the manu-
facturer’s protocol, (Thermo Fisher Scientific). Briefly, cells
of a 6-well plate were washed twice with PBS and immedi-
ately put on ice. The cells were lysed with 200 pl of cytoplas-
mic extraction reagent I supplemented with 1:100 protease
inhibitor cocktail and phosphatase inhibitor cocktail 2 (both
Sigma). Cytoplasmic and nuclear fraction were separated by
centrifugation at 21,100 xg and used for Western blotting.

Protein Concentration Assay Protein concentration was deter-
mined using BioRad Assay Dye Reagent and a microplate
reader Wallac Victor (Perkin Elmer). Briefly, 10 ul of BSA
protein standards and 10 pl protein samples (diluted 1:10 in
ddH20) were added to a 96-well plate. Two hundred micro-
liters of BioRad Assay Dye Reagent was added and incubated
for 5 min in the dark. Plate was measured and protein concen-
tration was calculated using Excel and GraphPad Prism.

Western Blot Analysis Proteins were loaded on NuPAGE
Novex 4-12% Bis-Tris Gels (LifeTechnologies). Gel elec-
trophoresis was performed for 45 min at 200 V in 3-(N-
morpholino)propanesulfonic acid (MOPS) buffer
(Invitrogen). Next, proteins were transferred to nitrocellu-
lose membranes using Tris-Glycine Buffer (BioRad) sup-
plemented with 20% methanol at 100 V for 90 min.



Mol Neurobiol (2020) 57:616-634

621

Membranes were stained with MemCode Reversible
Protein Stain (Pierce) as control for equal protein loading.
Afterwards, membranes were blocked with 5% milk in
TBS-T for 3 h, and incubated in primary antibodies over-
night at 4°C in 5% BSA blocking buffer (see Supplementary
Table 2). Secondary antibodies were used in 2% BSA
blocking buffer for 3 h, followed by chemiluminescence
detection with ECL Western Lightning Plus (Perkin
Elmer) on a ChemiDoc Imager (Biorad). Densitometry
analysis was performed with ImageQuantTL software (GE).

RNA Extraction for RNA-Sequencing NPCs (n =3 wells per
clone) and early neurons (rn =5 wells per clone) derived from
iPSCs were lysed using RLT buffer supplemented with 1%
beta-mercaptoethanol after 1 week of differentiation. The
Ambion Magmax™-96 total RNA isolation kit (Thermo
Fisher Scientific) was used according to the manufacturer’s
instructions for total RNA extraction. RNA quality and con-
centration were assessed using a Biotek Reader (Take3 Plate,
UV) and a Fragment Analyzer using a Standard sensitivity
total RNA Kit (Agilent Technologies). All RNA samples
had RNA integrity numbers (RIN) > 7.

lllumina Library Preparation and Sequencing TrueSeq RNA
Sample Prep Kit v2-Set B (Illumina Inc.) was used to pro-
duce a 300 bp fragment including adapters in average size
from 200 ng of total RNA input. The adapter indices were
applied for the normalization and pooling of 12 individual
libraries before sequencing. Subsequently, clustering of
pooled libraries was done on the cBot Instrument using
the TruSeq SR Cluster Kit v3-cBot — HS (Illumina Inc.).
Followed by sequencing as 74 bp, single reads and 7 bases
index read using the TruSeq SBS Kit HS-v3 (50-cycle) on
an [llumina HiSeq4000 instrument (Illumina Inc).

Bioinformatics Analysis of RNA-Sequencing Data RNA-seq
reads were aligned to the human genome using the STAR
Aligner v2.5.2a with their corresponding Ensembl 84 refer-
ence genome (http://www.ensembl.org). Sequenced read
quality was checked with FastQC v0.11.2 (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/) and
alignment quality metrics were calculated using the
RNASeQC v1.18. Following read alignment, duplication
rates of the RNA-Seq samples were computed with
bamUtil vl.u.11 to mark duplicate reads and the dupRadar
v1.4 Bioconductor R package for assessment. The gene ex-
pression profiles were quantified using Cufflinks software
version 2.2.1 to get the Reads Per Kilobase of transcript per
million mapped reads (RPKM) as well as read counts from
the feature counts software package. The matrix of read
counts and the design file were imported to R, normalization
factors calculated using trimmed mean of M-values (TMM)

and subsequently voom normalized, before subjected to
downstream descriptive statistics analysis. Transcripts
showing RPKM values > 5 in at least one group were con-
sidered in the final analyses [39]. The Benjamini-
Hochberg’s method was used to correct for multiple testing,
and only protein-coding genes with adjusted p value < 0.01,
independent of magnitude of change, were considered as
differentially expressed and used in the subsequent
analyses.

Ingenuity Pathway Analysis (IPA) IPA (version 01-7) was used
for pathway enrichment analysis in Ingenuity knowledge base
(http://www.qiagen.com/ingenuity). Genes (transcripts) with
an adjusted p value <0.01 and an expression level >5
RPKM were included in the analysis.

Statistical Analysis GraphPad Prism 7 was used for all statis-
tical analysis. Data are from at least three independent exper-
iments and three different cell batches unless indicated other-
wise. Error bars represent mean =+ standard error of the mean
(SEM). Statistical testing was performed using unpaired  test
(two-tailed) or one-way ANOVA followed by Dunn’s multi-
ple comparisons test, if more than two groups were compared.
Results were considered statistically significant, if p value <
0.05.

Results

Generation of Human Isogenic KCTD13 Knockout iPSC
Lines

Since several studies point to a critical role of KCTDI3
in neuropsychiatric disorders induced by 16p11.2 dele-
tions [16, 17], we investigated the consequences of
KCTDI13 deficiency in human iPSC and iPSC-derived
neurons. We used CRISPR/Cas9 genome modification,
which enables the generation of isogenic mutant iPSC
lines, thereby reducing genetic background variability
[40, 41]. Analysis of the KCTDI3 locus
(ENSG00000174943, NC 000016.10
(29,906,335...29926232)) highlighted exon 2 as the far-
thest upstream common coding exon shared by all known
transcript variants. A human iPSC line, generated and
characterized by the StemBancc consortium, was
nucleofected with a plasmid vector encoding CRISPR/
Cas9 nickase (Cas9n) and antisense gRNA targeting the
KCTDI3 locus at exon 2, and a second plasmid vector
encoding sense gRNA and an antibiotic resistance gene
(Fig. 1a). The Cas9n double-nicking approach was chosen
to increase target specificity and reduce off-target effects
as shown by others [42]. After puromycin selection, iPSC
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Fig. 1 Generation and validation of KCTD13 knockout (KO) by
CRISPR/Cas9 nickase in human iPSCs. a Gene targeting strategy using
Cas9 nickase and gRNA sequences targeting the KCTD13 gene. Exons
are shown as black rectangles. Guide RNA sequences are labeled in red. b
Data from DNA sequencing showing deletions in heterozygous
(KCTD13%7) KO iPSC clones (5 bp in one allele) and in homozygous
(KCTD1377) KO iPSC clones (63 bp in both alleles). The gRNA target
sequences are labeled in red. ¢ Identification of CRISPR/Cas9 nickase
induced insertions/deletions in the KCTD13 gene by T7 endonuclease 1
cleavage assay. Lane 1: genomic DNA from WT control iPSC line; lane

clones carrying CRISPR/Cas9n-mediated insertions/
deletions were identified by T7 endonuclease assay
(Fig. lc). By genomic DNA sequencing, we detected a
five-base-pair (bp) deletion in one allele (at bp position
3632-3636 of the human KCTDI13 gene
ENSG00000174943) of a heterozygous KCTDI3 KO
(KCTDI13"") iPSC clone (Fig. 1b). We also detected a
homozygous KCTDI3 KO (KCTDI13™"") clone carrying
two different deletions on each allele (at bp position
3569-3631 and 3621-3683, respectively). All deletions
affect the BTB/POZ domain of KCTDI13 protein which
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2: Cas9/gRNA-transfected homozygous KO iPSC clone; lane 4: hetero-
zygous KO iPSC clone; lane 5 (M): DNA Ladder (0.1-10.0 kb, NEB). d
qRT-PCR analysis demonstrating decreased KCTD13 mRNA expression
in KCTD13 KO iPSC-derived neurons compared to WT neurons. Data
from 2 independent experiments; One-way ANOVA followed by
Dunnett's multiple comparison test; ****p <0.0001. e Representative
Western blot image from iPSC-derived neurons showing a corresponding
decrease in KCTD13 protein levels. Total protein stain confirms similar
protein loading (10 pg protein each)

is required for its interaction with Cullin-3 [14, 43].
Quantitative real-time polymerase chain reaction (qRT-
PCR) confirmed a corresponding decrease in KCTDI3
mRNA expression in the heterozygous and homozygous
KO neurons (Fig. 1d). Consistently, KCTD13 protein
levels were reduced to 45+3.8% (mean £ SEM) in the
heterozygous KO neurons and to 11+ 1.5% in the homo-
zygous KO neurons as shown by Western blotting
(Fig. le) (data from four independent experiments).
Karyotyping of iPSC lines detected no larger chromosom-
al aberrations.
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Fig. 2 KCTD13 deficiency does not affect cell identity or differentiation
efficiency of iPSCs, NPCs or neurons. a Representative confocal images
of immunostainings for stemness markers (OCT4, TRA-1-60) in iPSC
cultures. Scale bar, 50 pm. b High content image analysis revealed
similar mean immunofluorescence intensity of stemness-associated
markers (TRA-1-60, NANOG, SOX2, OCT4). Total n=3-12 wells per
iPSC line. ¢ Confocal images of immunostaining for the NPC marker
Nestin and nuclear Hoechst 33342 labeling. d, e Analysis of Nestin+ cells
and cell viability (number of non-condensed Hoechst+ nuclei) revealed
no differences between KCTD13 KO and isogenic control NPCs. Total
n=26-27 wells per NPC line. f KCTD13 deficiency did not alter

KCTD13 Deficiency Does Not Alter Cell Identity
or Differentiation Efficiency of iPSCs, NPCs,
and Cortical Neurons

Since KCTD13 is expressed in human iPSCs [44], we inves-
tigated a potential role in stemness. Expression of cell surface
protein TRA1-60 and nuclear proteins NANOG, OCT4, and
SOX2 was assessed in iPSC cultures by immunostaining and
high-content digital image analysis. Both immunofluores-
cence intensity and number of iPSCs immunopositive for
these stemness markers did not differ between KC7TD13 KO
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percentage of adherent NPCs. Total n=21 wells per NPC line. g
Representative confocal images of immunostainings of iPSC-derived
neurons for the pan-neuronal marker MAP2 (red) and the GABAergic
neuron marker VGAT (green). Scale bar, 50 um. h High content image
analysis revealed similar percentage of MAP2+ neurons per Hoechst-
labeled nuclei in cultures of KCTD13 KO lines and controls. Total n=
28-35 wells per neuron line. i, j KCTD13 deficiency did not significantly
change percentage of VGAT+ (i) or VGLUT 1+ (j) neurons per MAP2+
neurons. Total 7= 15-17 wells per neuron line. All data are from at least
three independent experiments and three different cell batches unless
indicated otherwise

lines and the isogenic control cell line (KCTD13™*) (Fig. 2a,
b). These findings were confirmed using qRT-PCR analysis
of NANOG, OCT4, and SOX2 which revealed similar mRNA
expression levels (Supplementary Fig. Sla—c). Our results
suggest that KCTD13 deficiency does not affect stemness of
human iPSCs. Similar findings have been reported from
iPSCs derived from 16p11.2 deletion carriers [44].
Expression levels of KCTD13 mRNA are high in the human
fetal brain [17]. Therefore, we investigated the effects of
KCTD13 deficiency on iPSC differentiation along the neural
lineage. KCTD13 KO iPSC lines and the isogenic control line
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were differentiated into NPCs and into cortical neurons using
a well-established small molecule-based protocol [34].
Differentiation of iPSCs into NPCs resulted in a similar per-
centage of Nestin® cells (an early neural progenitor marker) in
KCTD13 KO lines compared to isogenic controls (Fig. 2c, d).
Moreover, we found no differences in cell adhesion or cell
viability (ratio of condensed to non-condensed nuclei) in
KCTD13 KO NPC clones (Fig. 2e, f).

After 21 days of maturation, cortical neurons differentiated
from WT and KCTDI13 KO iPSC were immunostained for
MAP2 Microtubule-associated protein 2 (MAP2), a pan-
neuronal marker, for vesicular GABA transporter (VGAT), a
marker for GABAergic neurons, and for vesicular glutamate
transporter (VGLUT), a marker for glutamatergic neurons
(Fig. 2g). The percentage of MAP2" neurons did not differ
between the genotypes (Fig. 2h). About 10-20% of the
MAP2* cells were VGAT" GABAergic neurons (Fig. 21),
and 75-85% were VGLUT+ glutamatergic neurons (Fig. 2j).
High content image analysis did not detect a significant dif-
ference between the genotypes.

NPCs Differentiated from KCTD13 Knockout iPSCs
Exhibit a Moderate Decrease in Cell Proliferation

Dysregulation of early developmental pathways affecting pro-
liferation and apoptosis in NPCs may contribute to
macrocephaly in 16p11.2 deletion carriers [10, 45].
Examples include knockdown of the KCTD13 orthologue in
zebrafish which led to increased brain size, and knockdown of
KCTD13 in the embryonic mouse brain which led to enhanced
cell proliferation [19]. To examine the effect of KCTD13 KO
on human NPC proliferation, we analyzed the incorporation
of 5-bromo-2'-deoxyuridine (BrdU) into newly replicated
DNA, which is widely used to assess DNA replication in
proliferating cells [46]. The percentage of BrdU" NPCs was
significantly reduced in KCTD13 KO clones, whereas cell
viability (ratio of condensed to non-condensed nuclei) was
unchanged (Fig. 3a and Supplementary Fig. S2a, b). Double
staining for the early neuronal marker Nestin and incorporated
5-ethynyl-2-deoxyuridine (EdU) confirmed a significant re-
duction of proliferation of KCTDI13 deficient, Nestin® NPCs
(Fig. 3b, ¢ and Supplementary Fig. S2c¢). Distribution of NPCs
within the cell cycle was analyzed using flow cytometry after
DNA staining with propidium iodide (Fig. 3d). Propidium
iodide intercalates into double-stranded DNA producing a
fluorescent signal. Signal intensity depends on the amount of
DNA present in the cell [47]. The percentage of cells in the S
phase was significantly lower in the KCTD/3 KO NPCs
(Fig. 3e), whereas no significant changes were observed in
the percentage of cells in the G¢/G; or G,/M phase of the cell
cycle, and in the percentage of cells within the gate
(Supplementary Fig. S2d—f). Consistently, mRNA expression
of multiple cell cycle—associated genes significantly declined
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in KCTD13 KO NPCs (Fig. 3f). Furthermore, Ingenuity path-
way analysis (IPA) of our RNA-seq data indicated deregulated
pathways relevant to cell cycle regulation and DNA repair/
replication (Supplementary Fig. S2g ). In a biochemical assay,
recombinant KCTD13 interacted directly with PCNA and po-
lymerase delta, and stimulated DNA polymerase activity two-
fold to threefold [15]. Therefore, we investigated the localiza-
tion of KCTD13 and PCNA in our iPSC-derived NPCs. We
first confirmed the separation of the cytoplasmic and nuclear
protein fraction by immunoblotting c-FOS, a nuclear tran-
scription factor. Next, we showed that KCTD13 and PCNA
are co-localized both in the cytoplasmic and nuclear protein
fraction (Fig. 3g). Unfortunately, we could not co-
immunoprecipitate KCTD13 interacting proteins from human
iPSC-derived NPCs or neurons, since all commercially avail-
able antibodies against KCTD13 did not immunoprecipitate
endogenous KCTD13 from mouse brain lysates or KCTD13
overexpressed in non-neuronal HEK293 cells (data not
shown). Moreover, non-specific protein bands were detected
by the anti-KCTD13 antibody on Western blots (Fig. 3g) pre-
cluding its use in immunocytochemistry.

KCTD13-deficient Cortical Neurons Show Impairment
in Early Neurite Formation

Neurite outgrowth is a critical step in the formation of neural
network connections in the developing mammalian central
nervous system [48]. Since RhoA is involved in early neurite
formation [49], and since KCTD13/Cullin-3 regulates RhoA
degradation in non-neuronal HeLa cells [14], we hypothesized
that knockout of KCTD13 may affect neurite outgrowth in our
iPSC-derived neurons in a RhoA-dependent manner. For de-
tailed morphological analysis, we replated iPSC-derived neu-
rons after 7 days of neuronal differentiation (Day 0). We com-
bined MAP2 staining with the Acapella Studio software to
detect MAP2" neurons, neurite length, and neurite roots by
high content image analysis (Fig. 4a). Percentage of MAP2*
neurons, viability of neurons (ratio of condensed to non-
condensed nuclei), and neuronal cell adhesion was unchanged
following KCTD13 KO (Fig. 4b—d). More importantly, per-
centage of MAP2* neurons with roots, and number of roots
per MAP2" neurons were significantly reduced in the
KCTD13 KO clones compared to the isogenic controls
(Fig. 4e, ). Additionally, mean neurite length was significant-
ly shorter in the KCTD13 KO neurons compared to control
neurons (Fig. 4g).

Inhibition of RhoA Does Not Rescue Impaired Neurite
Formation

To detect a potential accumulation of active (GTP-bound)
RhoA and total RhoA protein in KCTD13 deficient neurons,
we used RhoA GLISA and Western blotting, respectively.
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Fig. 3 Decreased cell proliferation and DNA synthesis in KCTD13 KO
iPSC-derived NPCs. a KCTD13 KO NPCs exhibit a decreased number of
BrdU+ cells relative to isogenic WT NPCs. Total n =29 wells per NPC
line; one-way ANOVA followed by Dunnett's multiple comparison test;
##k%k = (0.0001. b Representative confocal images of EQU/Nestin double
stainings of NPCs. Scale bar, 50 um. ¢ High content image analysis
revealed a significant reduction in EdU+/Nestin+ double-positive NPCs
in KCTD13 KO cultures. Total n =28-29 wells per NPC line; one-way
ANOVA followed by Dunnett's multiple comparison test;
*##¥%p <0.0001. d Top: Flow cytometry graph showing gated cell popu-
lation. Bottom: Representative DNA histogram showing cell cycle phases
in red and percentage of cells in a specific phase. e Reduced percentage of

Both methods detected similar levels of RhoA in whole cell
lysates from KCTDI3 KO neurons and isogenic controls
(Fig. 5a, b). Since changes in RhoA and F-actin might be
restricted to the neuronal growth cone (neurite compartment)
in KCTD13 KO neurons and not detectable by whole cell
analyses, we performed two additional experiments.
Treatment of KCTD13 KO iPSC-derived neurons with the
small molecule RhoA inhibitor Rhosin (50 uM, 8 h) did not
rescue impaired neurite formation, although Rhosin at this
concentration reversed synaptic deficits in slices from
KCTDI3 KO mice [50]. In our human iPSC-derived neuron
cultures, however, Rhosin treatment caused a decrease in
neurite length, in the percentage of MAP2™ neurons with
roots, and in the number of roots per MAP2" neurons
(Fig. 5c and Supplementary Fig. S3a, b). Consistently,
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KCTD13 KO NPCs in S-phase (DNA synthesis). Total n=28-31 mea-
surements per NPC line from five independent experiments; One-way
ANOVA by Dunnett's multiple comparison test; **p =0.0027; ***p =
0.0001. f Significant decline in mRNA expression (RPKM values) of
numerous cell cycle associated genes in KCTD13 KO NPCs compared
to WT with a minimum p value of <0.05 (for detailed statistics see
Supplementary Table 4). g Detection of c-FOS protein in the nuclear
(N) but not in the cytoplasmic (C) protein fraction. KCTD13 and
PCNA were found in both protein fractions of WT NPCs. Please note a
non-specific protein band at 25 kDa detected by the anti-KCTD13 anti-
body precluding its use in immunocytochemistry

treatment with an inhibitor (Y-27632, 10 uM, 8 h) of Rho
kinase, a downstream effector of RhoA, resulted in a similar
decrease in neurite length and in number of roots (data not
shown). Staining for F-actin using the fluorescent dye
Phalloidin and high-content image analysis indicated a reduc-
tion of F-actin area and fluorescence intensity per growth cone
in KCTD13 KO neurons (Fig. 5d-1).

ERBB Signaling Contributes to Impaired Neurite
Formation in KCTD13 KO Neurons

For an unbiased detection of potential alternative mechanisms
that might underlie impaired neurite formation in KCTDI3
KO neurons, we performed Ingenuity pathway analysis
(TIPA) using RNA-seq data from all genotypes. Principal
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Fig. 4 Impaired early neurite formation in KCTD13 deficient iPSC-
derived neurons. a Representative confocal images of MAP2 immuno-
staining of postmitotic neurons after reseeding. Scale bar, 50 pm. b—d
High content image analysis revealed no changes in cell viability (number
of non-condensed Hoechst+ nuclei) (b), in percentage of adherent cells
(c), and in percentage of MAP2+ neurons (d) in KCTD13 KO versus

component analysis of differential gene expression data
showed a clear separation of homozygous KC7D13 KO neu-
rons from heterozygous KO neurons and isogenic WT con-
trols (Fig. 6a). In addition, neurological diseases and psycho-
logical disorders were indicated as top-ranking diseases
(Fig. 6b). More importantly, IPA pointed to ERBB2, TP53,
and VEGF as most significant upstream regulators in
KCTD13 KO iPSC-derived neurons (Fig. 6¢). A critical role
for pro-apoptotic TP53 seemed unlikely, since KCTD13 defi-
ciency did not affect cell viability (Figs. 2e and 4b). Treatment
with recombinant VEGF did not rescue impaired neurite for-
mation in KCTD13 KO neurons (data not shown) excluding a
central role for VEGF in this phenotypic alteration.

On the mRNA level, expression of ERBB2 was highest
compared to the other ERBB family members in iPSC-
derived neurons. On the protein level however, expression
of ERBB2 was lower compared to ERBB4, which showed a
trend towards a decrease in homozygous KCTDI3 KO neu-
rons (Supplementary Fig. S4a, b). To assess the role of ERBB
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isogenic WT cultures. e-g KCTD13 KO neurons exhibit a significant
decrease in percentage of MAP2+ neurons with roots (e), in number of
roots per MAP2+ neuron (f), and in mean neurite length (g). Total n =28—
31 wells per genotype; one-way ANOVA followed by Dunnett's multiple
comparison test; **#**p < (0.001. Data are from at least three independent
experiments and three different cell batches unless indicated otherwise

signaling, we first tested the effect of the specific ERBB fam-
ily inhibitor Lapatinib [51] on neurite formation. Interestingly,
Lapatinib treatment (10 uM, 8 h) phenocopied the effect of
KCTDI13 KO in WT neurons and further reduced neurite
length in KCTD13 KO neurons (Fig. 6d). The reversible in-
hibitor Tucatinib, which shows a higher selectivity for ERBB2
and a higher potency compared to Lapatinib [52] did not alter
neurite formation (1 uM, 8 h) in WT and KO neurons
(Supplementary Fig. S4c). For activation of the ERBB signal-
ing cascade, we used the ERBB3/4 ligand Neuregulin-1b
(NRG1b), which has already been shown to increase neurite
length in rat hippocampal and motor neurons in culture
[53-55]. Treatment with the EGF-like domain of NRG1b
(50 nM, 8 h) reversed the deficit in neurite formation in both
homozygous and heterozygous KCTDI3 KO neurons
(Fig. 6e; Supplementary Fig. S4d). To assess a potential con-
tribution of ERBB1 signaling, we also tested the specific
ERBBI ligand epidermal growth factor (EGF) [56], which
has been demonstrated to increase neurite outgrowth in mouse
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Fig. 5 Analysis of the role of RhoA in iPSC-derived KCTD13 KO neu-
rons. a Active RhoA protein levels were unchanged in KCTD13 KO
iPSC-derived neurons as measured by GLISA (absorbance at 490 nm).
Total n=15 wells per neuron line. b Representative Western blot image
showing similar total RhoA protein levels. Total protein stain (MemCode)
confirms similar protein loading. ¢ Reduced neurite formation in
KCTD13 KO neurons was not rescued, but further impaired by treatment
with the RhoA inhibitor Rhosin (50 uM). Total n=14-18 wells per
neuron line. Phenotypic changes: One-way ANOVA followed by

cortical neuron cultures [57]. Treatment with EGF at different
concentrations, however, impaired neurite formation in hu-
man iPSC-derived cortical neurons (Supplementary Fig. S4e).

To confirm these findings in additional iPSC lines, we
assessed neurite formation and the effect of NRG1Db treatment
in neuron cultures derived from an isogenic subclone of our
wildtype parental iPSC line (KCTDI13"* 2) and from one
additional homozygous KCTDI13 KO iPSC clone
(KCTD13™~ 2). By qRT-PCR we detected a decrease in
KCTD13 mRNA expression to 4.5+0.5% and by Western
blotting a decline in KCTD13 protein levels to 12 +2.6%
(mean + SEM) in the KCTDI13™" ~_2 line compared to the
isogenic wildtype line. Sequencing of genomic DNA revealed

Dunnett's multiple comparison test; **p=0.002 (KCTD13*"* vs.
KCTD13™), ##p=0.0017 (KCTD13** vs. KCTD13 ). Treatment ef-
fect: Unpaired 7 test: **p=0.0091, ***p=0.0009, ****p < 0.0001. d
Representative confocal images of (filamentous) F-actin staining by
Phalloidin in neuronal growth cones. Scale bar, 50 um. e, f Both area
and intensity of F-actin staining per growth cone were reduced in
KCTD13 KO neurons. 1 pixel =0.6 pm % 0.6 um. Total n =28 wells;
one-way ANOVA followed by Dunnett's multiple comparison test;
#HEEn <0.0001

a 254 bp deletion in one allele (at bp position 3428-3681 of
the human KCTD13 gene) and a 51 bp insertion in the other
allele (position 3664-3681). Both a significant impairment in
neurite formation and a rescue by single NRG1b treatment in
homozygous KCTD13 KO neurons derived from KCTD13~
~ 2 iPSCs could be confirmed in these experiments
(Supplementary Fig. S5).

Impaired Neurite Elongation and Decreased Neuronal
Network Activity in Mature KCTD13 KO Neurons

There is growing evidence for deficits in synaptic connection
and function in many neuropsychiatric disorders [58—60].

@ Springer



628

Mol Neurobiol (2020) 57:616-634

©
g

5
& GO0

N

] o

N gl OE0

= "0

8 - .
]

S aE

4150 100 -50 0 50 100 150
PC1 (50.68%)
[J NPC KCTD13*"

O NPC KCTD13** <& NPC KCTD13"

© Neuron KCTD13** [] Neuron KCTD13*~ <& Neuron KCTD13"

o

N
n
@

N
N
@

neurite length [%KCTD13**]
>
Q

75

50+

25 \x' o . \l' - ‘

,\0"% ngz’;“&) 6\0& %Qrz’;‘\{\\Q

{S) 4 \%
x'\QQ x\Q\}

Fig.6 Phenocopy and rescue, respectively, of impaired neurite formation
by modulation of ERBB signaling in iPSC-derived neurons. a Principal
component analysis based on RNA sequencing data showed a clear sep-
aration of homozygous KCTD13 KO neurons from heterozygous KO and
WT neurons. Mutant and WT NPCs cluster together. b Ingenuity pathway
analysis of RNA sequencing data revealed top 5 diseases in KCTD13 KO
neurons. ¢ Top 3 upstream regulators identified by Ingenuity pathway
analysis points to a significant role of ERBB signaling in homozygous
KCTD13 KO neurons. d Phenocopy of decreased neurite formation in

Consequently, we assessed whether impaired neurite elonga-
tion was detectable in mature KC7D13 KO neurons (21 days
of maturation). As shown in Fig. 7a, mean neurite length was
significantly reduced in a gene dose-dependent manner in
KCTD13 deficient iPSC-derived neurons. Next, we measured
the number of synaptic puncta labeled by the presynaptic
marker Synapsin 1/2 (SYN1/2) and the postsynaptic marker
postsynaptic density protein 95 (PSD95). We focused on
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WT neurons and further impairment in KO neurons by treatment with the
specific ERBB family inhibitor Lapatinib (10 uM). Total n = 59-64 wells
per neuron line; **#*p <0.0001; unpaired ¢ test. e Rescue of decreased
neurite formation in KCTD13 KO neurons by treatment with the specific
ERBB3/4 ligand NRG1b (50 nM). Total n = 63-90 wells per neuron line
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puncta which showed an overlap of the pre- and post-
synaptic markers and which localize close to MAP2+ den-
drites. High-content image analysis revealed no significant
differences in synapse density per micrometer neurite between
the genotypes (Fig. 7b). As a functional assay for neuronal
network activity, we performed recordings on 24-well multi-
electrode array (MEA) plates. We detected a significant, gene
dose-dependent decreased spike rate in KCTDI3 deficient
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Fig. 7 Deficits in neurite elongation and in spontaneous network activity
in mature neurons derived from KCTD13 KO iPSCs. a Mean neurite
length showed a gene dosage dependent decrease in KCTD13 deficient
neurons after 21 days of maturation. Total n=32-36 wells per neuron
line; one-way ANOVA followed by Dunnett's multiple comparison test;
*p=0.031, ***¥p <0.0001. b Left: Representative confocal images of
immunostaining for presynaptic SYN1/2 (green) and postsynaptic PSD95
(red) in iPSC-derived MAP2+ (blue) neurons after 21 days of maturation.
Right: High content image analysis of overlapping PSD95+/SYN1/2+
puncta revealed no significant differences in synapse density per um

neurons, whereas the mean number of active electrodes per
well was unchanged (Fig. 7c—e). Unexpectedly, repeated ad-
ministration of NRG1b (50 nM) to KCTD13 deficient neurons
cultured on MEA plates did not rescue decreased neuronal
electrical activity (Supplementary Fig. S6).

Discussion

KCTDI13, one of 29 genes located in the 16p11.2 locus, is
considered an important contributor to neuropsychiatric dis-
eases associated with 16p11.2 CNVs [17, 19], however, its
molecular function in human brain development is poorly
understood. A knockdown screen in zebrafish pointed to
KCTD13 as a major driver for increased brain size associated
with 16p11.2 CNV deletions, whereas more recent studies
revealed no alterations in brain size and proliferation of
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neurite between genotypes. Total n = 16-18 wells per neuron line. Scale
bar, 20 um. ¢ Multi-electrode array analysis revealed similar number of
active electrodes per well in KCTD13 KO versus WT neuron cultures. d
Mean spike rate showed a gene dosage dependent decrease in KCTD13
deficient neurons after 21 days of maturation. Total n =39-41 wells per
neuron line; One-way ANOVA followed by Dunnett's multiple compar-
ison test; *p=0.0111, ****p=0.0001. e Representative raster plots of
spontaneous neuronal activity on 24-well multi-electrode array plates
(one representative well containing 12 electrodes each)

NPCs in KCTD13 deficient zebrafish and mice, respectively
[19, 50, 61]. In the present study, we used CRISPR/Cas9
nickase to generate KCTD13 deficient human iPSCs and iso-
genic controls, in order to identify structural and functional
alterations during differentiation into human cortical neurons.
Unexpectedly, our results demonstrate that heterozygous and
homozygous knockout of KCTD 13 moderately decreases pro-
liferation of human NPCs in culture. We detected decreased
proliferation of KCTDI3 deficient NPCs in independent ex-
periments using different read-outs. Importantly, viability, ad-
hesion, and differentiation of KCTD13 KO NPCs were not
affected. Our data from RNA-seq indicated decreased expres-
sion of many cell cycle-regulating genes in KCTDI3 KO
NPCs. Moreover, pathway analysis revealed that numerous
biological processes associated with cell cycle and DNA rep-
lication were dysregulated. In a cell-free assay, binding of
recombinant KCTD13 stimulates activity of DNA polymerase
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delta, and thus may play a role in DNA synthesis and cell
cycle control during mitosis [15]. Consistently, we detected
a moderate (<18%) decrease in DNA synthesis in KCTDI13
deficient NPCs, which may slow cell cycle progression.
Interestingly, crossing KCTD13-deficient mice with genetic
interactors identified in zebrafish lead to a reduction in brain
volume in double mutant mice pointing to complex interac-
tions of genes within the 16p11.2 locus [61].

Mitochondrial dysfunction has been reported in various
neurodegenerative/neuropsychiatric disorders including
Alzheimer’s disease, Parkinson’s disease, schizophrenia, and
bipolar disorder [62]. Mitochondria-related gene expression
was globally downregulated in post-mortem brains of patients
with schizophrenia and bipolar disorders, however, an effect
of medication could not be excluded [63]. Interestingly, iPSC-
derived dopaminergic neurons from three schizophrenia pa-
tients showed a significant downregulation of mitochondrial
genes encoding complex 1 subunits (NDUFV1, NDUFV2)
and a decrease in mitochondrial membrane potential [64]
speaking in favor of cell intrinsic defects. In a recent larger
iPSC study (15 schizophrenia lines, 15 healthy control lines)
downregulated mRNA expression of mitochondrial complex
1 subunits (MT-ND2, MT-ND4L) and decreased maximal res-
piration of mitochondria were observed. Importantly, these
alterations were detectable in iPSC-derived cortical
GABAergic interneurons, but not in cortical glutamatergic
neurons pointing to cell-specific pathomechanisms [65]. In
our KCTD13 deficient iPSC-derived glutamatergic neurons,
we observed a minor (< 1.2-fold) increase in mRNA levels of
mitochondrial complex 1 subunits NDUFS4, NDUFS2). We
cannot exclude however, that biologically-relevant mitochon-
drial changes may become detectable under conditions of cel-
lular stress (e.g., depletion of medium supplements containing
antioxidants) or following differentiation into other neuronal
subtypes. In line with recent studies showing reduced dendrite
length in KCTDI13 knockout mice and decreased dendritic
arborization following KCTD13 knockdown in Drosophila
[50, 66], we detected decreased neurite formation/elongation
in KCTD13 knockout cortical neurons derived from human
iPSCs. Deficits in neurite outgrowth have also been reported
in iPSC-derived neurons from patients diagnosed with
Timothy syndrome and Fragile X syndrome, respectively
[29, 67-69] pointing to converging pathomechanisms. By
contrast, increased neurite length has been detected in iPSC-
derived cortical neurons from 16p11.2 deletion carriers [44].
The latter findings may be explained by the complex genetic
interactions that ultimately determine the neurodevelopmental
deficits associated with 16p11.2 deletions, as shown by a ge-
netic screen in Drosophila [66]. Consistent with reduced glu-
tamatergic neurotransmission in hippocampal slices from
KCTD13 KO mice and in the prefrontal cortex of 16p11.2
deletion mice [50, 70], we observed decreased spontaneous
network activity in human KC7D13 KO neurons cultured on
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MEA plates. Decreased spontaneous neuronal activity of
KCTD13 KO neurons may be due to decreased neurite length
causing a reduction in the total number of synapses, while
synapse density and the ratio of glutamatergic/GABAergic
neurons remained unchanged in our iPSC model. Deficits in
neurite elongation/pathfinding may ultimately contribute to
hypoconnectivity between brain circuits detected by neuroim-
aging in ASD and schizophrenia patients [71, 72].

In non-neuronal HeLLA cells the KCTD13/Cullin-3 com-
plex ubiquitinates RhoA and thereby promotes degradation
of active RhoA by the proteasome [14]. Consistently,
Escamilla and coworkers [50] detected a 1.5- to 2-fold in-
crease in total RhoA in the hippocampus of young KCTD13
KO mice and a reversal of synaptic dysfunction by the RhoA
inhibitor Rhosin. Interestingly, hippocampal RhoA levels
were unchanged in embryonic KCTDI3 KO mice in their
study. Since human iPSC-derived neurons most closely re-
semble human fetal neurons [30], unchanged RhoA levels in
our iPSC-derived neuron cultures are consistent with the find-
ings in the embryonic mouse brain by Escamilla et al. [50]. A
more recent study could not detect an accumulation of RhoA
in the hippocampus and cortex of a different KCTD13 KO
mouse line and a 16p11.2 deletion mouse model [61]. As
already discussed by Arbogast and colleagues [61], the entire
KCTDI3 locus including potential gene regulatory elements
was deleted in the study by Escamilla et al. [50], whereas in
the study by Arbogast et al. and in our study only exon 2 was
excised, which might explain some of the divergent pheno-
types. Notably, the KC7DI3 KO mouse line generated by
Arbogast and coworkers showed reduced spine density in
the hippocampus (but not in the cortex) and memory deficits
in several behavioral tests, which appear to be independent of
RhoA accumulation similar to our findings in human
KCTD13 KO neurons.

By pathway enrichment of differentially expressed genes,
we identified ERBB signaling as a potential contributor to the
deficit in early neurite formation in human KC7D13 KO neu-
rons. Pharmacological inhibition of ERBB signaling using the
ERBB family inhibitor Lapatinib lead to a worsening of the
deficit, whereas activation of ERBB3/4 signaling by a single
administration of recombinant NRG1b lead to a rescue. The
ERBB2 selective inhibitor Tucatinib [52] did not alter neurite
formation also arguing for a major role of ERBB3/4 signaling.
By contrast, impaired neuronal network activity in KCTD13
KO neurons cultured on MEA plates could not be rescued by
repeated administration of NRG1b. Both stimulatory and in-
hibitory effects of exogenous NRG1b on neurotransmission in
ex vivo/in vitro cultures have been reported depending on
neuronal subtypes, NRG1b concentrations and timing of ad-
ministration, and ERBB kinases involved. Moreover, repeated
administration of NRG1b to iPSC-derived neurons on MEA
plates may modulate not only neurite elongation but also axon
myelination and synapse formation between glutamatergic
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and GABAergic neurons as shown in rodent neurons [73, 74].
In addition, KCTD13/Cullin-3 interacts with several protein
substrates [75] which may lead to diverse cellular deficits in
KCTDI13 deficient neurons that are not influenced by ERBB
signaling. Thus, further studies are needed to find the optimal
treatment regimen for long-term functional rescue of KCTD13
deficient neurons. Unfortunately, we were unable to co-
immunoprecipitate KCTD13 interacting proteins from our hu-
man iPSC-derived neurons, since commercially available an-
tibodies against KCTD13 did not immunoprecipitate endoge-
nous KCTD13. Thus, it remains unclear whether the
KCTD13/Cullin-3 complex ubiquitinates a component of the
NRG/ERBB signaling pathway (similar to RhoA), thereby
triggering proteasomal degradation, or whether KCTD13/
Cullin-3 and NRG/ERBB pathways act in parallel. Erbin
(ERBB2IP, LAP2), a protein that interacts with ERBB2, has
been identified as a Cullin-3 binding protein by affinity puri-
fication and mass spectrometry [75]. Based on findings in
Erbin deficient neurons [76, 77], however, accumulation of
Erbin protein in Cullin-3 deficient cells should increase
NRG1/ERBB?2 signaling. Messenger RNA levels of ERBB/
NRG family members and protein levels of ERBB2/4 did not
change significantly in our KCTD13 KO neurons.

NRG/ERBB signaling has been shown to stimulate neurite
outgrowth of various murine neuron classes in vitro [53, 78,
79]. Numerous studies have revealed complex NRG/ERBB
signaling networks that modulate neurotransmission, synaptic
plasticity, myelination, and circuit formation in the developing
and adult mammalian nervous system. Both common, low
effect single nucleotide polymorphisms and rare, high-risk
genetic variants in NRG/ERBB family members are strongly
associated with psychiatric disorders (reviewed in [73, 74]).
Moreover, human studies and mouse models show that an
optimal range for NRG/ERBB signaling in the brain is needed
for normal neurodevelopment, synaptic function, and cogni-
tive performance [80—82]. Behavioral deficits caused by
ERBBA4 deficiency during development in mutant mice were
alleviated by restoring ERBB4 levels in adulthood [83].
Notably, single intraperitoneal injection of NRG1 peptide res-
cued hippocampal theta oscillations and behavioral deficits in
a mouse model of the human 22q11 deletion syndrome [84].
In summary, the aforementioned studies and our findings sug-
gest that modulators of NRG/ERBB signaling may represent a
novel therapeutic strategy for neuropsychiatric disorders asso-
ciated with KCTD13 deficiency.
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