
3757

Human Molecular Genetics, 2020, Vol. 29, No. 23 3757–3764

doi: 10.1093/hmg/ddaa245
Advance Access Publication Date: 18 November 2020
General Article

G E N E R A L A R T I C L E

TrkA mediates effect of novel KIDINS220 mutation
in human brain ventriculomegaly
Valerie Jacquemin1,†, Mathieu Antoine1, Sarah Duerinckx1,2,
Annick Massart1,3, Julie Desir4, Camille Perazzolo1, Marie Cassart5,
Dominique Thomas5, Valérie Segers6, Sophie Lecomte6,
Marc Abramowicz1,7,†,* and Isabelle Pirson1,†

1IRIBHM, Université Libre de Bruxelles, 1070 Brussels, Belgium, 2Neurology Department, Hôpital Erasme,
Université Libre de Bruxelles, 1070 Brussels, Belgium, 3Department of Nephrology, Hôpital Universitaire
d’Anvers, 2650 Edegem, Belgium, 4Human Genetics Center, Institute of Pathology and Genetics, 6041 Charleroi,
Belgium, 5Department of Gynecology and Obstetrics, Hôpitaux Iris Sud, 1050 Brussels, Belgium, 6Department
of Anatomopathology, CHU Brugmann, 1020 Brussels, Belgium and 7Department of Genetic Medicine and
Development, Faculty of Medicine, University of Geneva, 1211 Geneva, Switzerland

*To whom correspondence should be addressed. Tel: +44 76 226 18 22; Email: marc.abramowicz@unige.ch

Abstract

Congenital hydrocephalus is a potentially devastating, highly heterogeneous condition whose genetic subset remains
incompletely known. We here report a consanguineous family where three fetuses presented with brain ventriculomegaly
and limb contractures and shared a very rare homozygous variant of KIDINS220, consisting of an in-frame deletion of three
amino acids adjacent to the fourth transmembrane domain. Fetal brain imaging and autopsy showed major
ventriculomegaly, reduced brain mass, and with no histomorphologic abnormalities. We demonstrate that the binding of
KIDINS220 to TrkA is diminished by the deletion mutation. This family is the second that associates a KIDINS220 genetic
variant with human ventriculomegaly and limb contractures, validating causality of the gene and indicating TrkA as a likely
mediator of the phenotype.

Introduction
Hydrocephalus is a potentially devastating condition whose
long-term complications include cerebral palsy, intellectual
disability, epilepsy, blindness and early death (1). Hydrocephalus
is defined as a disturbance of cerebrospinal fluid (CFS) home-
ostasis which results in progressive ventricular dilatation due to
increased CSF pressure (2). Because CSF pressure cannot readily
be measured in utero, ventriculomegaly, i.e. the enlargement of
the cerebral ventricles, is often used as a marker of fetal or
congenital hydrocephalus (CH). Ventriculomegaly is the most
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common central nervous system anomaly detected by prenatal
ultrasound and is a sensitive indicator of CH (3). Based on its
underlying origin, hydrocephalus is categorized as secondary
i.e. acquired when resulting from an identified extrinsic event
or primary i.e. developmental when no causal event is identified.
Primary congenital hydrocephalus (PCH) is further categorized
as syndromic or isolated/non-syndromic depending on the
presence or absence of additional congenital anomalies. PCH has
an incidence of about 0.2–0.8/1000 live births (4), and a genetic
etiology can be suspected in about 40% of cases (5).
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PCH is a heterogeneous pathology that encompasses
a Mendelian subgroup with several inheritance modes. In
humans, mutations in the L1 Cell Adhesion Molecule (L1CAM),
and Sigma-2 Subunit (AP1S2) genes have been associated with
X-linked PCH (6,7). Autosomal recessive inheritance has been
associated with the multiple PDZ domain protein (MPDZ),
and Coiled-Coil Domain-Containing protein 88C (CCDC88C)
genes in several multiplex families, as well as the EMAP like
1 (EML1) and WD repeat domain 81 (WDR81) genes (8–10). More
recently, enrichment with de novo mutations in tripartite motif 71
(TRIM71), SWI/SNF Related, Matrix Associated, Actin Dependent
Regulator Of Chromatin Subfamily C Member 1 (SMARCC1),
Patched-1 (PTCH1), Sonic Hedgehog (SHH) and Forkhead Box
J1 (FOXJ1) was reported in PCH patients, strongly suggesting
high penetrance and autosomal dominant inheritance (11,12).
Cumulatively these genes nevertheless only explain a minority
of PCH cases. In addition, one sibship of four fetuses from con-
sanguineous parents was reported with a homozygous mutation
of the Kinase D interacting substrate of 220 kDa/ankyrin-
repeat-rich membrane-spanning gene (KIDINS220/ARMS). All
fetuses presented prenatally with ventriculomegaly and limb
contractures (13). Of note, heterozygous, truncating de novo
mutations of KIDINS220 have been associated with paraplegia,
intellectual disability, nystagmus and obesity (SINO), a distinct
syndrome albeit with ventriculomegaly as a feature (14).

KIDINS220 is a highly conserved protein within mammals,
ubiquitously expressed in the central and peripheral nervous
system (15), where it modulates several crucial aspects of neu-
ronal physiology such as cell survival, differentiation into axons
and dendrites and synaptic plasticity (16). It is a multifunctional
scaffolding protein of 1715 amino acids composed of four trans-
membrane segments located in the central part of the molecule,
and intracellular N- and C-termini. Its protein domains allow
interactions with multiple transmembrane receptors, such as
Tropomyosin-Related Kinases (Trks) and Nerve Growth Factor
(NGF) Receptor (p75NTR) (17–19), Ephrin Receptor (Eph) (20) and
α-Amino-3-hydroxy-5-Methyl-4-isoxazolepropionic Acid Recep-
tor (AMPAR) (21), along with downstream proteins important in
diverse signaling pathways (16) such as CRK like Proto-Oncogene
(CrkL) implicated in survival signaling (19).

Trks, encoded by NTRK1, NTRK2 and NTRK3 genes in humans,
constitute the neurotrophin tyrosine kinase receptor family
composed of TrkA, TrkB and TrkC. These receptors are required
for the development of the central and peripheral nervous
systems. Indeed, loss of function mutations in specific Trk
receptors have been associated with several human genetic neu-
ropathies (22) and neurodegenerative disorders (23). Amongst
these receptors, TrkA demonstrated the highest binding affinity
for KIDINS220 (18). TrkA localizes at the plasma membrane (PM)
of the axon end. When activated, it triggers signaling pathways
in both the axon end and neuron body (24). NGF binding to
this receptor activates mitogen-activated protein kinase (MAPK)
signaling responsible for neuronal differentiation and survival
(25), an activity that is sustained in the presence of KIDINS220
(18).

In this study, we identify a novel homozygous mutation of
KIDINS220 in three human fetuses from a consanguineous family
of Pakistani origin who presented with ventriculomegaly and
limb contractures, thereby confirming the role of KIDINS220
in this clinical syndrome previously reported in a single sib-
ship (13). We demonstrate that the mutation reduces the bind-
ing affinity of KIDINS220 to TrkA, suggesting that PCH could
result from an impaired association between KIDINS220 and
TrkA.

Figure 1. KIDINS220 deletion mutation and associated phenotype. (A)
Pedigree. Both parents and healthy siblings are heterozygous (�QVL/WT)

for the KIDINS220 in-frame deletion mutation of three amino-acids

p.(Gln713_Leu715del) (c.2327_2336del). (B) Second-semester ultrasound of

affected patients III:2 and III:4, showing major ventriculomegaly, clenched

hands and bent wrists. Fetal autopsy showing limb contractures and reduced

brain mass. Caspase-3 staining of fetal brain sections showing apoptopic cells in

fetus III.4 (arrowhead, Caspase-3 immunostained cell). Full-size high-resolution

images are available in supplementary data. (C) Kidins220 protein: ANK, ankyrin
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Results
A couple of first degree cousins, endured three aborted pregnan-
cies (Fig. 1A). Severe ventriculomegaly was diagnosed as early
as 14 weeks. Postmortem MRI confirmed triventricular hydro-
cephalus, and revealed cortical atrophy with a stratified aspect
of the cortex. No gyri could be seen, suggesting lissencephaly
(Fig. 1B, fetus III.2). A complete macroscopic and microscopic
autopsy of fetus III.4 (Fig. 1B) revealed bilateral club feet and
club hands without any other abnormalities, in particular no
macrocephaly or cranial dysplasia. The neuropathological exam-
ination revealed bilateral symmetrical dilated ventricles with no
other major abnormality, notably no tumoral process, hemor-
rhage, nor vascular malformation. There was no macroscopic or
microscopic evidence of a malformation or obliteration (partial
or complete) of the third ventricle, or foramina, or of the aque-
duct (Fig. 1B). The choroid plexus were unremarkable. The spine
showed no macroscopic malformation. In these circumstances,
the etiology of the ventriculomegaly was considered as possibly
developmental i.e. primary.

The whole exomes of the three affected fetuses were
sequenced, and data were first analyzed for variants in 76
genes known to be implicated in isolated or syndromic human
hydrocephalus (Supplementary Material, Table S1). Variants
were filtered for a minor allelic frequency (MAF) depending
on the inheritance mode, respectively MAF < 2% for autosomal
recessive inheritance or MAF < 0.5% for autosomal dominant
and X-linked inheritance. No variant was found that cosegre-
gated with the phenotype. As the three fetuses also presented
limb contractures, a list of 267 genes associated with arthrogry-
posis was analyzed as above (Supplementary Material, Table S2),
and again no variant was found that cosegregated with the
phenotype.

We then filtered the exome data for rare variants found
homozygous in the three affected fetuses and heterozygous
in the parents, which revealed two genes. One variant,
c.61C > T; p.(Arg21Trp) was found in the synaptotagmin-like 2
gene, SYTL2 (NM_206927.2). The other variant, c.2137_2145del;
p.(Gln713_Leu715del) was found in KIDINS220 (NM_020738.3)
SYTL2 encodes a protein of the immunological synapse (26),
which is regarded as the T cell homolog of a primary cilium
(27). Although hydrocephalus is a feature of some ciliopathies,
the low protein expression of SYTL2 in the brain, made it an
unlikely candidate (https://www.proteinatlas.org/). Conversely,
KIDINS220 appeared as a strong candidate, given the previously
reported family (11) and a knockout mouse model in which
embryos displayed progressive dilatation of cerebral ventricles
(28).

KIDINS220 sequence is highly conserved (more than 90%
protein sequence homology) within mammals. Very strong
conservation is evident in the stretch of amino-acids down-
stream of the fourth and last transmembrane domain (17),
where the variant is located (Fig. 1C). The fourth transmembrane
domain and adjacent amino acids have been shown to interact
with TrkA (17–19). The KIDINS220 variant in the present
family, consisted of an in-frame deletion in exon 17, located
on chr2:g.8925956_8925964del. In the protein, this mutation
removes the Glutamine at position 713, the Valine at position
714 and the Leucine at position 715; p.(Gln713_Leu715del)

(Fig. 1C). The variant is encompassed in a 1.5 Mb homozygous
stretch (chr2:8439905–9 983 716), consistent with homozygosity
by descent in the three fetuses. The variant was absent from
the GnomAD database (29). The gene is classified as intolerant
to variation in RVIS (score = −2.2) (30) meaning that only 1.3%
of the coding genome is more intolerant to variation. As the
variant removed the three amino acids adjacent to the fourth
transmembrane domain, previously shown to interact with TrkA,
we hypothesized that this deletion would impact the interaction
between KIDINS220 and TrkA.

To address this question, we performed co-immunoprecipita-
tion experiments in HEK293 cells. We coexpressed TrkA with
a FLAG-tagged KIDINS220 wild-type (WT) protein or a FLAG-
tagged KIDINS220�QVL harboring the same mutation as observed
in the proband. Whole cell extracts (WCE) were first analyzed
for protein expression (Fig. 2A, WCE lane). Consistent with
its N-glycosylation maturation process, we observed three
forms of TrkA i.e. the 75 kDa immature form 3, the 100 kDa
intermediate form 2 and the 140 kDa mature form 1 (31).
Interaction between Kidins220 and mature TrkA is known to
result in effective transmembrane signaling (18,31). Therefore,
using a PM purification protocol (32), we achieved more than
2-fold enrichment of the mature form of TrkA (Fig. 2A). FLAG-
TRAP immunoprecipitations were performed on PM fractions
and we looked for the co-immunoprecipitated mature TrkA
(Fig. 2B). We observed a decrease of 38% in the amount of mature
TrkA bound to the mutated KIDINS220 (�QVL) as compared
to the WT protein (Fig. 2C). In the absence of enrichment,
the same trend was observed but failed to reach significance
(Supplementary Material, Fig. S1).

Knock-out Kidins220−/− mice have been reported with slightly
increased neuronal cell death throughout the brain, mainly in
the germinative zone (28) without any increase in the prolifera-
tion rates. We, thus, complemented the autopsy of fetus III.4 with
Caspase-3 (Fig. 1B) and Ki67 (Supplementary Material, Fig. S2)
immunohistological stainings on 4 mm brain slices. Hematoxylin-
eosine saffron (HES) staining was used to assess the integrity of
cerebral structures. An unrelated 16 week fetus with a normal
brain was used as control. Unfortunately, Caspase-3 and Ki67
immunostaining failed to show a significant difference between
patient and control, possibly linked to tissue autolysis after
fetal demise. HES staining showed the integrity of the cortical
plate in the affected fetus with no histological signs of a
destructive or degenerative process (Supplementary Material,
Fig. S2).

Discussion
We report on a consanguineous family, in which three fetuses
presented ventriculomegaly and limb contractures, fitting a
previously described phenotype (13). As this phenotype had only
been reported in a single-family with a KIDINS220 variant, our
study validates the causality of KIDINS220 beyond a reasonable
doubt. Whole exome sequencing (WES) performed on the three
fetuses and both parents, allowed for the identification of a
co-segregating homozygous in-frame deletion in exon 17 of
KIDINS220. Linkage analysis of this extremely rare variant,
unreported in GnomAD, with the phenotype in the three

repeat 4-396aa; KAP, KAP NTPase domain 440-953aa; TM, transmembrane domains 500-520aa, 525-545aa, 660-680aa, 686-706aa; PR, proline-rich stretch 1057-1151aa;

SAM, Sterile alpha motif domain 1211-1278aa; KIM kinase light chain (KLC)-interacting motif 1406-1445aa; PDZB PDZ binding c-terminus, 1768-1771aa. The known TrkA

binding region is shown. Residues highlighted in light gray indicate the conservation of amino acids with strongly similar chemical properties. Residue highlighted in

dark grey indicates amino acids with different chemical properties. The deletion mutation is boxed.
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Figure 2. The deletion mutation impairs the binding of KIDINS220 to TrkA. (A, B) HEK293 cells were transfected with 2 μg of TrkA and 2 μg of either FLAG-tagged

WT KIDINS220 or mutated KIDINS220 (�QVL). (A) (left) Cell lysate of transfected condition TrkA and WT KIDINS220 before (WCE) and after (PM) plasma membrane

protein purification. Transfected and endogenous protein expression were immunoblotted with the indicated antibodies. (right) Quantification of the different forms

of TrkA before (WCE) and after (PM) plasma membrane protein purification measured on three independent experiments (B) PM fractions immunoprecipitated by

FLAG-trap and blotted with indicated antibodies. Equal protein loading and expression were verified by western Blot using indicated antibodies (PM fraction input) (C)

Quantification of bound mature TrkA to KIDINS220�QVL compared to KIDINS220 WT (n = 6). Raw data were analyzed using a paired t-test (P = 0,0291). The proportion

of bound TrkA-1 was analyzed using a one-sample t-test (P = 0.0183) and represented with mean ± SEM. The ratio of Trka-1/FLAG-KIDINS220 (�QVL/WT) was measured

with ImageJ software. ∗P ≤ 0.05.

consanguineous fetuses from first-cousin parents, produces a
LOD score of 2.4, which per se is strongly indicative of linkage
to the locus (33). No significant variant was found in other
known ventriculomegaly or hydrocephalus gene, nor in other
genes of the exome. In particular, the only other variant found
homozygous and concordant in the three fetuses was in a gene
not involved in the phenotype and not expressed in the brain or
muscle.

KIDINS220/ARMS, encoded by KIDINS220, is a protein with
multiple protein interaction domains. The N-terminal region
mediates rearrangements of the actin cytoskeleton triggered by
NGF signaling (34). The C-terminal tail contains several residues
subjected to posttranslational modifications and regions mod-
ulating the binding to molecular interactors amongst which
adaptor proteins of the MAPKinase pathway (35), a KIM motif
involved in the localization of the protein at the neurite (36)
and finally, a PDZ motif which is responsible for KIDINS220
localization at the neuromuscular junction (NMJ) (20).

The in-frame deletion variant identified in the present family
affected a region of KIDINS220 known to interact with TrkA
(18). Through NGF activation, the TrkA receptor induces the
recruitment of different signaling and adaptor proteins to trig-
ger the PI3Kinase-AKT, PLCγ 1 and Ras-MAPKinase pathways.
Indeed, after its phosphorylation by TrkA, KIDINS220 mediates
TrkA signaling toward sustained MAPkinase activity, which is
closely associated with neuronal survival, neurite outgrowth and
differentiation (18,35). Consistent with these data, the knock-
down of KIDINS220 was shown to decrease ERK activation and
neuronal viability and to enhance excitotoxic cell death (37,38).
On the other hand, cells transfected with a TrkA specific siRNA
showed a significant down-regulation in the expression of pro-
teins such as pERK1/2, while there was an upregulation of acti-
vated caspase-3 and pJNK, which mediate cell death (39,40).
Moreover, Kidins220 knockout mice embryos showed, among
other features, impairment in the neuronal responses toward
neurotrophic stimuli and a high degree of neuronal cell death in
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the CNS leading to enlargement of the ventricles (41). The lesser
binding affinity to TrkA conveyed by the in-frame deletion muta-
tion of KIDINS220 could hence result in impaired survival signals.
Interestingly, a defect in stem cell neurogenesis in the ventricu-
lar zone, rather than the active accumulation of CSF, seems to
be involved in a subgroup of PCH (11). This is in line with the
autopsy findings showing a reduction in cerebral parenchyma
volume in addition to ventriculomegaly, and questionably, a
trend toward increased Caspase-3 on immunohistology of the
fetal brain autopsy in patient III.4, shown by the presence of
some apoptotic cells in the ventricular zone (Fig. 1B).

Given the multiscaffolding nature of KIDINS220, identifying
the mechanisms implicated in the observed phenotype remains
challenging. The mutation was located in a region of KIDINS220
known to interact with TrkA, and we provide robust data for the
implication of TrkA in mediating its effect in CH. The possible
role of other signaling pathways in the observed phenotype
could, however, not be ruled out. Moreover, it is theoretically pos-
sible that SYTL2 would participate in a digenic manner alongside
KIDINS220 in the observed phenotype (42–44).

In addition to ventriculomegaly, all fetuses presented limb
contractures. It is known that KIDINS220 and TrkB, another Trk
receptor, are diffusely distributed on the sarcolemma of skele-
tal muscles and progressively concentrate at the NMJ during
development (20). TrkB was shown to play an important role to
sustain NMJ function (45) and, like TrkA, displayed the ability
to phosphorylate KIDINS220 which plays a role in different sig-
naling pathways (17). Moreover, conditional knockout mice for
ERK 1/2 in muscular fibers demonstrated the impact of the MAP
kinase pathway in the development and integrity of the NMJ
(46). We can, therefore, speculate that a defective interaction of
KIDINS220 with TrkB, as we observed with TrkA, could hamper
TrkB signaling at the NMJs through the MAPKinase pathway. We
can however not exclude that the limb contractures may result
from brain malfunction associated with ventriculomegaly (47).

The homozygous in-frame deletion within the TrkA binding
domain of KIDINS220 produced the same phenotype as observed
with a total loss of the protein (13). This supports the importance
of KIDINS220 tight regulation for proper neuronal development
(48) and underscores the importance of TrkA signaling medi-
ated by KIDINS220. It also indicates that the present deletion
mutation is a loss of function mutation, which is consistent with
an autosomal recessive mode of inheritance and asymptomatic
heterozygous parents.

Ventriculomegaly is a frequent finding on routing prenatal
ultrasounds (3). In a time where molecular testing is offered
postnatally or even prenatally for a growing number of con-
ditions, we recommend that KIDINS220 should be added to
diagnostic gene panels analyzed for mutations in patients with
PCH/ventriculomegaly and/or limb contractures.

In summary, our observations validate KIDINS220 biallelic
loss of function mutations as a cause of the human autosomal
recessive phenotype of fetal ventriculomegaly and limb con-
tractures and show that decreased TrkA binding is involved in
mediating the phenotype.

Materials and Methods
Patients

A couple of Pakistani origin, who are first degree cousins, pre-
sented a history of three fetuses affected with ventriculomegaly
and limb contractures. Both parents had unremarkable medical
histories, normal head sizes and normal intellects. Pregnancies

of the three affected fetuses followed a normal early course, with
no report of alcohol, or drug abuse, nor infection. The couple also
presented, previously to the three affected fetuses, a first non-
progressing pregnancy (III.1). In the second fetus (III.2), ultra-
sound anomalies reported at 22 weeks of pregnancy included
major triventricular hydrocephalus with septal disruption and
clubfeet. The couple chose to terminate the pregnancy. Fluo-
rescence in situ hybridization (FISH) of chromosomes X (cen-
tromere Xp11.1-q11.1 (DXZ1)/chromosome Y, 21 (locus 21q22.13),
13 (locus 13q14.2) and 18 (centromere 18p11.1-q11.1 (D18Z1) was
normal. CGH array analysis in the first fetus was normal and
the family was referred to the human genetics research unit
for further testing. In fetus III.3, echographic anomalies were
observed at 14 weeks of pregnancy with major hydrocephalus
and clubfeet. The septum was in place. The couple opted for
elective termination of the pregnancy. In fetus III.4, ultrasound
anomalies were reported at 15 weeks of pregnancy with major
ventriculomegaly, clubfeet and clubhands. After informed con-
sent, DNA was extracted from cultured amniotic fluid cells
(III.2) or from umbilical cord cells (III.3 and III.4) and WES was
performed. The couple later bore two healthy children (III.5
and III.6). The pregnancy of III.5 was unremarkable, with a nor-
mal fetal MRI performed at 31 weeks after ultrasound scan-
ning had revealed a small ventricular asymmetry. Fetal imaging
revealed an isolated ventricular asymmetry within normal lim-
its. III.6’s pregnancy, in which prenatal DNA analysis was per-
formed, revealed heterozygosity of the fetus for the KIDINS220
mutation.

Fetal autopsy and immunostaining of fetal brain

A complete medical autopsy examination of fetus III.4 was per-
formed. The neuropathological examination included histolog-
ical stainings: HES (hematoxillin-eosin Safran following Mayer
protocol) and Cresyl-Violet as well as immunohistological stain-
ings: Ki67 30.0790–42 867 (Roche, Bale, Switzerland) performed
within the pathology department using the Roche Benchmark II
and an anti-Caspase-3 EPR18297 (Abcam, Cambridge, UK) stain-
ing performed at the Institut of Pathology and Genetics in Gos-
selies, Belgium using Dako Omnis (Agilent Technologies, Cali-
fornia, USA). Images were obtained using the Nikon eclipse Ci
coupled with Sony camera DFK72AUC02, and analyzed with NIS
Element-D program.

Whole exome sequencing

For WES, genomic DNA from the patients were sheared, exonic
sequences were captured using the SeqCap EZ Human Exome
v3.0 (64 Mb) kit (Roche®) and read on 100 base pairs on
each side (‘paired-end’) by the HiSeq 1500 Illumina sequencer
at the BRIGHTcore Brussels Interuniversity Genomics High
Throughput core (49), with a minimal average depth coverage
of 75X. Raw sequences were aligned to the reference genome
GRCh37 using BWA algorithm version 0.7.15 (50), duplicated
reads were then marked using Picard version 1.97 (51), alignment
quality was improved using the GATK (52) realigner and base
recalibrator version 2.7 and finally, variants were called using
GATK Haplotype Caller version 2.7. The resulting variant set
was annotated and filtered using the Highlander software
(53). Variants were filtered for quality criteria (pass GATK
standard filter, read depth >5, variant confidence by depth ≥10),
allelic frequency < 0.5% (based on the maximum minor allele
frequency found in ExAC (54), 1000G (55), ESP6500 (56), gonl (57),
ARIC5606 (58) and our in-house database), non-synonymous or
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splice junction effect in protein coding genes (using biotype
from Ensembl (59) and snpeff_effect from SnpEff (60)), and
genotype (homozygous or heterozygous variants in a subset
of syndromic or non-syndromic hydrocephalus genes extracted
from the literature (Supplementary Material, Table S1), arthro-
gryposis gene list (Supplementary Material, Table S2) and shared
homozygous or biallelic variants from all other genes of the
exome). Variants were then sorted by decreasing Consensus
Prediction Score, corresponding to a combination of predictors
defined by Highlander software. One point was given for each
of the six prediction softwares (Mutation Taster, Sift, Polyphen2,
LTR, Mutation Assessor, FATHMM) when the variant is predicted
to be pathogenic. Additional points can be given based on the
type of mutation (snpeff_effect). The coverage of the gene panels
in the exome was very satisfying.

In the isolated or syndromic human hydrocephalus gene
panel, 63 genes had a coverage above 20x higher than 80% of
the gene exons. Six genes (CRB2, FGFR3, FKRP, KIF7, MAF, PIK3R2,
SKI) had a coverage above 20x higher than 70%, and two genes
(TBX1, ZIC2) higher than 60%.

In the arthrogryposis gene panel, 233 genes had a coverage
above 20x higher than 80% of the gene exons. Twenty-two genes
(ADATSL2, ALG2, CD6, EBP, EMD, FAM20C, FGD1, FGFR3, FKRP,
GCK, HOXA13, KIF7, NEFH, NOG, PITX1, PLEKHG5, SHOX, SKI,
SOX9, TREX1, WNT5A, ZBTB42) had a coverage above 20x higher
than 70%, and two genes (MNX1, TWIST2) higher than 60%. One
gene, CHST3, had a coverage above 20x only higher than 50% but
a coverage above 10x higher than 70% of the gene exons. Three
genes (ARX, COL11A2, NEU1) had a coverage above 20x lower
than 40%, but still had a coverage above 1x higher than 85%.

Cell cultures and transfections

p.CMV5-TrkA was a kind gift from Juan Carlos Arévalo (New York
University School of Medicine). p.FLAG-ARMS was purchased
from Addgene (#24086) hereafter referred to as FLAG-Kidins220
(WT). The plasmid containing the mutation was generated by
Eurofins Genomics (Ebersberg, Germany) and hereafter referred
to as FLAG-Kidins220�QVL.

HEK293 cells were cultured in Dulbecco’s modified Eagle’s
medium (Life Technologies Limited) supplemented with 10%
fetal bovine serum (Life Technologies Limited), 50 units/ml peni-
cillin (Life Technologies Limited), 50 μg/ml streptomycin (Life
Technologies Limited), 2.5 μg/ml fungizone (Life Technologies
Limited) and 1 mM Na pyruvate (Life Technologies Limited). For
transfection, HEK293 cells were seeded in 10 cm plates (2.2 × 106

cells) and transfected with 2 μg of p.CMV5-TrkA, together with
either 2 μg of FLAG-Kidins220, or FLAG-Kidins220�QVL using
XtremeGENE9 reagent (Roche Diagnostics, Basel, Switzerland)
as recommended by the manufacturer.

Western blotting, co-immunoprecipitation
and antibodies

The following antibodies were used for western blot: mouse
TrkA monoclonal sc7268 (Santa Cruz, Dallas, TX) and rabbit FLAG
monoclonal PA1-984B (Thermo Fischer Scientific, Waltham, MA).
HRP-linked anti-mouse #7076 and HRP-linked anti-rabbit #7074
(Cell Signaling Technology, Leiden, The Netherlands) were used
as secondary antibodies for ECL detection with western lightning
Plus-ECL solutions (PerkinElmer, Waltham, MA). The membranes
were detected using Fusion Solo S imaging system (Vilber Lour-
mat, Marne-La-Vallee, France).

For western blot analysis, the culture medium was removed,
and the cells were washed in cold phosphate-buffered saline and
placed in either lysis buffer (25 mM Tris-HCL pH 7.5, 150 mM
NaCl, 1 mM EDTA pH 7.5, 0.5% NP40, 0.2 mM orthovanadate,
50 mM NaF, and cocktail inhibitors from ROCHE) or purification
buffer (25 mM Tris–HCL pH 8, 0.5 mM orthovanadate, 5 mM NaF,
0.25 mM DTT and cocktail inhibitors from ROCHE). The purifica-
tion steps for the preparation of PM fraction were followed, as
previously described (32). Proteins were denaturated by boiling
for 3 min in Laemmli Buffer 1X (65 mM Tris–HCL pH 6.8, 2%
SDS, 5% glycerol, 0.01% bromophenol bleu, 0.1% DTT). Proteins
were separated using SDS-PAGE, followed by western blotting
and revealed by ECL detection with the western lightning Plus
system (PerkinElmer, Waltham, MA).

For co-immunoprecipitation experiments, cells were lysed
as described above, equal amounts of protein were engaged
with ANTI-FLAG M2 Affinity Gel (Sigma-Aldrich, Saint-Louis,
MO) for 3 h at 4◦C. The complexes were washed three times in
buffer solution (25 mM Tris–HCL pH 8, 150 mM NaCl, NP40 0.5%),
denaturated and boiled for 5 min in Laemmli Buffer 2X. Proteins
were separated using SDS-PAGE, followed by western blotting
and revealed by ECL detection with the western lightning Plus
system (PerkinElmer, Waltham, MA).

Quantification and statistic analysis

Quantifications of western blot signals were done using ImageJ
software. Background signal was subtracted from measured sig-
nals of TrkA, KIDINS220 and KIDINS220 �QVL. The Intensity of
the bound TrkA signal was normalized by the signal intensity
of either the immunoprecipitated KIDINS220 or KIDINS220 �QVL.
Both ratios were then compared. GraphPad Prism software was
used for statistical analysis using the corresponding t-test (no
significance (ns) P > 0.05; ∗P ≤ 0.05; ∗∗P ≤ 0.01; ∗∗∗P ≤ 0.001).
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