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CHAPTER 1

General Introduction
The General Introduction is a combination of the two previously published 
manuscripts: 

Zuko, A., Bouyain, S., van der Zwaag, B., Burbach, J.P.H., 2011. Contactins: structural aspects in 

relation to developmental functions in brain disease. Adv Protein Chem Struct Biol 84, 143–180. 

doi:10.1016/B978-0-12-386483-3.00001-X

Zuko, A., Kleijer, K.T.E., Oguro-Ando, A., Kas, M.J.H., van Daalen, E., van der Zwaag, B., Burbach, 

J.P.H., 2013. Contactins in the neurobiology of autism. Eur. J. Pharmacol. 719, 63–74. doi:10.1016/j.

ejphar.2013.07.016
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I. Abstract

The contactins (Cntns) are members of a 
protein subfamily of neural immunoglobulin 
(Ig) domain-containing cell adhesion 
molecules. Their architecture is based on 
six N-terminal Ig domains, four fibronectin 
type III domains, and a C-terminal 
glycophosphatidylinositol (GPI)-anchor to 
the extracellular part of the cell membrane. 
Genetics of neuropsychiatric disorders 
particularly autism spectrum disorders, 
have pinpointed contactin-4, contactin-5, 
and contactin-6 (CNTN4, CNTN5, and 
CNTN6) as potential disease genes in 
neurodevelopmental disorders, and 
suggested that they participate in pathways 
important for appropriate brain development. 
These Cntns have distinct but overlapping 
patterns of brain expression, and null-
mutation causes subtle morphological and 
functional defects in the brain. The molecular 
basis of their neurodevelopmental functions 
is likely conferred by heterophilic protein 
interactions. Cntn4, Cntn5, and Cntn6 
interact with protein tyrosine phosphatase 
receptor gamma (Ptprg) using a shared 
binding site that spans their second and 
third Ig repeats. Interactions with amyloid 
precursor protein (APP), Notch, and other 
IgCAMs have also been indicated. The 
present data indicate that Cntn4, Cntn5, and 
Cntn6 proteins may be part of heteromeric 
receptor complexes as well as serve as 
ligands themselves.

II. Introduction

The nervous system functions by virtue 
of neural networks that interconnect large 
varieties of nerve cells in a highly organized 
and controlled manner. These networks 
are assembled during development and 

are under constant adaptation during the 
whole lifespan. Cell adhesion molecules 
(CAMs) allow nerve cells, neurons, as well 
as glial cells to interact. Their key role is 
evident in neurodevelopmental processes 
such as migration, axon guidance, axon 
fasciculation, and synaptogenesis and in 
plastic processes of the mature brain such 
as synaptic rearrangements, dendritic 
dynamics, and regeneration. The repertoire of 
neural cell adhesion molecules is dominated 
by several large protein families, one of 
which is the immunoglobulin (Ig) superfamily 
of cell adhesion molecules, IgCAMs. These 
proteins are type I transmembrane proteins, 
share an architecture built on Ig domains, 
and are subdivided by the presence of 
additional conserved protein domains. The 
best known members of neural IgCAMs are 
the NCAM and L1-CAM families. 
 A particular family of neural IgCAMs 
is constituted by a six-member group of 
IgCAMs that are linked to the cell surface by 
a glycophosphatidylinositol (GPI)-anchor, 
the contactins (Cntns; Fig. 1) (Shimoda and 
Watanabe, 2009). Prototypic for the Cntns 
are contactin-1 (Cntn1, aka F3/contactin) 
and contactin-2 (Cntn2, aka TAG-1). These 
two proteins as well as their biological 
functions in neuron-glia interactions and 
formation of the nodes of Ranvier have 
been scrutinized in pivotal studies for over 
two decades (Labasque and Faivre-Sarrailh, 
2010; Peles and Salzer, 2000). These 
studies revealed principles of structure and 
function that directed research into the other 
members of this family. However, contactin-3 
(Cntn3 aka BIG-1), contactin-4 (Cntn4, aka 
BIG-2), contactin-5 (Cntn5, aka NB-2), 
and contactin-6 (Cntn6, aka NB-3) have 
remained underexposed despite multiple 
in-depth studies by the groups of Watanabe 
and Yoshihara. Recently, the genetics 
of neuropsychiatric neurodevelopmental 
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disorders have identified several of these 
members and raised the question how they 
participate in the pathogenesis of disorders 
such as autism. To understand their role 
in developmental disorders of the brain, it 
will be essential to determine the biological 
and molecular pathways in which Cntns 
participate. In this chapter, we provide 
an overview of biological and structural 
properties that are required to answer these 
questions.

III. The Genetics and 
Neurobiology of ASD in 
Short

Before 2006, genetic factors involved in 
autism spectrum disorders (ASDs) were 
elusive. A few genes, like neuroligins, had 
been pinpointed, but research on syndromes 
with ASD as comorbidity, particularly fragile 
X syndrome (FXS), tuberous sclerosis 
(TSC) and rett syndrome (RS), had already 
indicated that the pathogenesis of ASD 
should be found at the level of the synapse 
and its plasticity (Garber, 2007; Spooren 
et al., 2012; Zoghbi, 2003). Several 
genetic syndromes coincide with autistic 
manifestations. Most frequent syndrome 
forms of ASD are FXS, RS, TSC, angelman 
syndrome (AS), neurofibromatosis type 
1 (NF1), and PTEN hamartoma tumor 
syndrome (PHTS). The involved genes 
are known: FMR1, MECP2, TSC1, TSC2, 
UBE3A, NF1, and PTEN, respectively. These 
genes have been considered prototypical 
for research into the molecular and cellular 
mechanisms of ASDs (Abrahams and 
Geschwind, 2008; Spooren et al., 2012).
 Next, the revolutionary advances in 
genome technologies have exponentially 
accellerated the molecular genetics on 
sporadic cases of ASDs. We now have 

insights into the contribution of rare and 
common gene variants, but it has proven 
difficult to substantiate genes with relatively 
small effect sizes (Buxbaum et al., 2012; 
Devlin and Scherer, 2012; Ehninger and 
Silva, 2011). However, the focus on de 
novo mutations and rare inherited variants, 
particularly in the form of copy number 
variations (CNVs), has proven very productive 
in assigning culprit genes for ASD. Above 
all, it has delivered specific genes and 
clusters of genes on chromosomal intervals 
that confer risk to ASD. The current number 
of candidate genes is staggering, with 
estimates ranging from several hundreds to 
a thousand, supported by ample literature 
(Cooper et al., 2011; Osterweil et al., 2013; 
Pinto et al., 2010; Sanders et al., 2011). 
The current advances in whole-exome 
sequencing further enlarges our view on 
potential disease genes.
 About 15-25% of ASD cases can be 
explained by syndromic forms, and the 
remainder of cases is sporadic. The list of 
candidate genes for the sporadic forms is 
still growing particularly due to the current 
large scale sequencing of whole exomes 
and genomes of extended cohorts. This 
will soon lead to more ASD risk genes and 
to estimates of the relative frequencies of 
specific gene defects in sporadic ASDs 
(Ehninger and Silva, 2011; Ehninger et al., 
2008; O’Roak and State, 2008; Stein et al., 
2013; Yu et al., 2013). The more genomic 
information is gathered about the genotypes 
in ASDs, the more we may appreciate the 
heterogeneity of phenotypes, and recognize 
that cases that now are designated as 
sporadic and non-syndromic, in fact can 
be classified as syndromic entities. An 
example is a recent exome sequencing 
study that explains 1% of sporadic ASDs by 
disrupting mutations in six genes including 
PTEN (O’Roak and State, 2008).
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These syndromic forms of ASD have 
a well-established genetic cause and 
the affected gene products have been 
pivotal in delineating neurobiological 
mechanisms involved (Zoghbi and Bear, 
2012). Particularly, FXS and the reduced 
expression of the FMRP protein due to 
repeat expansion in the FMR1 gene has led 
the way to what now may be identified as the 
core of ASD symptoms: excessive protein 
synthesis at axodendritic connections. 

Dendrites have local protein machinery 
that responds to afferent synaptic activity 
involving the mGluR5 receptor. The 
machinery contains well-known translation 
initiation factors, like eIF4E, eIF4G, 4E-BP, 
and its regulators S6 and S6K (Auerbach et 
al., 2011; Bear et al., 2008; 2004; Kelleher 
and Bear, 2008). FMRP in a complex with 
the ASD-associated gene product CYFIP1, 
is a critical inhibitor of the mRNA translation 
- protein synthesis machine (Napoli et al., 

Fig. 1. Primary structure of Cntn 
family members. (A) Phylogenetic 
analysis of human CNTN proteins. 
Amino acid sequences were aligned 
using CLUSTALW as implemented 
in MEGA5, and the tree was 
generated using MEGA5 (Tamura et 
al., 2007). (B) Cartoon representing 
the domain architecture of CNTN 
family members along with amino 
acid identity between individual 
domains of human CNTN2 to -6 
with CNTN1. (C) Same as (B) but 
showing the amino acid identity 
of individual domains of CNTN3, 
CNTN5, and CNTN6 with CNTN4.

A)

B)

C)
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2008). All we have learned about these 
mechanisms, the pathogenesis and even 
potential treatments of ASD resides in 
mouse knockout models of the Fmr1 gene 
(Bassell and Warren, 2008; Hoogeveen et 
al., 2002; Kooy, 2003). The Fmr1 knockout 
mouse displays excessive protein synthesis 
and exaggerated mGluR-dependent long-
term depression (LTD), has dendritic spine 
phenotypes, is sensitive to generation 
of epileptoform activity, has a number of 
behavioral abnormalities relevant for ASD 
and is prone to audiogenic seizures.
 The notion that the process of local 
dendritic protein synthesis (LDPS) is at 
the core of autistic-like phenotypes and 
symptoms, prompts to connect with other 
know ASD genes. Firstly, ASD genes are 
coding for components of the protein 
synthesis machinery itself. FMR1, CYFIP1, 
and EIF4E have been identified in genetic 
studies on ASD. Further connections are 
actually found in two directions. First, LDPS 
is linked to synapse functions. Second, 
LDPS is a downstream target of cellular 
signal transduction (Fig. 2). 
 The synaptic connection of LDPS is 
important, since many ASD genes seem to 
connect via this link. LDPS is responsive 
to the activity of glutamatergic synapses 
that mediate axodendritic contacts, 
particularly through the mGluR5 receptor. 
Pre- and post-synaptic proteins have been 
recognized amongst ASD genes. These 
can be distinguished as cell adhesion 
molecules that mediate synaptic contacts 
and stability, e.g. neurexins, neuroligins, 
contactin-associated protein-2 (CNTNAP2), 
IgCAMS (including the CNTNs) and (proto)
cadherins, as scaffolding proteins that hold 
pre- or postsynaptic complexes, e.g. PSD-
95, Shank2 and Shank3, receptors, like 
VIPR and GRIN2A, and proteins involved 
in actin dynamics, e.g. DIAPH3, DISC1 

and DCX, that are required for adequate 
morphological plasticity of the synapse 
(Kleijer et al., 2014).
 Cellular signal transduction pathways 
affect LDPS activity, and impairments in 
these pathways have emerged as causes 
of ASD (Ebert and Greenberg, 2013). 
Particularly the mTORC1 complex is an 
essential hub in signaling from receptor 
activation at the plasma membrane to LDPS 
(Fig. 2). Mutations in proteins that function 
in this route have been recognized. PTEN 
mutations are relatively frequent and are 
associated with macrocephaly and ASD. 
TSC1 and TSC2 genes are associated 
with tuberous sclerosis, which has a high 
comorbidity rate with ASD.
 FMRP also links in a reverse way to the 
synapse and to signal transduction. FMRP is 
an RNA-binding protein. It binds mRNAs for 
many proteins engaged in synaptic function 
and signal transduction that are the product 
of LDPS (Ascano et al., 2012; Shimoda and 
Watanabe, 2009).
Insights in these molecular relationships 
is critical for the identification of drug 
targets and the development of potential 
strategies (Peles and Salzer, 2000; Spooren 
et al., 2012). Lead compounds in the 
pharmaceutical companies seem to follow 
three directions. First, the involvement of 
mGluR5 is explored with the use of mGluR5 
antagonists. In the Fmr1 knockout mice 
normalization of phenotypes has been 
obtained and preliminary trials have been 
performed with promising results (Garber, 
2007; Spooren et al., 2012; Zoghbi, 2003). 
Secondly, direct inhibition of the mTOR 
pathway has been successful in reversing 
autistic phenotypes in Fmr1, Tsc1 and Tsc2 
mouse models (Abrahams and Geschwind, 
2008; Ehninger and Silva, 2011). Rapamycin 
is an mTOR inhibitor that is clinically 
available. Very recently, a third therapeutic 
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approach was discovered that directly 
interferes with LDPS. Inhibition of LDPS was 
achieved, together with normalization of 
Fmr1 phenotypes at the molecular, cellular 
and behavioral level, by the statin Lavostatin 
(Buxbaum et al., 2012; Devlin and Scherer, 
2012; Osterweil et al., 2013). The mode 
of action likely involved inhibition of the 
mevalonate pathway resulting in reduced 
Ras signaling and reduced LDPS. These 
results and the finding that developmental 
disorders can be reversed (Cooper et al., 
2011; Ehninger and Silva, 2011; Ehninger 
et al., 2008; Pinto et al., 2010; Sanders et 

al., 2011) create a hope that ASDs may be 
treatable to a clinically relevant extent.

A. Genetic Implication of 
CNTN4, CNTN5, and CNTN6 in 
Neurodevelopment
The notion that CNTNs are implicated in 
developmental disorders, particularly ASDs, 
resides in findings in genetic studies on 
sporadic and syndromic cases of ASD. 
Accounts of mutations in CNTN1 and 
CNTN2 associating with ASD or other 
neurodevelopmental disorders lack to 
our knowledge. One case of a deletion in 

Fig. 2. Pathways of pathogenesis in ASD, ASD genes and drug targets. Local dendritic protein 
synthesis is the final common pathway that leads to dendritic abnormalities, and ultimately to neuronal 
and behavioral disabilities. This process can be affected through impairments in the regulation and 
components of the protein synthesizing machinery, in signal transduction routes, particularly the mTOR 
pathway and in axondendritic synaptic communication. Many of the identified ASD genes code for 
protein classes that directly relate to these processes. Furthermore, three types of drugs acting through 
these routes have been shown to ameliorate autistic-like behaviors in mouse models of ASD.
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CNTN3 has been reported (Morrow et al., 
2008). The current data point to CNTN4, 
CNTN5 and CNTN6 as potential disease 
genes in ASDs and other developmental 
psychiatric disorders.
 The 3p deletion syndrome, in which ASD 
is a common clinical feature, is caused 
by loss of the distal portion of the short 
arm of chromosome 3. The genes located 
on this tip concern a small gene cluster 
composed of CHL1, CNTN6 and CNTN4, 
in this order (Fernandez et al., 2008a). 
CHL1 codes for the IgCAM close homolog 
of L1. Furthermore, disruption of CNTN4 
results in neurodevelopmental delay and 
ASDs (Cottrell et al., 2011; Fernandez et 
al., 2008b; Glessner et al., 2009; Guo et 
al., 2012; Roohi et al., 2009). It has been 
reported that there are three cases having 
a CNV in the CNTN4 gene in the dataset 
of the Autism Genome Project (Pinto et al., 
2010). In the AGRE dataset (release 2008), 
comprising 3837 micro-array genome 
scans of 949 simplex and multiplex autism 
families, seven inherited CNVs where found 
in the CNTN4 gene or its promotor region 
(two duplications and five deletions), three 
of which resemble previously reported 
CNVs (Roohi et al., 2009). 
 One case with ASD having a CNV in 
the CNTN5 gene was identified in cohorts 
of ASD patients at the UMC Utrecht (van 
Daalen et al., 2011; van der Zwaag et al., 
2009). In the first study (van Daalen et al., 
2011), an evaluation was performed of 
the clinical significance of CNVs found 
in families with multiple affected children 
(multiplex) and families with a single 
affected child (simplex) with ASD. The 
aim was to assess the contribution of the 
CNVs that were identified in a cohort of 210 
patients with a best estimate diagnosis of 
ASD referred to the department of Child 
and Adolescent Psychiatry of the University 

Medical Center of Utrecht. The families of 
nine probands, containing a CNV with at 
least one gene transcribed in the brain, 
were evaluated with standard psychiatric 
and medical genetic procedures. The 
cosegregation of the CNV with the disease 
in these families was used as a model to 
indicate that most CNVs may by themselves 
not be sufficient to cause ASD, but still may 
contribute to the phenotype by additive 
or epistatic interactions with inherited 
(transmitted) mutations or non-genetic 
factors. Considering especially CNVs in 
CNTNs, in one family, a loss of CNTN5 
cosegregated with disease (van Daalen 
et al., 2011). Four cases having a CNV in 
CNTN5 were present in the AGP data (Pinto 
et al., 2010). In the AGRE cohort twelve 
families with inherited CNVs were found 
in CNTN5. They represented four different 
CNVs; three deletions and one duplication. 
One of these deletions was recurrently 
identified in nine different families, another 
one in four families. Additionally, CNVs in 
CNTN5 have also been found in patients 
with ADHD (Lionel et al., 2011).
 For CNTN6 one de novo CNV and one  
non-cosegregating inherited CNV were 
found in an Utrecht cohort (van Daalen et 
al., 2011). The AGP data contained 4 cases 
of CNTN6 deletion (Pinto et al., 2010), while 
the 2008 AGRE dataset contained nine cases 
with a CNV in CNTN6 (eight duplications 
and one deletion) in ten families. 
 There are indications that CNTNs are also 
involved in other neuropsychiatric disorders. 
Bipolar disorder with alcohol dependence 
and other comorbidities was associated 
with SNP rs2727943 (p  =  3.3×10.⁸) located 
in the region between the CNTN4 and 
CNTN6 gene (Kerner et al., 2011). Genetic 
mappings uncovered several shared brain-
expressed genes among substance use, 
stress response, obesity and hemodynamic 



15

1

traits, which included CNTN4. It was 
suggested that these genes form networks 
of interacting proteins, sharing synaptic 
function, possibly long-term potentiation 
(LTP) (Nikpay et al., 2012). CNVs disrupting 
the CNTN6/CNTN4 region on chromosome 
3 have been found in several anorexia 
nervosa cases. One deletion only spanned 
the CNTN6 gene (Wang et al., 2010). Another 
genomic region identified to be associated 
with anorexia nervosa is a 20.2-kb interval 
(the haplotype block 11q22-#5), spanning 
from the eighth to the ninth intron of the 
CNTN5 gene (Nakabayashi et al., 2009).
 CNTN4 has also been associated with 
cerebellar degeneration in spinocerebellar 
type 16 (Miura et al., 2006). These results 
strongly suggest that disruption of 
CNTN4 renders individuals prone to these 
neuropsychiatric disorders, involving an 
unknown common mechanism.
 The present genetic data make the 
strongest argument for CNTN4 as a 
disease gene in ASDs. Additionally, the 
involvement of CNTN5 and CNTN6 is more 
and more supported by current studies, 
with a remarkable number of inherited CNVs 
present in databases on ASD genetics and 
an emerging roll for sequence variation at the 
basepair level in isolated and familial cases 
of ASDs. It may be suggested that CNTN5 
and CNTN6 could be recessive genes, or at 
least not fully penetrant, or may predispose 
for more general neurodevelopmental 
weakness. Further studies, particular in 
gene knockout mice, are needed to define 
the potential of these genes to disrupt 
neurodevelopmental processes. Such 
studies will be reviewed below.

IV. Structural Architecture 
of Contactins

A. General Domain Structure, 
Comparison of Domains Between 
Members
The six members of the Cntn family share 
a common domain organization reminiscent 
of that of members of the L1 family of 
neural cell adhesion molecules (Maness and 
Schachner, 2007). Indeed, Cntns include 
six N-terminal Ig repeats followed by four 
fibronectin type III (FNIII) repeats (Fig. 1) 
(Gennarini et al., 1989). In contrast to L1, 
Cntns do not possess transmembrane and 
intracellular regions but are tethered to the 
cell membrane with a GPI anchor. Overall, 
Cntns share 40-60% identity at the amino 
acid level and cluster essentially in two 
groups, with CNTN1 and CNTN2 in one 
group and CNTN3 to -6 in the other group 
(Fig. 1A). Comparison of individual domains 
of CNTN3, CNTN5, and CNTN6 to CNTN4 
shows high amino acid sequence identity 
(~70% or more) for the second and third 
Ig domains where the binding site for a 
common binding partner is located (see 
below), whereas the fourth and fifth Ig 
domains are the most divergent repeats 
(Fig. 1C).
 Transcript variants of the CNTN4 and 
CNTN6 genes have been described 
that are generated by alternative 
splicing. They predict the existence 
of isoforms of these proteins (Fig. 3). 
In mouse, these Cntn4 isoforms are Cntn4-
1 and Cntn4-2. The latter is over 300 amino 
acids shorter and truncated at the C-terminus  
(Fig. 3A). This isoform lacks the three 
C-terminal FNIII domains as well as the lipid 
attachment site. Transcripts of this isoform 
are detectable in the embryonic mouse brain 
(A. Zuko and J.P.H. Burbach, unpublished) 
and have been detected in the human 
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brain (Zeng et al., 2002). This isoform may 
represent a secreted form of Cntn4 with 
fully functional Ig domains possibly acting 
as ligand. The Cntn5-2 isoform encodes a 
protein lacking the N-terminal Ig domain 
1 but having a potential signal peptide 
(Fig. 3B). The transcript is expressed in the 
embryonic mouse brain (A. Zuko and J.P.H. 
Burbach, unpublished), but its biological 
potential is uncertain in view of the role 
of the Ig domains 1-4 in protein-protein 
interactions (see below).

B. Properties of Individual 
Subdomains
Insights into the properties of individual 
subdomains of Cntns have mostly been 
focused on their four N-terminal Ig repeats. 
Structural analyses of these domains in 
human CNTN2 and mouse Cntn4 have shown 
that they adopt a U-shaped conformation 
often referred to as a “horse-shoe” (Fig. 4) 
(Bouyain and Watkins, 2010a; Mörtl et al., 
2007). In these crystal structures, domains 
Ig1-Ig2 on one hand and Ig3-Ig4 on the 

Fig. 3. Isoforms of Cntn4 
and Cntn5. (A) Mouse Cntn4 
variants 1 and 2 (Cntn4-1 and 
Cntn4-2) differ in the C-terminal 
portion due to alternative 
splicing of the Cntn4 gene. 
Variant Cntn4-2 is translated 
from an alternative transcript 
with an early stop codon. It 
lacks the three C-terminal 
FNIII domains and has no 
probable GPI-modification 
site as predicted by big-PI-
predictor (http://mendel.imp.
ac.at/gpi/). Cntn4-2 may be 
a secreted form. (B) Cntn5-2 
is translated from an initiation 
site on an alternative transcript. 
The predicted protein has a 
different N-terminal sequence 
that includes a signal peptide 
and lacks the first Ig domain.

A)

B)
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other hand are arranged in an antiparallel 
fashion. This conformation is made possible 
because of the presence of an eight amino 
acid linker region between Ig2 and Ig3, 
whereas the polypeptide regions between 
Ig1 and Ig2 and between Ig3 and Ig4 are 
fairly short. Extensive contacts (> 2,000 Å2) 
between domains Ig1 and Ig4 and between 
domains Ig2 and Ig3 stabilize this structure, 
and it is unlikely that a more linear, open 
conformation is observed in solution. In 
addition, analysis of residue conservation 
at the horse-shoe interface indicates that 

all Cntn family members are likely to include 
this structural motif (Bouyain and Watkins, 
2010a).
 The horse-shoe conformation of Ig 
domains 1-4 is an important feature of the 
Cntn family. Indeed, this motif mediates 
heterophilic interactions with several of the 
known Cntn-binding partners: the receptor 
protein tyrosine phosphatases (RPTPs), 
Ptprz and Ptprg for Cntn1 and Cntn3 to -6 
(see below), and the neural receptors L1 and 
NrCAM for Cntn2 (Buchstaller et al., 1996; 
Fitzli et al., 2000). In addition, the horse-

Fig. 4. Crystal structure of the horse-shoe-like motif in the N-terminal domain of mouse Cntn4. 
A cartoon representing the domain organization of Cntn4 is shown on the left, along with a ribbon 
diagram in the middle and a surface representation on the right. The letters N and C indicate the N- and 
C-termini, respectively. Disulfide bonds are shown as orange ball-and-stick models. Asparagine-linked 
N-acetylglucosamine residues are depicted as gray ball-and-stick models along with the asparagine side 
chain. Ig domains 1, 2, 3, and 4 are colored cyan, green, gold, and red, respectively. The horse-shoe-
like structure of Ig domains 1-4 of mouse Cntn4 is closely related to the one adopted by the first four 
Ig domains of chicken and human Cntn2 and superimpose with rmsd values of 1.6-2.3 Å (Bouyain and 
Watkins, 2010a; Freigang et al., 2000; Mörtl et al., 2007). Structural images were generated using PyMOL 
(www.pymol.org).
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shoe regions of Cntn2 molecules expressed 
on opposing cells associate to mediate 
homophilic cell adhesion (Felsenfeld et al., 
1994). However, the structural basis for 
these interactions remains unclear, as two 
different homodimerization interfaces have 
been identified in the chicken and human 
proteins, respectively (Freigang et al., 2000; 
He et al., 2009; Mörtl et al., 2007). The 
presence of the horse-shoe motif further 
underlines the resemblance between the 
Cntn and L1 families of neural cell adhesion 
molecules. Among the four proteins in the L1 
family (L1, Chl1, NrCAM, and neurofascin), 
structural analyses have shown that 
neurofascin and presumably also L1 adopt 
the antiparallel arrangement observed for 
CNTN2 and CNTN4, and analysis of residue 
conservation indicates that Chl1 and NrCAM 
most likely fold in a similar fashion (He et al., 
2009; Liu et al., 2011). Interestingly, L1 family 
members mediate homophilic cell adhesion 
using binding interfaces found in the horse-
shoe motifs (Liu et al., 2011) but have also 
been shown to bind to several Cntn family 
members (Buchstaller et al., 1996; Felsenfeld 
et al., 1994; Ye et al., 2008).
 In contrast to the Ig domains, little is known 
about the contribution of the FNIII repeats 
to the biological functions of Cntns. The 
picture that emerges from work conducted 
on the chicken Cntn2 homolog axonin is 
that the FNIII repeats may contribute to the 
organization or clustering of Cntns on the 
cell surface. Indeed, Kunz et al., have shown 
that monoclonal antibodies directed to the 
fourth FNIII repeat of axonin impaired its 
homophilic binding properties (Kunz et al., 
2002). The authors concluded that axonin 
may form cis-oligomers at the cell surface, 
and that these oligomers would promote the 
formation of homophilic contacts between 
axonin-expressing cells. Interestingly, these 
findings would mirror some of the recent 

results obtained about classical cadherins 
(Wu et al., 2010). It is unclear whether the 
formation of cis-oligomers would also take 
place for the other members of the family, 
especially when considering the fact that 
the sequence identity between the fourth 
FNIII repeat of Cntn2 and the other Cntns 
is 45% for Cntn1 but falls to 31-36% for 
Cntn3 to -6. Nevertheless, it is important to 
note that Cntns may still cluster on the cell 
surface by mechanisms that do not involve 
the FNIII repeats. Indeed, GPI-anchored 
receptors are often found clustered in lipid 
rafts, which would suggest that Cntns could 
be over-represented in these microdomains 
at the cell surface (Harris and Siu, 2002).

V. Expression of Contactins 
During Brain Development

The spatial and temporal properties of brain 
expression of Cntns may provide clues to 
potential functions and pathogenesis. The 
expression patterns of CNTN4, CNTN5, 
and CNTN6 in the adult human brain 
have been examined by Northern blot 
analysis but are limited in scope (Kamei 
et al., 2000). It was found that CNTN4 
mRNA is most prominently present in the 
cerebellum, occipital lobe, frontal lobe 
followed by thalamus, cerebral cortex, and 
the substantia nigra. CNTN5 mRNA was 
mostly expressed in the occipital lobe and 
amygdala, followed by the cerebral cortex, 
frontal lobe, thalamus, and the temporal 
lobe. Finally, CNTN6 mRNA follows the 
expression pattern of the CNTN4 gene at a 
lower expression level (Kamei et al., 2000). 
In view of the cognitive defects present in 
neuropsychiatric disorders the expression 
in cortical and other limbic areas may be 
of importance. Human brain expression is 
of high relevance to disease, particularly 
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as differences in cortical architecture and 
gene expression exist between humans and 
rodents (Abrahams et al., 2007; Hansen et 
al., 2010; Ip et al., 2010). Such differences 
exist in gene expression of cell adhesion 
molecules and CNTNAP2 (Abrahams et al., 
2007; Ip et al., 2010). Comparison of mouse 
expression data in the cortical-hippocampal 
complex present in the Allen brain atlas (Lein 
et al., 2007) shows similar patterns for Cntn3 
to -6 in cortical layers and hippocampal cell 

groups with slight differences in staining 
intensities (Fig. 5A). A more detailed 
examination of spatiotemporal expression 
of these Cntns has been obtained in mice 
and rat and is described below.

A. Cntn4 Expression in the 
Mouse Brain
Cntn4 protein expression is detectable 
during embryonic development of the mouse 
brain and into adulthood in the axons of a 

Fig. 5. Expression of Cntn3, Cntn4, Cntn5, and Cntn6 in the cortical-hippocampal complex of 
the adult mouse brain. (A) Cntn3 to -6 mRNA expression data by in situ hybridization on adult brain 
sections. (B) In situ hybridization data of Cntn6 on E18.5, P4 and P14. These data show Cntn6 mRNA 
expression in the thalamus and cortex adjacent to the hippocampus at E18.5 (upper panels). This 
expression is progressing over time to distinct structures in the cortex and thalamus at P14, supported 
by the expression masks (bottom panels). These images were taken from the Allen brain atlas (Lein et 
al., 2007)

A)

B)
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subpopulation of mouse olfactory sensory 
neurons (OSNs) in the olfactory epithelium 
(Kaneko-Goto et al., 2008; Saito et al., 
1998). From embryonic stage E14 onward, 
Cntn4 mRNA was found in olfactory cells 
which peaked between postnatal day P0 
and P7 (Saito et al., 1998). In addition, 
Cntn4-positive cells also peaked in the 
olfactory epithelium and in the vomeronasal 
organ at P0 and at P7 declining thereafter as 
the epithelium and the vomeronasal organ 
mature. Cntn4 was found to be critical for 
projection of the respective axons of OSNs 
to the few topographically fixed glomeruli 
on the surface of the olfactory bulb (OB) 
(Kaneko-Goto et al., 2008). Therefore, Cntn4 
arranges formation and maintenance of a 
functional odor map, suggesting a function 
in axonal guidance. 
 Several axon guidance molecules are 
involved in the process of olfactory axon 
pathfinding from the olfactory epithelium 
to the OB. The manner of axonal guidance 
for each individual OSN depends on the 
single olfactory receptor gene choice and 
the distinct molecule guiding the axon in 
the particular area. The glomeruli in the OB 
showed distinct mosaic protein expression of 
Cntn4, Obcam, and neuropilin-1, which did 
not appear to overlap (Kaneko-Goto et al., 
2008; Liu et al., 2011; Mimmack et al., 1997; 
Saito et al., 1998). Cntn4 was expressed in 
a subset of glomeruli at all anteroposterior 
levels of the OB. In addition, individual 
glomeruli expressed different levels of kirrel2 
and ephrin-A5 which partially overlapped 
with Cntn4 in glomeruli. However, when 
quantified, only ephrin-A5 seemed to show a 
correlation with that of Cntn4 (Kaneko-Goto 
et al., 2008). It was found that Cntn4 protein 
expression correlates with several olfactory 
receptor gene choices by individual OSNs. 
MOR28 is expressed in two large glomeruli 
in the ventroposterior region of the OB on 

the medial and the lateral side. Double 
antibody labeling for Cntn4 and MOR28 
resulted in specific overlap in the glomeruli, 
and further quantification and investigation 
in MOR28-transgenic mice showed that the 
MOR28 positive OSNs consistently express 
Cntn4 protein at a high level. For the other 
three olfactory receptors, it was found that 
Cntn4 was moderate in glomeruli expressing 
mOR-EG and low in glomeruli positive for 
mOR256-17 and OR-17 (Kaneko-Goto et al., 
2008). 
 In addition to the olfactory tract, Cntn4 
mRNA was also expressed in the CA1 
region of the hippocampus, most nuclei 
of the thalamus, layers II-V of the cerebral 
neocortex, layer II of the piriform cortex, 
most layers of the limbic cortices, several 
nuclei of the hypothalamus, substantia 
nigra, inferior colliculus (IC), dorsal motor 
nucleus of the vagus nerve, and hypoglossal 
nucleus (Table I) (Yoshihara et al., 1995). 
Very strong Cntn4 mRNA expression was 
observed in the granular layer of the anterior 
folia of the cerebellum but only a weak signal 
in the posterior folia. In addition, a subset of 
Purkinje cells in lobules 9 and 10 strongly 
expressed Cntn4 transcript (Yoshihara et 
al., 1995). There was partial overlap with 
the expression of the Cntn5 and Cntn6 
genes in rat and mouse (Tables I; Fig. 5). 
Cntn4 was also observed in retinal ganglion 
cells (RGCs) that target the accessory optic 
system (AOS) nuclei in mice (Osterhout et 
al., 2015), including the nucleus of the optic 
tract (NOT), the medial terminal nucleus, 
dorsal (MTNd), and ventral (MTNv) divisions. 
Cntn4 expression can also be found in 
sublaminae of the inner plexiform layer of 
the retina in chick embryos (Yamagata and 
Sanes, 2012).
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B. Cntn5 Expression in the 
Rodent Brain
Cntn5 is expressed transiently during 
the first postnatal week in glutamatergic 
neurons of the central auditory system of 
the rat brain. Cntn5 expression reaches 
maximum levels at postnatal day 14 in 
the cerebrum and at postnatal day 3 in 
the cerebellum and declines thereafter 
(Ogawa et al., 2001). Simultaneously, 
during this increase of Cntn5 expression, 
synapse formation and myelination in the 
central nervous system are upregulated. 
In situ hybridization demonstrated that 
Cntn5 mRNA was highly expressed in 
regions implicated in the central auditory 
pathways, such as the cochlear nuclei, 
superior olivary complex (SOC), ICs, 
medial geniculate nuclei, and auditory 
cortex (Ogawa et al., 2001). In addition, 
Cntn5 immunoreactivity is present in bushy 
neurons of the ventral cochlear nucleus 
(VCN) and in the ventral acoustic stria, 
the glutamatergic presynaptic terminals 
at the lateral superior olive (LSO), and the 
calyces of Held in the medial nucleus of the 
trapezoid body (MNTB) at the finalization 
of auditory brainstem development (Table 
I) (Toyoshima et al., 2009a). Between P1 
and P7 Cntn5 was transiently expressed 
in glutamatergic synapses of the VCN and 
SOC, during the period of completion of 
young calyces (Toyoshima et al., 2009a). 
In addition, Cntn5 protein expression was 
followed by expression of the vesicular 
glutamate transporter 1 (Vglut1) in the SOC 
and thereafter was no longer detectable 
(Toyoshima et al., 2009b), indicating a 
possible role for Cntn5 in the initial stage of 
calyx maturation. Cntn5 immunoreactivity 
was also high in the dorsal posteroventral 
and anteroventral VCN regions of the 
cochlear nuclei and gradually decreased 
toward the ventral posteroventral and 

anteroventral VCN (Toyoshima et al., 
2009a). These regions are known to be 
high-frequency tonotopic regions indicating 
that Cntn5 might be involved in the activity-
dependent refinement of auditory neural 
circuits for tonotopic organization. 
 Mice in which the Cntn5 gene has 
been substituted by LacZ, coding for 
β-galactosidase, have been used to 
determine Cntn5 gene expression in the 
brain by X-gal staining (Li et al., 2003). At P7, 
β-galactosidase was detected in the inferior 
olive pontine nuclei, thalamic nucleus, 
accessory OB, piriform cortex, amygdaloid 
nucleus, caudate putamen, locus coeruleus, 
and cingulum (Li et al., 2003). However, the 
expression in these regions decline as the 
mice reach adulthood.
 Expression of Cntn5 protein is particularly 
associated with nuclei of the auditory 
system. In the central auditory pathway, 
acoustic stimuli are generated in the inner 
ear and are transferred from the spiral 
ganglion to the cochlear nucleus in the brain 
stem. Excitatory glutamatergic inputs from 
the bushy neurons of the VCN assemble 
onto the ipsilateral and contralateral LSO 
of the SOC (Kil et al., 1995). The VCN also 
projects excitatory glutamatergic inputs 
to the contralateral MNTB, which in turn 
projects inhibitory inputs to the ipsilateral 
LSO (Kuwabara et al., 1991). Interaural time 
delays and differences in sound intensity 
are evaluated in the LSO by the balance 
between the excitatory inputs from the 
VCN and inhibitory inputs from the MNTB 
(Caspary et al., 2008; Sanes, 1990). Major 
ascending axons from the VCN innervate 
both sides of the SOC, which projects to 
the IC through the lateral lemniscus. The 
IC innervates the medial geniculate nuclei 
of the thalamus, which sends axons to the 
auditory cortex. 
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The rodent auditory system is refined, 
including synaptic refinement, during the 
first 3 weeks after birth (Kandler and Friauf, 
1993; Kil et al., 1995). Around postnatal day 
10 in rodents, the terminals of the globular 
bushy neurons from VCN that innervate 
cell bodies of principal neurons in the 
MNTB transform into the young calyxes 
of Held (Smith et al., 1998) and mature 
around P14-16 (Kandler and Friauf, 1993; 
Kil et al., 1995). These structures have 
been described as the largest synapses in 
the brain and function to transfer action 
potentials from globular bushy cells in the 
VCN to the MNTB principle cells (Kil et al., 
1995). A close analysis on synaptosomal 
fractions revealed that Cntn5 is localized 
in presynaptic terminals (Shimoda et al., 
2012). 
 In addition to the auditory system, Cntn5 
expression was identified in dorsal root 
ganglia (DRG) neurons (Ashrafi et al., 2014). 
More specifically, Cntn5 is expressed in a 
subset of proprioceptive sensory neurons. 
In the retina of chick embryos, Cntn5 
expression is found in specific sublaminae 
of the inner plexiform layer. It is expressed in 
close proximity to Cntn4, but the expression 
patterns of these two Cntns are largely 
mutually exclusive (Yamagata and Sanes, 
2012).

C. Cntn6 Expression in the 
Mouse Brain
Cntn6 immunoreactivity is only present in 
neurons of the nervous system and mainly 
upregulated at the early postnatal stage 
during mouse brain development (Cui et al., 
2004). Cntn6 mRNA expression progresses 
from E18.5 to P14 in cortical layers and 
certain thalamic nuclei (Fig. 5B). The 
expression in the cerebellum increases until 
P7, where after it dramatically decreases 
(Lee et al., 2000; Takeda et al., 2003). Cntn6 

protein expression reached maximum levels 
at P15 and declined to a constant, low 
level in adulthood (Sakurai et al., 2009), 
suggesting that Cntn6 plays a role in 
postnatal cerebellar development.
Using X-gal staining on a LacZ knockin in 
the Cntn6 gene revealed the brain regions 
that highly express Cntn6 transcripts: the 
accessory OB, anterodorsal thalamic nuclei, 
ICs, layer V of the cerebral cortex, and 
cerebellum (Takeda et al., 2003). The latter 
was also observed by in situ hybridization 
for Cntn6 (Lee et al., 2000). In addition, by in 
situ hybridization, Cntn6 mRNA expression 
was also found at the piriform cortex, the 
hippocampus, hypothalamus, the amygdala, 
the red nucleus, the pons, inferior olive, 
and several other nuclei (Table I) (Lee et al., 
2000). At around E17, deep layer pyramidal 
neurons in the neocortex begin to extend 
axonal and dendritic processes in which 
X-gal signal was observed in the deeper 
layer of the caudal cortex. High-caudal to 
low-rostral pattern of X-gal signal in the 
cortex was maintained at P7 (Ye et al., 
2008). Immunofluorescent staining of Cntn6 
in wild-type mice at P7 shows the strongest 
signal in the visual cortex, with many deep 
layer pyramidal neurons stained (Ye et al., 
2008).
 Cntn6 protein was highly expressed in 
subpopulations of granule cells and in the 
molecular layer of lobule 1 to the rostral 
half of lobule 9 in the cerebellum, whereas 
the expression in the molecular layer was 
weak in the rostral region of lobules 9 and 
10 (Takeda et al., 2003). However, in the 
caudal region of lobules 9 and 10, Cntn6 
protein is present in the dendrites and 
somata of Purkinje cells, in contrast to 
lobules 1-8 (Takeda et al., 2003). During the 
development of the cerebellum, the Cntn6 
gene is first expressed in the Purkinje cells 
of lobules 9 and 10 and was followed by 
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expression in the internal granule cells of 
all lobules during cerebellar development, 
thereby presenting differential expression of 
Cntn6 over the lobules of the cerebellum. 

At P5 and thereafter, in lobule 3 of the 
cerebellum Cntn6 immunoreactivity was 
observed in the developing molecular layer 
and granule cell layer but not in Purkinje 
cells. During postnatal development, Cntn6 
was found along the dendritic branches in 
the molecular layer and the roots of the stem 
dendrites of Purkinje cells at P15 (Sakurai et 
al., 2009). Cntn6 colocalizes with mGluR1a 
and Vglut1-immunoreactive puncta in the 
molecular layer of P10 mice, indicating 
glutamatergic synapses between parallel 
fibers and Purkinje cells. Cntn6 did not 
overlap with vesicular glutamate transporter 
2 (Vglut2)-immunoreactive puncta in the 
presynaptic terminals of parallel fibers in the 
deep molecular layer of P21 mice (Sakurai 
et al., 2009), which is normally expressed 
in immature synapses between parallel and 
climbing fibers and Purkinje cells (Miyazaki 
et al., 2003). In addition, with Western 
blotting, Cntn6 protein was only found in 
the synaptosome fraction. In short, Cntn6 
has an important function at the presynaptic 
termini of parallel fibers, but not in those of 
climbing fibers, that form synapses with 
Purkinje cells.
 However, Cntn6 immunoreactivity is 
not only present in the cerebellum and 
implicated in synapse formation between 
parallel fibers and Purkinje cells but is also 
observed in the synapses of the parallel 
fibers in the hippocampal formation (Sakurai 
et al., 2010). At P5, Cntn6 immunoreactivity 
was detected in the subiculum, the 
stratum lacunosum-moleculare of the CA1 
region, in the hilus of the dentate gyrus, 
and very weakly in the other structures 
of the hippocampal formation (Sakurai et 

al., 2010). Cntn6 immunoreactive puncta 
overlapped with those of Vglut1 and 
Vglut2 in the subiculum and in the stratum 
lacunosum-moleculare of CA1 but not with 
the inhibitory presynaptic marker vesicular 
GABA transporter (Vgat). In Cntn6-deficient 
mice, the density of Vglut1- and Vglut2-
positive puncta was reduced by 20-30% in 
the regions where Cntn6 protein is strongly 
expressed in wild-type mice. However, the 
Vgat puncta were not affected by Cntn6-
deficiency (Sakurai et al., 2010), indicating 
Cntn6 in the role of glutamatergic but not 
GABAergic, synapse formation during 
postnatal development in the hippocampus 
as well as the cerebellum.

VI. Neuronal and 
Developmental 
Phenotypes in Contactin 
Null-Mutants 

A. Cntn4 Knockout Mouse 
Phenotypes
The spatiotemporal expression pattern 
of Cntn4, as described in a previous 
section, suggests that Cntn4 plays a role 
in the formation of axon connections and 
maintenance of neural circuits in these 
regions during the development of the 
nervous system (Yoshihara et al., 1995). 
The few functional studies on Cntn4 have 
focused on its role in the olfactory system. 
For these studies, Cntn4 knockout mice have 
been generated. The authors mention that 
disruption of exon 2 causes knockout of the 
gene (Kaneko-Goto et al., 2008), however 
this information seems outdated. The latest 
NCBI data claim that exon 5 is disrupted 
in the Cntn4 gene of these knockout mice. 
They performed immunohistochemical 
staining of wild-type mouse brain sections 
against various cell recognition and axon 
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guidance molecules. Strong expression of 
Cntn4 protein in the olfactory nerve layer 
and glomerular layer of the OB was found. 
Cntn4 protein is localized in axons of OSNs 
but is not present in the dendrites and cell 
bodies, and also does not depend on the 
neural cell adhesion molecule (NCAM/
OCAM)-positive axons. Based on these 
data, they next examined the overall 
distribution of Cntn4-positive and –negative 
glomeruli in the OB. Mice homozygous 
for this knockout allele exhibit aberrant 
projections of olfactory axons to multiple 
glomeruli in the OB. The laminar organization 
of the olfactory epithelium appeared 
to be normal and other Cntn4-related 
molecules were not changed in expression. 
In contrast, in Cntn4 knockout mice the 
innervations of ectopic glomeruli were 
significantly larger than in wild-type mice. 
To determine the relationships between the 
homophilic adhesion molecules including 
kirrel2/3 or repulsive guidance partners 
including ephrin-A5/EphA5 and Cntn4, OB 
sections were triple stained with antibodies 
against Cntn4, kirrel2 and ephrin-A5. Cntn4 
expression in the glomerular array of the 
OB showed a mosaic pattern distinct from 
kirrel2 and ephrin-A5. Higher magnification 
revealed that expression of Cntn4 in 
individual glomeruli showed no correlation 
with that of kirrel2 but significant positive 
correlation with ephrin-A5. Evidence 
emerged that a heterophilic binding partner 
of Cntn4 exists on OSN axon terminals, but 
this protein remained unidentified. From 
the different levels of Cntn4 expression 
on OSN axons and their terminations onto 
distinct glomeruli, Cntn4 expression may 
correlate with odorant receptor (OR) genes 
including MOR28, mOR-EG, OR-l7 and 
mOR256-l7. To clarify this hypothesis, they 
double labeled the tissue using antibodies. 
Olfactory receptors including OR-l7 and 

mOR-EG also appeared significantly 
increased in innervations of ectopic 
glomeruli in Cntn4 knockout mice. Cntn4 
protein colocalizes with eprin-A5, which 
may have neural activity functions in OSNs 
(Kaneko-Goto et al., 2008; Serizawa et 
al., 2006). Immunohistochemistry results 
indicated that neural activity negatively 
regulates the expression of Cntn4. However, 
anatomical screenings of Cntn4 knockout 
mice showed that the layer organization of 
the olfactory epithelium appeared normal 
and expression levels/ patterns of other 
surface molecules, such as NCAM, OCAM, 
NP-1, NP-2, kirrel2 and ephrin-A5 showed 
no difference from wild-type mouse. By 
investigating the correlation between the 
Cntn4 expression level and the OR genes, 
immunohistochemistry showed that Cntn4-
deficiency resulted in increased numbers 
of MOR28 glomeruli. In addition, OR-I7-
positive OSNs showed more severe defects 
with abnormal multiple glomeruli. Finally, 
an overlay assay detected the presence of 
an unknown heterophilic binding partner of 
Cntn4 on OSN axon terminals. 
 Additionally, an axon-targeting defect 
was identified in the murine eye-to-brain 
pathway in Cntn4-deficient animals. In the 
absence of Cntn4, a subset of direction 
selective RGC axons failed to innervate AOS 
brain targets, including the NOT (Osterhout 
et al., 2015). Taking these results together, 
Cntn4 was identified as an axon guidance 
molecule required for establishment of 
olfactory and visual neural circuitry during 
neural development.

B. Cntn5 Knockout Mouse 
Phenotypes
As described in the previous section, Cntn5 
is most prominently expressed in brain 
regions involved in the auditory pathway in 
mice and rats (Li et al., 2003; Ogawa et al., 
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2001). Therefore, Li and colleagues (2003) 
analyzed the response of Cntn5 knockout 
mice and wild-type animals to acoustic 
stimuli. Firstly, they discovered that Cntn5 
knockout mice are less prone to audiogenic 
seizures (AGS). Secondly, they examined 
brain activity by means of c-Fos staining 
after AGS-inducing stimuli in several areas 
of the auditory pathway. Less induction 
was found in the IC, which encompassed 
a significant decrease in the dorsal and 
external cortex of the IC, but no significant 
difference in c-Fos staining in the central 
nucleus of the inferior colliculus (CIC) and 
cochlear nucleus. In response to a pure 
tone stimulus, a narrow and organized band 
of c-Fos staining was observed in the CIC 
and dorsal cochlear in wild-type animals, 
whereas the pattern of c-Fos staining in 
Cntn5 knockout mice was broad and 
unorganized (Li et al., 2003). The CIC is 
organized into narrow frequency-selective 
bands in adult animals. The development of 
the IC into this organization is experience- 
and activity-dependent and occurs through 
elimination of initially broadly distributed 
axon collaterals (Pierson and Snyder-
Keller, 1994). Therefore, this readout is 
broadly used as functional marker of 
information transfer between pre- and 
postsynapses in the auditory pathway 
(Chen et al., 2000). The pattern observed in 
the null-mutant mice suggests that Cntn5 
is involved in the maturation of the IC 
(Li et al., 2003). 
 A closer look at Cntn5 expression in 
the auditory cortex revealed two important 
facts. Firstly, Cntn5 is preferentially 
expressed in the high-frequency regions 
of the auditory brainstem. Secondly, 
Cntn5 is found in both Vglut1- and Vglut2-
positive synaptic terminals (Toyoshima et 
al., 2009a). During auditory development, 
glutamatergic synapses switch from 

expressing Vglut2 in the immature stage to 
Vglut1 in the mature stage (Blaesse et al., 
2005). In addition, a reduction in the number 
of fibers and glutamatergic synapses in the 
auditory regions of the brainstem of Cntn5 
knockout mice was found (Toyoshima et 
al., 2009b; Shimoda and Watanabe, 2009). 
The number of principal neurons and bushy 
neurons in specific auditory brain regions 
was decreased as well. Investigation 
into the source of the hypoplasia led to 
the discovery that failure to mature, and 
in particular defective calyces of Held, 
caused apoptosis of both principal and 
bushy neurons (Toyoshima et al., 2009b). 
Taken together, a role for Cntn5 in synaptic 
maturation in the central auditory system is 
strongly supported.
 Few studies have focused on other 
functions of Cntn5 besides its role in the 
central auditory system. Cntn5 was also 
expressed by proprioceptive and non-
proprioceptive DRG neurons. Absence 
of Cntn5 resulted in reduced GABApre 
bouton contacts on proprioceptive sensory 
terminals, while the number of GABApre 
synapses remained unchanged (Ashrafi et 
al., 2014). More specifically, loss of Cntn5 
resulted in loss of GABApre boutons on 
synapses from sensory terminals that 
normally exhibited a high bouton-packing 
density, while an increase of GABApre 
boutons was observed on synapses that 
normally have a low bouton-packing 
density. These results indicate that sensory 
Cntn5 acts to promote the early elaboration 
of presynaptic boutons. 
 In the retina, Cntns, including Cntn4 and 
-5, among other members of the Ig CAM 
superfamily, are suggested to be involved 
in a code that regulates laminar specificity. 
Both, the mediation of trans-synaptic 
interactions and the mediation of interaction 
between sub-type specific dendrites might 
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be involved (Yamagata and Sanes, 2012). 
In vitro, a neurite outgrowth promoting 
effect of soluble and membrane bound 
Cntn5 has been shown for cortical, but not 
for hippocampal, neurons derived from rat 
(E17). This region-specific effect indicates 
an interaction with a binding partner that 
is restrictedly expressed (Ogawa et al., 
2001). A homophilic interaction between 
Cntn5 proteins could not be detected. 
When combining these results with the 
observation that Cntn5 is highest expressed 
after birth, and not during early embryonic 
developmental stages, it may be suggested 
that Cntn5 may play a role in processes such 
as axon branching and synapse formation, 
rather than being involved in the extension 
of long neurites towards their target regions 
(Ogawa et al., 2001). 
 Insight into binding partners of Cntn5 is 
sparse. Interaction with amyloid precursor-
like protein 1 (APLP1) in vitro has been 
demonstrated (Osterfield et al., 2008; 
Shimoda et al., 2012) and spatiotemporal 
expression patterns are indicated to overlap 
in the cerebral cortex, hippocampus and 
auditory regions (Shimoda et al., 2012). 
Interestingly, Cntn2 and Cntn4 are known 
to bind amyloid precursor protein (APP) 
in vitro (Ma et al., 2008; Osterfield et al., 
2008). APP is the precursor of amyloid 
peptide Aβ, which is a major component of 
the senile plaques in Alzheimer’s disease. 
Both APP and APLP1 have been implicated 
in synaptogenesis. Hence, the indication of 
cis-binding between Cntn5 and APLP1 at 
presynaptic terminals led to the speculation 
that Cntn5 affects dimerization of APLP1, 
which in turn influences synaptogenesis 
(Shimoda et al., 2012).
 In conclusion, strong support for a role 
of the Cntn5 protein in synaptic maturation 
has been collected, mainly coming from 
studies focusing on the development of 

the central auditory system. Nevertheless, 
research in neuronal cultures and into 
binding partners of Cntn5 point in the same 
direction, supporting the suggestion that 
Cntn5 functions in synaptogenesis. 

C. Cntn6 Knockout Phenotypes
Cntn6 protein is upregulated mainly at 
the early postnatal stage during mouse 
development and decreases after P15 (Cui 
et al., 2004; Sakurai et al., 2009), suggesting 
that it plays a role in the postnatal maturation 
of the brain, in addition to embryonic 
functions. Mice deficient in Cntn6 show no 
significant difference in brain morphology 
compared to wild-type littermates at the light 
microscopic level. Cntn6 has a particular 
spatiotemporal expression pattern in the 
cerebellum. Consequently, the cerebellum 
has been studied intensively with respect to 
developmental functions of Cntn6. 
 During postnatal development of the 
cerebellum at P14 Cntn6 knockout mice with 
a knockin of LacZ demonstrated expression 
of the Cntn6 gene reported by X-Gal staining 
in the Purkinje cells of lobules 9 and 10. This 
was followed by an expression shift from 
lobules 9 and 10 to the internal granule cells 
of all the other lobules in the adult mice 
(Takeda et al., 2003). At P5 and thereafter, 
in lobule 3 of the cerebellum Cntn6 was 
expressed in the developing molecular layer 
and granule cell layer, but not in Purkinje 
cells. During postnatal development Cntn6 
expression was found along the dendritic 
branches in the molecular layer and the 
roots of the stem dendrites of Purkinje cells 
at P15 (Sakurai et al., 2009). 
 Taking a closer look, Cntn6 
immunoreactivity in the cerebellum 
was observed in a zone underneath the 
deep external granular layer (EGL) not 
overlapping with the Cntn2-immunoreactive 
zone in the deep EGL. This contrasts to L1-



30

General Introdution

immunoreactivity which overlaps with both 
Cntn6 and Cntn2 zones simultaneously 
(Sakurai et al., 2009). L1 protein is expressed 
by postmitotic premigratory granule cells 
that will migrate radially and extend axons 
horizontally and on parallel fibers, which 
disappear at a later stage of cerebellar 
development (Persohn and Schachner, 
1987). Interestingly, in Cntn6 knockout mice 
the total area of L1 immunoreactivity was 
increased in the internal granule cell layer 
(IGL) compared to wild-type mice at P5. 
Moreover, there was a significant decrease 
of cells, indicating delayed development or 
increased migration of granule cells in the 
IGL. In Cntn6 knockout mice at P5, Vglut1 
puncta were scattered around the somata of 
Purkinje cells and during development until 
P15 they did not reach the outer edges of 
dendrites of the Purkinje cells, in contrast to 
the wild-type mice which displayed Vglut1 
puncta from the cell bodies to the outermost 
edges of dendrites of Purkinje cells (Sakurai 
et al., 2009). In Cntn6 knockout mice, the 
Vglut1-positive zone was thinner at the 
tips of the dendrites and the density of the 
puncta was reduced. The mGluR1a receptor-
positive zone was similar to the Vglut1-
positive zone, reaching from the upper limit 
of Purkinje cell bodies to the outer edge 
of dendrites. The thickness of Vglut2 and 
mGluR1a receptor-positive zones did not 
differ between Cntn6 knockout and wild-
type mice (Sakurai et al., 2009). However, 
the density of the mGluR1a receptor-
positive puncta in Cntn6 knockout mice was 
reduced by 18% compared to wild-type 
mice. In addition, the number of caspase-3 
positive cells in the IGL was increased by 
60% in the Cntn6 knockout cerebellum when 
compared to wild-type (Sakurai et al., 2009). 
Thus, Cntn6-deficiency causes reduction in 
synapse density between parallel fibers and 
Purkinje cells and also increases granule 

cell death during cerebellar development. 
The reduction of synapse formation might 
be related to the increase of the immature 
granule cells in the IGL, detected by L1 
expression in Cntn6-deficient mice.
As a consequence of Cntn6 elimination in 
mice, profound motor coordination deficits 
were identified. However, no significant 
differences in the short-term plasticity 
of either climbing fiber or parallel fiber 
synapses between Cntn6 knockout and 
wild-type mice were observed, indicating 
that Cntn6 is not involved in excitatory 
synaptic transmission to Purkinje cells. 
It is important to note that output from 
Purkinje cells to the vestibular nucleus may 
be impaired without influencing climbing 
or parallel fiber excitatory postsynaptic 
currents (EPSCs) (Takeda et al., 2003). A 
reason for the motor impairments could 
be mossy fiber innervation, which posses 
a significant amount of Cntn6 transcripts 
(Lee et al., 2000). So lack of Cntn6 might 
affect the excitatory synaptic transmission 
to either granule cells or Golgi cells. 
 Cerebellar Cntn6 protein was found in 
the synaptosome fraction by Western blot 
analysis (Sakurai et al., 2009). In tissue, 
Cntn6 colocalizes with the mGluR1a receptor 
and Vglut1-immunoreactive puncta in the 
molecular layer of the cerebellum of P10 
mice, indicating glutamatergic synapses 
between parallel fibers and Purkinje cells. In 
Cntn6 knockout mice the number of Vglut1 
puncta is reduced significantly and this 
difference is largely compensated in adult 
mice. In addition, Cntn6 did not overlap 
with Vglut2-immunoreactive punta in the 
presynaptic terminals of parallel fibers in the 
deep molecular layer of P21 mice (Sakurai 
et al., 2009). 
 In the hippocampal formation, Cntn6 
immunoreactivity has been shown in the 
synapses of the parallel fibers (Sakurai et al., 
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2010). At P5, Cntn6 expression was found 
in the subiculum, the stratenum lacunosum-
moleculare of the CA1 region, but not with 
the inhibitory presynaptic marker Vgat. In 
Cntn6 knockout mice, the density of Vglut1- 
and Vglut2-positive puncta was reduced by 
20-30% in the regions where Cntn6 protein 
is strongly expressed in wild-type mice. 
Interestingly, the Vgat puncta were not 
affected by Cntn6-deficiency (Sakurai et 
al., 2010). In short, Cntn6 has an important 
function at the glutamatergic presynaptic 
termini of parallel fibers forming synapses 
with Purkinje cells in the cerebellum and 
glutamatergic synapses of parallel fibers of 
the hippocampal formation. This indicates a 
contribution of Cntn6 in glutamatergic, but 
not GABAergic, synapse formation during 
postnatal development in the hippocampus 
as well as the cerebellum. 
 A recent study has shown that Cntn6 is 
involved in neuritogenesis (Mercati et al., 
2013). Coculturing primary cortical cultures 
with HEK293 cells secreting a soluble form 
of Cntn6 demonstrated different effects 
depending on the days of in vitro culture. 
At stages DIV4-8, Cntn6 caused an increase 
in the length of the longest neurite, and 
at DIV6 the number of protrusions per 
neuron was significantly increased as well 
as the total number of segments at DIV7-
8 (Mercati et al., 2013). In addition, wild-
type cortical neurons cultured on Cntn6 
substrate exhibited a significantly increased 
number of cells with neurite outgrowth and 
an increase of neurite length compared to 
cultures on bovine serum albumin (BSA) 
substrate. Cntn6-deficient cultures did not 
show this effect on either substrate (Huang 
et al., 2011), indicating that Cntn6 enhances 
neurite outgrowth, most likely through 
homophilic mechanisms. 
 The Cntn6 gene is predominantly 
expressed in layer V of the cortex in the 

soma and in processes of cortical neurons 
including dendrites and axons (Lee et 
al., 2000). Except for layer V of the visual 
cortex, the distribution of layer V pyramidal 
neurons in the Cntn6 knockout mice was 
indistinguishable from that of wild-type 
littermates. In this area, apical dendrites 
were misoriented, although they did reach 
layer I and formed apical tufts (Ye et al., 
2008). Mice heterozygous for both Cntn6 
and Chl1 showed reduced Cntn6 and Chl1 
protein levels compared with those of wild-
type littermates. Layer V pyramidal neurons 
in the visual cortex of the compound 
heterozygous mice showed a more severe 
misoriented dendrite phenotype than the 
single-heterozygous mice and their wild-
type littermates (Ye et al., 2008). These data 
indicate that Cntn6 and Chl1 may cooperate 
in generating this morphological phenotype 
in the cortex, and suggest that functional 
molecular interactions may exist between 
these two related proteins. 
 In addition to neurite outgrowth and 
synapse development, Cntn6 is also involved 
in the normal projection and terminal 
branching of developing corticospinal tract 
(CST). During development from E16.5 
until P14 X-Gal staining of Cntn6 knockout 
mice showed expression in the cortex 
which was more prominent in pyramidal 
neurons of layers V-VI of the cortex in 
addition to layers III-IV at P14 (Huang 
et al., 2012; Lee et al., 2000; Sakurai et 
al., 2010; Takeda et al., 2003). However, 
there was no difference in development 
of pyramidal neurons in the motor cortex 
of Cntn6 knockout mice. In addition, from 
P7 onwards X-Gal staining showed that 
Cntn6 was expressed throughout the gray 
matter of the developing spinal cord from 
the cervical to the lumbar cord (Huang et 
al., 2012). Cntn6 is specifically expressed in 
CST axons in a spatiotemporal fashion from 
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P0 to P14, including in the CST projecting 
axons in the pons, pyramidal decussation 
and in the dorsal funiculus of the spinal 
cord. Abnormalities in CST trajectories 
were not detected in Cntn6 knockout mice. 
Interestingly, there was a delayed projection 
of developing CST axons in prenatal and 
neonatal Cntn6 knockout mice. Also, the 
CST axon length at P1 and spinal CST at 
P7 and P14 were significantly decreased 
compared to wild-type mice (Huang et 
al., 2012). Until P45, innervation of CST 
branches in the dorsal spinal cord was 
not observed in the Cntn6 knockout mice, 
whereas CST terminations were abundant 
in the dorsal spinal cord in wild-type mice. 
However, at P21 the formation of the CST 
in the spinal cord of Cntn6 knockout mice 
became gradually normal and at age P28 
it seemed completely normalized (Huang 
et al., 2012). These data suggest a role of 
Cntn6 in projecting and terminating axons 
of the CST.
 Further studies into the functions of Cntn6 
have concerned the role in neuroprotection 
from damage in vivo and in vitro. Twelve 
hours after induction of focal cerebral 
ischemia a decreased level of Cntn6 in the 
ischemic hemisphere compared to the intact 
hemisphere was found by Western blot 
analysis. In addition, Cntn6 knockout mice 
demonstrated a larger infarct volume of 
the ischemic area and a larger neurological 
deficit score compared to wild-type mice 
(Huang et al., 2011). When cortical neurons 
were grown on a surface coated with Cntn6 
protein, neurite outgrowth and neuronal 
survival of primary neuronal cultures 
increased as compared to BSA as substrate. 
Cultured neurons from Cntn6 knockout 
mice showed a reduction in the amount of 
neurons with neurites, shorter neurite length 
and reduced neuronal survival compared to 
cultured neurons derived from wild-type 

mice (Huang et al., 2011). Morphological 
features of Cntn6-deficient cortical neurons 
treated after oxygen-glucose deprivation 
displayed more cell body shrinkage, neurite 
retraction and neural process fragmentation 
compared to those from wild-type control. 
In addition, cell death induced by this 
treatment was significantly increased in 
cultures derived from Cntn6 knockout mice 
compared to wild-type mice (Huang et al., 
2011). These results suggest Cntn6 has a 
neuroprotective role in ischemic injury by 
enhancing neuronal survival and neurite 
outgrowth. 

VII. Behavioral 
Phenotypes in Contactin 
Null-Mutants
 
The studies reviewed above outline 
molecular and cellular functions of Cntn4, -5 
and -6 that impact on the developing brain, 
and may ultimately affect behavior. Gene 
variants in these genes thus may underlie 
neurodevelopmental and behavioral 
abnormalities such as seen in ASDs. 
Understanding the functional relationship 
between gene variants and the development 
of aberrant behavior in humans is complex 
due to individual differences in genetic 
background and environmental history. 
Therefore, systematic and longitudinal 
studies of behavioral domains in mice 
with controlled genetic and environmental 
background are needed to assess genotype-
behavioral phenotype relationships (Kas et 
al., 2007; Schughart et al., 2012). These 
behavioral observations can be related to 
neurodevelopmental processes that are 
affected as a consequence of these genetic 
variants and may provide new directions 
towards the development of etiology-
directed treatment. 
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Mouse studies in strains that are deficient 
for Cntn4, Cntn5, or Cntn6 are sparse. For 
example, there are no current reports on 
the behavioral profile of Cntn4 knockout 
mice compared to their wild-type littermate 
controls, except for defects in their 
optokinetic reflex. This was observed when 
Cntn4 knockout mice were subjected to bar-
grating stimuli drifting slowly in either the 
horizontal or vertical axis. The compensatory 
head movements in response to bar-grating 
were measured and the Cntn4 knockout 
mice tracked only 50% of horizontal trials 
and 60% of vertical trials compared to wild-
type littermate controls (Osterhout et al., 
2015). The most likely explanation is that the 
RGCs that target the NOT are less efficient 
in driving NOT neurons and are unable to 
establish normal functional connections 
with NOT target cells. 
 Cntn4, Cntn5, and Cntn6 knockout 
mice were born with expected Mendelian 
frequency and were viable and fertile. 
Cntn5 knockout mice show normal growth 
and no gross behavioral abnormalities. 
Cntn5 knockout mice have a decreased 
susceptibility to AGS with subsequently 
reduced c-Fos expression at auditory 
brain regions (Li et al., 2003). Additional 
experiments revealed that Cntn5 knockout 
mice are not hard of hearing, but do suffer 
from delayed auditory brainstem response 
wave latencies (Sakurai et al., 2009). The 
features observed in Cntn5 knockout 
mice may be related to the impairment of 
sensory information integration that is often 
observed in ASD (Collignon et al., 2013; 
Magnée et al., 2011; Marco et al., 2011).
 Cntn6 knockout mice have been tested in 
a behavioral test battery that aims to identify 
motor coordination and muscle strength 
deficits. This behavioral phenotyping 
study was initiated on the basis of the 
relatively high expression of Cntn6 in the 

cerebellum (Takeda et al., 2003) where 
Cntn6-deficiency affects synapse formation 
during postnatal cerebellar development 
(see section V.C.). Studying both motor 
coordination and muscle strength revealed 
that Cntn6 knockout mice learned slower 
than wild-types to stay on the rotating rod 
in the rotorod test during repeated trials. 
Furthermore, they showed dysfunction of 
equilibrium and vestibular senses in the 
wire hang and horizontal rod-walking tests. 
No differences were found between Cntn6 
knockout and wild-type mice in grasp force 
during a wire-hang and inverted grid test, 
as well as by a direct measurement using 
a force gauge (Takeda et al., 2003). Based 
on these findings, it was concluded that 
Cntn6-deficiency leads to defects in motor 
coordination, but not in muscle strength. 
If and how these impairments relate to 
motor function disturbances in ASD and 
whether other ASD domains (such as social 
interaction, social communication, repetitive 
and restricted behavior) are affected in this 
genetic mouse model needs to be further 
determined. Studies in this direction are 
ongoing.

VIII. Protein-Protein 
Interactions Mediated by 
Contactins

A. Interactions with Protein 
Tyrosine Phosphatases
Physiological ligands for Cntns were sought 
soon after their discovery, a search that 
has only intensified as CNTN genes were 
linked to the pathology of developmental 
disorders such as schizophrenia and autism 
(Corvin, 2010; Cottrell et al., 2011). The 
interactions mediated by Cntn1 and Cntn2 
have been described in detail in another 
review (Shimoda and Watanabe, 2009), and 
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we focus here on the binding partners for 
Cntn4, Cntn5, and Cntn6. Early on, it was 
determined that Cntn2 is a homophilic 
binding molecule in contrast to Cntn1, which 
has multiple heterophilic binding partners 
and in particular associates with the tyrosine 
phosphatase Ptprz (Peles et al., 1995; 
Sakurai et al., 1997). These findings were of 
particular interest because the identities of 
heterophilic binding partners for RPTPs had 
remained, and still remain, elusive (Johnson 
and Van Vactor, 2003; Stoker, 2005). Ptprz is 
a type I transmembrane protein expressed 
almost exclusively in glial cells that includes 
a catalytically inactive carbonic anhydrase-
like (CA-like) domain that is solely 
responsible for the interactions with Cntn1 
(Peles et al., 1995), a single FNIII domain, 
a heavily glycosylated spacer region, and 
two intracellular tyrosine phosphatase 
domains (Krueger and Saito, 1992). Based 
on the known interaction between Ptprz 
and Cntn1, the resemblance between Cntn 
family members and the existence of the 
Ptprz homolog, called Ptprg, expressed on 
neurons (Barnea et al., 1993; Lamprianou et 
al., 2006), it was speculated that Cntns could 
associate with Ptprz and Ptprg (Bouyain 
and Watkins, 2010b). In vitro binding assays 
were used to demonstrate that although 
mouse Ptprz binds only to Cntn1, Cntn3 to 
-6 all associate with mouse Ptprg. Further, 
these interactions are mediated solely by 
the CA-like domain of Ptprg as is the case 
for the interactions between Ptprz and 
Cntn1 (Bouyain and Watkins, 2010a; Peles 
et al., 1995). Although interesting, these 
findings fall short of demonstrating that 
Ptprg is a bona fide physiological ligand 
for Cntn3 to -6 and do not provide any 
indication as to what the biological functions 
of interactions between Ptprg and Cntn 
family members may be. In fact, the exact 
role that interactions between Ptprz and 

Cntn1 may play in neurogenesis remains 
unclear. 
 The recent crystal structure of a complex 
between the four N-terminal Ig repeats of 
mouse Cntn4 and the CA-like domain of 
PTPRG has provided the first structural 
insights for the interactions between Cntn 
family members and RPTPs (Bouyain 
and Watkins, 2010a). The antiparallel 
arrangement of Ig domains 2 and 3 in 
Cntn4 (Fig. 6) creates a contiguous, flat 
surface in which the PTPRG-binding site is 
included. This configuration of the binding 
interface indicates that the horse-shoe-like 
conformation adopted by Cntn4 is critical 
to its binding interactions with PTPRG. 
This binding site comes “preformed” 
because the structure of Ig domains 1-4 
of Cntn4 determined in the absence of 
PTPRG matches closely the structure of 
the same region when in complex with 
PTPRG. The complex interface is extensive 
(~1700 Å2) and highly complementary. 
In broad terms, the PTPRG-binding site 
in Cntn4 spans both Ig domains 2 and 3. 
It involves two segments that are found 
in these repeats: residues 129-142 in 
Ig2 and residues 220-228 in Ig3 (Fig. 6). 
Residues in these two segments make 
van der Waals, hydrogen bonds, and 
electrostatic interactions with residues 
found in a 14-amino acids beta hairpin 
loop and a 4-amino acids loop in the CA-
like domain of PTPRG with residues in the 
beta hairpin loop contacting both Cntn4 Ig 
domains 2 and 3, whereas residues in the 
short loop interact solely with Ig domain 3.
 Analysis of the binding site and the 
conservation of residues have made it 
possible to rationalize the shared binding 
interactions observed between Cntn3 to -6 
and PTPRG (Bouyain and Watkins, 2010a). 
Indeed, all the amino acids found at the 
interface between Cntn4 and PTPRG are 
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conserved in Cntn3, -5, and -6 (Fig. 6). Given 
the fact that it is likely that Cntn3, -5, and 
-6 adopt a horse-shoe-like conformation 
similar, if not identical, to the one adopted 
by Cntn4, it is plausible that PTPRG binds to 
Cntn3, Cntn5, and Cntn6 in much the same 

way it binds to Cntn4. However, in this case, 
the biological roles that these four distinct 
proteins with seemingly identical binding 
sites for PTPRG would play in neurogenesis 
are unclear. One could speculate that 
distinct Cntn family members associate 

Fig. 6. Structural insights into Ptprg-Cntn4 interactions. (A) The Ptprg-Cntn4 complex in two view 
related by a 30º rotation along a vertical axis. Mouse Cntn4 is shown in surface representation according 
to the color coding introduced in Fig. 4. The CA domain of mouse Ptprg is shown using a ribbontprg 
diagram and is colored magenta. In the second view, only the binding regions of Ptprg are shown and 
they consist of two loop regions. (B) The Ptprg-binding site on Cntn4 spans Ig domains 2 and 3. Ig 
domains 1, 2, 3, and 4 are colored cyan, green, gold, and red, respectively. Amino acids in Cntn4 that 
are in contact with amino acids in Ptprg are colored magenta. (C) Conservation of amino acids at the 
interface between Ptprg and Cntn4. Black lines denote van der Waals interactions, whereas red lines 
indicate potential hydrogen bonds and salt bridges. Amino acids in the green and gold boxes are located 
in Ig2 and Ig3 of Cntn4, respectively.
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with distinct cell surface molecules so that 
a complex between PTPRG and a Cntn 
molecule in fact involves the formation 
of higher-order molecular complexes to 
form active signaling units. Candidate cell 
surface receptors that associate with Cntns 
might include (a) other Cntn molecules to 
form homo- or heterodimers; (b) members 
of the L1 family of cell adhesion molecules 
(see below for insights into Cntn6 and 
Chl1); or (c) one of the contactin-associated 
proteins (Cntnaps). One clear advantage 
that would be conferred by the formation of 
these complexes at the cell surface is the 
possibility that engagement of a Cntn by 
PTPRG could lead to bidirectional signaling 
mediated by the tyrosine phosphatase 
domains of PTPRG in one cell and signaling 
proteins that would associate with the 
intracellular region of the putative Cntn 
coreceptor, thus alleviating the absence of 
an intracellular region in Cntns.

B. Interactions of Cntn4 with APP
Kaneko-Goto et al. have demonstrated the 
presence of a heterophilic Cntn4 binding 
partner on olfactory axons (Kaneko-Goto 
et al., 2008). Cntn4-alkaline phosphatase 
(AP) recombinant fusion protein consisting 
of mouse Cntn4 extracellular region and 
human placental AP was used to perform 
an overlay assay on OB sections from adult 
wild-type and Cntn4-deficient mice. Cntn4-
AP strongly bound to the nerve layer and 
glomerular layer in OB of Cntn4-deficient 
mice in a mosaic fashion, in contrast to 
the very weak binding in wild-type mice 
(Kaneko-Goto et al., 2008). This suggests 
that the Cntn4 binding partner is occupied 
in wild-type by endogenous Cntn4 protein, 
which can be unveiled in Cntn4-deficient 
mice by exogenous Cntn4. 
 By investigating potential binding 
partners for the transmembrane protein 

APP, Osterfield et al. found binding of Cntn3 
and Cntn4 to APP (Osterfield et al., 2008). 
APP plays a key role in Alzheimer´s disease, 
which is characterized by intraneuronal 
tangles and extracellular plaques consisting 
of precipitates of amyloid beta-peptides 
(Aβ), derived from APP after cleavage by 
β- and γ-secretases. The fusion protein AP-
APPsα, the cleaved version of APP and a 
possible ligand, in chicken was expressed in 
the OB and in RGC axons in the tectum. The 
AP-APPsα protein existing only of a middle 
domain (amino acids 199-345) gave strong 
RGC binding, but little binding in the OB. 
By contrast, the N-terminal domain of AP-
APPsα (amino acids 18-205) showed very 
strong binding to the OB indicating more 
than one binding partner for AP-APPsα. In 
addition, treating the brains with PI-PLC, 
which cleaves GPI-links, greatly reduced 
AP-APPsαbinding to the OB, whereas 
binding to tecta appeared less affected 
(Osterfield et al., 2008). 
 Coimmunoprecipitation analysis showed 
that APP engages in a high affinity 
interaction with Cntn3 and Cntn4 (Osterfield 
et al., 2008; Osterhout et al., 2015). After 
testing of all Cntns for affinity to APLP1, 
it was found that APLP1 binds Cntn3, 
Cntn4, and Cntn5. In analyzing deletion 
constructs of Cntn3 and Cntn4, it was 
found that the FNIII domains are sufficient 
for binding to the 18-205 amino acid region 
of APP (Osterfield et al., 2008). The non-
GPI-anchored binding partner is NgCAM 
which coprecipitates with the 199-345 
amino acid region of APP. NgCAM is the 
chick homolog of L1CAM, which has been 
widely studied for functions in axon growth, 
guidance, and fasciculation (Maness and 
Schachner, 2007). Coexpression of Cntn4 
or NgCAM with APP in transfected cells 
demonstrated expression of full-length 
APP and subsequently an increase of 
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CTFα (the C-terminal fragment α of APP), 
which may influence further downstream 
pathways. These results suggest Cntn4 to 
be implicated with regulation of the APP 
α-cleavage site.
 APP, Cntn3, Cntn4, and NgCAM are all 
expressed in the RGC layer of the retina and 
in the tectum in multiple layers, showing 
that these molecules are suitably placed for 
interactions that participate in retinal axon 
development. Retinal explants cultured on 
NgCAM substrate showed increased RGC 
axonal outgrowth enhanced by AP-APPsα 
or by the 18-205 amino acid region of AP-
APP but not on laminin or Cntn4. As the 
N-terminal domain of APP, which binds to 
Cntn3 and Cntn4, is sufficient to increase 
NgCAM-dependent outgrowth, the role that 
Cntn4 plays in this process was analyzed 
further. Soluble Cntn4 reduced levels 
of axonal outgrowth on AP-APPsα plus 
NgCAM and on NgCAM alone but showed 
no effect on laminin-dependent growth of 
RGC axons. In addition, explants infected 
with virus expressing shRNA that targets 
Cntn4 exhibited reduced axon growth 
than control explants when grown on AP-
APPsα plus NgCAM, but not on infected 
explants grown on laminin, demonstrating 
specific functional interactions (Osterfield 
et al., 2008). A recent study has revealed 
a biological function for the Cntn4-APP 
complex in vivo. It was demonstrated that 
APP is coexpressed with Cntn4 on RGC 
axons. Both proteins were required for RGC 
axon targeting onto the NOT (Osterhout et 
al., 2015), in which APP most likely acts as 
coreceptor with Cntn4 to allow Cntn4 to 
impart its role in target specificity.

C. Interactions of Cntn5 with 
Cntnap4
Cntn5 is expressed on proprioceptive 
sensory neurons in the spinal cord and 

interacts presynaptically in cis with Cntnap4 
(Ashrafi et al., 2014). Absence of Cntnap4 
prevents high bouton-packing on sensory 
proprioceptive neurons, as was observed 
in Cntn5-deficient mice. This phenotype 
was also present in mice deficient for both 
Cntn5 and Cntnap4 (Ashrafi et al., 2014), 
supporting the view that Cntn5 and Cntnap4 
act as coreceptors on sensory terminals to 
direct the formation of GABApre bouton 
synapses. To identify the ligands of this 
complex, CAMs on GABApre neurons 
were investigated. NrCAM and Chl1 were 
identified on GABApre interneurons and 
absence of these proteins resulted in a 
decrease of GABApre bouton density on 
sensory terminals (Ashrafi et al., 2014), 
indicating a role for these two CAMs in 
the organization of GABApre synapses. 
Mice deficient in both NrCAM and Cntn5 
showed a strong reduction in the number 
of GABApre boutons that form on sensory 
terminals (Ashrafi et al., 2014), which 
supports the idea that GABApre-derived 
NrCAM and sensory-derived Cntn5 might 
form a ligand-receptor pair that directs 
high-density GABApre bouton formation 
with sensory afferent terminals. 

D. Interactions of Cntn6
Both the substrate-bound and soluble 
forms of Cntn6 have a neurite outgrowth 
promoting effect on cortical neurons (Lee 
et al., 2000) as well as regulating the apical 
dendrite orientation in the neocortex (Ye et 
al., 2008). Chl1 is a cell surface molecule 
that is able to regulate apical dendrite 
orientation of pyramidal neurons in the 
neocortex. In the developing mouse cortex, 
Chl1 is expressed in deep layer pyramidal 
neurons in a low-rostral to high-caudal 
gradient. Chl1-deficient mice exhibit 
misoriented apical dendrites of pyramidal 
neurons (Demyanenko et al., 2004). As 
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Cntn6 demonstrates a similar expression in 
the cortex and is located next to CHL1 on 
the human genome, it was postulated that 
Cntn6 might also contribute to this defect. 
In addition, animals with protein tyrosine 
phosphatase alpha (Ptpra) deficiency 
showed abnormal apical dendrites oriented 
sideways or inverted in the caudal (visual), 
motor, somatosensory cortices (Ye et al., 
2008). Ptpra most likely acts downstream of 
Cntn6 and Chl1. 
 Ptpra is a receptor-like protein 
phosphatase and mediates signaling to 
the intracellular tyrosine kinase p59fyn. 
The kinase activity of p59fyn is inhibited 
through intramolecular interaction between 
phosphorylated Tyr-531 and its SH2 
domain, which stabilizes a noncatalytic 
conformation. Ptpra activates p59fyn via 
dephosphorylation of the Tyr-531 site 
(Bhandari et al., 1998). Mice lacking p59fyn 
demonstrated inversion of apical dendrites 
of cortical pyramidal neurons (Sasaki et al., 
2002), suggesting a possible interaction 
of Ptpra with Chl1 and Cntn6 in dendrite 
development in neocortex.
 P7 mouse membrane fractions immuno-
precipitated were probed for the presence 
of Chl1 or L1. Chl1 was detected in the 
precipitates using a Cntn6 antibody but not 
L1 (Ye et al., 2008). Colocalization of Cntn6 
and Chl1 was also observed in the soma 
and neurites of cultured cortical neurons. 
Cntn6 microspheres do not bind to Chl1 
expressing cells, suggesting that Cntn6 and 
Chl1 do not function as a ligand for each 
other (Ye et al., 2008) but may engage in a 
cis-interaction.
 It has been observed that cells 
expressing only Cntn6 have most Cntn6 
protein localized inside the cells and display 
a very faint Cntn6 cell surface expression 
(Ye et al., 2008). When cotransfecting cells 
both with Cntn6 and Chl1 cDNAs, there was 

an increase in the amount of Cntn6, which 
moved to the cell periphery and colocalized 
with cell surface Chl1. In contrast, 
cotransfection of Cntn6 and Chl1 cDNAs 
did not change the cell surface level of Chl1 
in comparison to single-transfected cells 
(Ye et al., 2008), possibly explaining why 
Chl1-deficient mice show a more severe 
phenotype than the Cntn6-deficient mice. 
 Coimmunoprecipitation of Ptpra 
together with Chl1 was observed in 
transfected HEK293T cells, as well as 
coimmunoprecipitation of Ptpra together 
with Cntn6, suggesting that Chl1 and Cntn6 
are able to signal independently to Ptpra 
(Ye et al., 2008). Clustering of either Chl1 
or Cntn6 independently leads to Ptpra 
activation and p59fyn dephosphorylation 
(Ye et al., 2008). These results suggest that 
the impaired dephosphorylation of p59fyn in 
the Chl1 and Cntn6-deficient brains is due 
to the lack of upstream stimulation by Chl1 
and Cntn6 of Ptpra signaling to p59fyn, 
indicating Ptpra as a signal mediator for 
Chl1 and Cntn6 in the apical dendrite 
development.
 Cntn6 protein is expressed at 
maximal levels between P7 and P21, 
corresponding to the time window of 
oligodendrogliogenesis from progenitor 
cells and oligodendrocyte maturation (Cui 
et al., 2004). Cntn6 and Notch1 can be 
reciprocally coimmunoprecipitated from rat 
brain membrane extracts, indicating Cntn6 
may be a binding ligand of Notch. More 
specifically, Cntn6 binds to the Notch1 
EGF 22-34 repeat region and induces the 
generation and nuclear translocation of the 
Notch intracellular domain (NICD) by Notch 
proteolysis of γ-secretase at the S3 site (Cui 
et al., 2004). This subsequently initiates 
promotion of oligodendrogliogenesis and 
differentiation of neural progenitor cells 
and oligodendrocyte progenitor cells into 
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Fig. 7. Hypothesized ways in which Cntn4, Cntn5, and Cntn6 interact with other proteins. Since 
Cntns are tethered to the membrane by a GPI-link, interaction to other proteins is required to convey their 
functions. This could be in cis or trans by homo- or heterophilic interactions and thereby inducing signal 
transduction inside the cell. This way Cntns can act either as a coreceptor with the cis-interacting partner, 
or as a ligand interacting with a trans-interacting transmembrane receptor. Alternatively, interactions with 
soluble ligands are possible as well.

Contactin protein Interactor Specifics
Cntn4 APP (Osterfield et al., 2008; Osterhout et al., 2015) Amyloid precursor protein

APPsα (Osterfield et al., 2008) Cleaved ectodomain of APP
APLP1 (Osterfield et al., 2008) Amyloid precursor-like protein 1
Ptprg (Bouyain and Watkins, 2010) Protein tyrosine phosphatase gamma

Cntn5 APLP1 (Osterfield et al., 2008) Amyloid precursor-like protein 1
Ptprg (Bouyain and Watkins, 2010) Protein tyrosine phosphatase gamma
Cntnap4 (Ashrafi et al., 2014) Contactin associated protein 4

Cntn6 Chl1 (Ye et al., 2008) Close homologue of L1
Ptpra (Ye et al., 2008) Protein tyrosine phosphatase alpha
Notch (Cui et al., 2004; Hu et al., 2006) Triggers translocation of NICD
Ptprg (Bouyain and Watkins, 2010) Protein tyrosine phosphatase gamma

Table II. Proteins with stabilized interactions with Cntn4, Cntn5, and Cntn6.
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oligodendrocytes upon activation of the 
NICD/Deltex1 signaling pathway (Cui et al., 
2004). 
 In Ptpra-deficient mice, hypermyelination 
was observed. In Cntn6-deficient mice, 
neuronal precursor cells gave rise to 
significantly less oligodendrocytes but 
more neurons as compared to wild-type 
littermates (Hu et al., 2006), confirming that 
Cntn6 promotes oligodendrogliogenesis and 
in this case via Notch/Deltex1. Interactions 
are summarized in Table II.

IX. Concluding Remarks: 
Neurobiological 
Mechanisms

Of the Cntn subfamily members, the neural 
functions of Cntn1 and Cntn2 have been best 
studied and the neurobiological mechanisms 
that underlie these functions were revealed. 
Cntn1 and Cntn2 play separate roles 
in the formation and architecture of the 
juxtaparanodal and paranodal junctions of 
the nodes of Ranvier in myelinated nerves, 
and these functions are mediated by cis- 
and trans-interactions between Cntns and 
protein partners such as the Cntnaps (Peles 
and Salzer, 2000; Peles et al., 1995; Poliak 
et al., 1999; Poliak and Peles, 2003). The 
functions of Cntn4, Cntn5, and Cntn6 that 
arise from the studies reviewed above appear 
to be distinct and more related to embryonic 
and early postnatal development than to 
structure. The finding of these three Cntn 
genes amongst ASD genes indicates that the 
developmental effects are significant and part 
of the pathogenesis of ASDs. Meanwhile the 
neurobiological mechanisms in which Cntn4, 
-5 and -6 are part remain elusive, particularly 
at the molecular level. These proteins share 
several effects on neuronal function, such as 
neurite outgrowth, synaptogenesis, survival, 

guiding projections and terminal branching of 
axons in forming neural circuits. It has been 
reported that all Cntns determine laminar 
specificity in the inner plexiform layer of the 
retina, with exclusion of Cntn6 (Yamagata 
and Sanes, 2012) and similar functions in 
neuritogenesis in vitro (Mercati et al., 2013).
 Several gaps of knowledge need to be 
filled in order to elucidate the neurobiological 
functions in more detail. Firstly, detailed 
neuroanatomical analysis of the proteins is 
required in order to map neuronal tracts in the 
developing and adult brain and to determine 
the identity of afferent and efferent neurons. 
Reliable antibodies for such studies are in 
demand. Secondly, in analogy to Cntn1 and 
-2, interacting partners need to be identified. 
Several have been characterized for Cntn4, 
Cntn5, and Cntn6 (Table II).
 These interactors may provide important 
clues to the molecular mechanisms and 
prerequisites of action of Cntn6. It has not 
been established if GPI-anchored Cntns 
interact in cis with a transmembrane protein 
to form a receptor complex, and what ligand 
may bind, or that it acts as a membrane-
bound ligand itself, and what receptor it 
activates (Fig. 7). This requires extensive 
proteomic analyses of complexes of Cntns 
obtained from immortalized cell lines, primary 
cultures and brain tissue. Preliminary data 
obtained by this approach indicate that 
Cntn5 and Cntn6 differ significantly in their 
interacting partners (Zuko, unpublished). 
The function of such interactions needs to 
be evaluated in follow-up studies. Thirdly, 
the functional link to processes implicated 
in the pathogenesis of ASD is an essential 
element in the neurobiology of Cntns. 
Since the pathogenesis centers around the 
regulation of local dendritic protein synthesis 
and dendritic functions, the contribution of 
Cntn4, -5 and -6 to these processes will have 
to be scrutinized. 
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 Taken together, autism is the result of 
impaired neurobiological processes that 
normally provide the brain with plasticity, 
particularly at the level of axodendritic 
communication. These are required to build 
neuronal networks during development 
that can mediate complex cognitive brain 
functions as in social behavior. Cntns, 
particularly the members Cntn4, Cntn5, 
and Cntn6 appear to contribute to normal 
brain development and behavior, since their 
deletion or mutation has been associated 
with ASDs. Current research on these 
Cntns concentrate on the neurobiological 
mechanism of their developmental 
functions. A future task will be to link these 
to dendritic processes and to establish if 
proposed pharmacological strategies that 
interfere with these dendritic processes, and 
counteract ASD-related symptomes, can 
also be applied to reversal of phenotypes 
caused by genetic defects in these Cntn 
genes. These fundamental inquisitive 
directions are the starting points for this 
thesis. 

X. Aim and Outline of This 
Thesis

As reviewed above and outlined in the 
Concluding Remarks, the Cntn family 
members Cntn4, Cntn5 and Cntn6 regulate 
a wide variety of neurodevelopmental 
processes in the central nervous system, 
including axon guidance, neuronal outgrowth, 
synaptogenesis, neuronal maturation 
and survival. Furthermore, these Cntns 
have been implicated by human genetics 
in the pathogenesis of neuropsychiatric 
diseases, such as ASDs, anorexia nervosa 
and bipolar disorder. Although studies so 
far indicate distinct neuroanatomical and 
behavioral phenotypes in the respective 

null-mutant mice, very little is still known 
about the biological pathways in which these 
Cntns participate and about the molecular 
mechanisms of their actions. Since the Cntns 
are membrane-linked, but not membrane-
spanning, the involved mechanisms of 
action must rely on a signaling function of 
the Cntn protein itself or on partnering with 
other membrane spanning proteins. There is 
ample evidence for Cntn1 and Cntn2 that cis- 
and trans-interactions with other membrane 
proteins is part of their biological repertoire, 
but for the other Cntn family members this is 
still in an exploratory phase. This thesis aims 
to unravel neurobiological mechanisms 
of these Cntns, with emphasis on Cntn6. 
The experimental route of the studies in this 
thesis sets of with localizing hotspots of 
Cntn6 in mouse brain structures relevant for 
neuropsychiatric disorders and describing 
morphological phenotypes in Cntn6-deficient 
mice in the cerebral cortex (Chapter 2). 
Then, through profiling and comparison 
of interacting proteins of Cntn4, -5 and -6 
(Chapter 3), and of Cntnap2 (Chapter 4). The 
studies zoom in on the nature, mechanism 
and biological function of the interaction 
of Cntn6 with a novel partner (Chapter 5). 
Finally, the involvement of single nucleotide 
variants in the Cntn and Cntnap families 
is evaluated in a cohort of multiplex ASD 
patients (Chapter 6). The findings in the 
experimental studies of this thesis are 
discussed in view of the neurobiological 
role of Cntn6 in development of the cerebral 
cortex and in light of its implication in the 
pathogenesis of ASD.
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Abstract

The neural cell adhesion molecule 
contactin-6 (Cntn6) has been implicated 
as an autism risk gene, which suggests 
that its mutation is deleterious to brain 
development. We aimed to uncover novel 
phenotypes in Cntn6-/- mice related to the 
cell adhesion functions of Cntn6 in the 
cerebral cortex. We first determined the 
spatial Cntn6 protein and mRNA expression 
in the cortex, thalamic nuclei and the 
hippocampus at P14. Levels decreased 
specifically in the cortex at adult stages. 
Neuroanatomical analysis demonstrated a 
significant decrease of Cux1+ projection 
neurons in layers II-IV and an increase of 
FoxP2+ projection neurons in layer VI in the 
visual cortex of adult Cntn6-/- mice compared 
to wild-type control. Furthermore, the 
number of parvalbumin+ (PV) interneurons 
was decreased in Cntn6-/- mice, while the 
amount of NPY+ interneurons remained 
unchanged. In the hippocampus, the 
delineation and outgrowth of mossy fibers 
remained largely unchanged, but the length 
of the suprapyramidal bundle was increased. 
The observed abnormalities in the cerebral 
cortex and hippocampus of Cntn6-/- 

mice point to specific cell adhesion 
functions of Cntn6, in particular cell 
survival, migration and fasciculation. These 
functions suggest that Cntn6 engages in 
both trans- and cis-interactions with other 
membrane proteins and may be involved in 
larger protein interaction networks. 

Introduction

Cell adhesion molecules (CAMs) play an 
important role in the development of the 
nervous system by mediating multiple 
processes that rely on cell-cell contact and 

–signaling. Cell adhesion is regulated by the 
trans-interactions of an expressed collection 
of CAMs on specific subsets of cells. Cell 
adhesion functions facilitate neuronal 
migration, lamination, neurite outgrowth and 
axon guidance, and synaptogenesis (Dalva 
et al., 2007; Maness and Schachner, 2007; 
Murase and Schuman, 1999). Furthermore, 
CAMs may serve receptor properties and 
thereby regulate neuronal apoptosis or 
survival (Anderson et al., 2005; Naus et al., 
2004).
 Contactin-6 (Cntn6) is a member of the 
contactin family of immunoglobulin (Ig) 
cell adhesion molecules (IgCAMs) and 
is specifically expressed in the central 
nervous system. The Cntn family consists 
of six members which are extracellularly 
attached on the cell surface by a 
glycosylphosphatidylinositol link (GPI), and 
contain six Ig and four fibronecin type III 
domains (FNIII) (Shimoda and Watanabe, 
2009; Zuko et al., 2013). CNTN6 is of 
particular interest, since studies have 
indicated that copy number variants in this 
gene contribute to several neuropsychiatric 
disorders (Fernandez et al., 2008; Pinto et 
al., 2010; van Daalen et al., 2011; Wang et 
al., 2011). This indicates that absence of 
CNTN6 and its cell adhesion properties is 
essential in neurodevelopment. 
 In the murine brain, the Cntn6 gene is 
expressed in the cortex, hippocampus, 
thalamus and cerebellum (Lee et al., 
2000; Sakurai et al., 2010; Takeda et al., 
2003), reaching a maximum at P14 and 
thereafter declining to a constant level in 
adulthood (Lee et al., 2000). The notion 
that loss of Cntn6 results in inappropriate 
neurodevelopment is strengthened by the 
phenotypes identified in null-mutants. A 
number of observations have pointed to 
a role of Cntn6 in synapse formation and 
axonal outgrowth. In particular, Cntn6-/- mice 
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exhibited a significant reduction the density 
of parallel fiber glutamatergic synaptic 
terminals in the cerebellum (Sakurai et al., 
2009). Similarly, a significant reduction of 
glutamatergic synapses was found in the 
hippocampus of Cntn6-/- mice, whereas 
there was no difference in the amount of 
GABAergic synapses (Sakurai et al., 2010). 
Cntn6 was previously found to regulate 
neurite outgrowth in vitro (Mercati et al., 
2013), and this property was reflected by the 
delayed formation of the corticospinal tract 
in Cntn6-/- mice (Huang et al., 2011; 2012). 
These known neurobiological processes 
exerted by Cntn6 can be attributed to the 
cell adhesion properties of Cntn6. 
 Such properties of Cntn6 may 
be the basis for the development of 
neuropsychiatric disorders in case 
of loss-of-function mutations of 
CNTN6. Studies on the visual cortex in 
Cntn6-/- mice demonstrated the significance 
of Cntn6 in cortical development. Cntn6 is 
expressed in a low-rostral to high-caudal 
gradient in the cortex, with the highest 
expression levels in the visual cortex, where 
deep layer pyramidal neurons develop 
axonal and dendritic processes (Huang 
et al., 2012; Ye et al., 2008). A substantial 
impairment was found in layer V pyramidal 
neurons of one month old Cntn6-/- mice, 
which showed a significant misorientation 
of apical dendrites (Ye et al., 2008). 
 The aim of this study was to search 
for further phenotypes in Cntn6-/- mice 
that could inform about the cell adhesion 
functions of Cntn6. Compromised cell 
adhesion functions critically affect the 
laminar organization of the cerebral 
cortex, while the mossy fiber tracts in the 
hippocampus are sensitive to fasciculation 
defects. For this reason we examined 
phenotypes in the visual cortex and the 
hippocampus of Cntn6-/- mice. Here we 

describe abnormalities in Cntn6-/- mice that 
point to specific cell adhesion functions of 
Cntn6, in particular cell survival, migration 
and fasciculation. These suggest that Cntn6 
engages in both trans- and cis-interactions 
with itself or other molecules. 

Materials and Methods

Animals and tissue treatment
B57BL/6 and Cntn6-/- mice were obtained 
from Charles River and Nagaoka University 
(Takeda et al., 2003), respectively. Mice 
were maintained on a 12-h light/dark cycle 
with ad libitum food and water in the animal 
facility of the Brain Center Rudolf Magnus, 
Utrecht. Homozygous and heterozygous 
Cntn6 mice and littermate controls were 
obtained from heterozygous breeding. For 
immunohistochemistry, adult mice were 
anesthetized with an overdose of sodium 
pentobarbital (19.4 μl/gr) and were perfused 
intracardially with 0.9% saline, followed 
by 4% PFA in PBS, pH 7.5. Brains were 
post fixed in 4% PFA before transferred 
to 30% sucrose for cryopreservation. 
Tissue was sectioned at 40 μm sections 
and free-floating sections were stored 
in PBS with 0.02% sodium azide until 
immunohistochemistry was performed. For 
in situ hybridization, P14 mouse pups and 
adult mice were killed by decapitation and 
their brains were quickly dissected and 
flash-frozen in 2-methylbutane between 
-50 and -55°C. Brains were sliced into 
16 μm sections using a cryostat and 
mounted onto Superfrost slides (VWR). 
For immunohistochemistry and in situ 
hybridization, the following stereotaxic 
coordinates were used for coronal sections 
of adult mouse brain: visual cortex (-2.80 
mm to bregma), thalamic nuclei (-0.82 mm 
to bregma) and hippocampus (between -1.5 
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mm and -2.5 anterior posterior (AP) from 
bregma).

In Situ Hybridization
Nonradioactive in situ hybridization was 
performed according to (Pasterkamp et al., 
1998). In brief, probe sequences for Cntn6 
(NM_017383.3: nt 283-876) was polymerase 
chain reaction (PCR)-amplified from cDNA. 
Digoxigenin (DIG)-labeled RNA probes were 
generated by a RNA polymerase reaction 
using 10x DIG RNA labeling mix (ENZO). 
Tissue sections were post-fixed in 4% PFA 
in PBS, pH 7.40 at room temperature (RT) for 
20 min. To enhance tissue penetration and 
decrease aspecific background staining, 
sections were acetylated with 0.25% acetic 
anhydride in 0.1 M triethanolamine and 
0.06% HCl at RT for 10 min. Sections were 
prehybridized in hybridization buffer (50% 
formamide, 5x Denhardt’s solution, 5x SSC, 
250 μg/ml baker’s yeast tRNA and 500 μg/
ml sonicated salmon sperm DNA) at RT 
for 2 hr. Hybridization was performed with 
2000 ng/ml denatured DIG-labeled probe 
diluted in hybridization buffer at 68°C for 
15 hr. After hybridization, sections were 
first washed briefly in 2x SSC followed by 
incubation in 0.2x SCC at 68°C for 2 hr. 
Sections were adjusted to RT in 0.2x SSC 
for 5 min. DIG-labeled RNA hybrids were 
detected with anti-DIG Fab fragments 
conjugated to AP (Boehringer) diluted in 
1:2500 in TBS (pH 7.4) at 4°C overnight. 
Binding of AP-labeled antibody was 
visualized by incubating the sections in 
detection buffer (100 mM Tris-HCl, pH 9.5, 
100 mM NaCl and 50 mM MgCl2) containing 
240 μg/ml levamisole and nitroblue 
tetrazolium chloride/5-bromo-4-chloro-3-
indolyl-phosphatase (NBT/BCIP, Roche) 
at RT for 14 hr. Sections subjected to the 
entire in situ hybridization procedure, but 
with no probe or sense probe added, did 

not exhibit specific hybridization signals. 
The specificity of the in situ hybridization 
procedure was also inferred from the clearly 
distinct gene expression patterns observed. 
Staining was visualized using a Zeiss 
Axioskop 2 microscope. 

Nissl staining and cortical 
thickness analysis
Coronal sections of mouse brain were 
immersed in 0.5% cresyl violet for several 
minutes and then subjected to the ethanol 
series and embedded. Analysis of cortical 
thickness was performed within the frontal 
motor cortex (+0.5 mm to bregma), primary 
somatosensory areas (-1.70 mm to bregma) 
and visual cortex (-2.80 mm to bregma) in all 
used brains. Of the cortices the superficial 
and deeper layers (i.e. layers I-IV and layers 
V-VI resp.) were measured, which were 
performed on at least two sections of each 
area in wild-type and Cntn6-/- adult mice (n 
= 5 per genotype) using ImageJ software. 
A statistical analysis was carried out using 
unpaired Student’s t test and one-way 
analysis of variance (ANOVA).

Immunohistochemistry
The sections were washed with PBS and 
incubated in blocking buffer (1% BSA, 
0.2% fish skin gelatin (Sigma), 0.1% Triton 
X-100 in PBS) for 45 min. Sections were 
washed and incubated in permeabilization 
buffer (0.3% Triton X-100 in PBS) for 10 min 
before incubation with primary antibody in 
blocking buffer at 4°C for 2 hr. The sections 
were washed in PBS and pre-incubated 
with blocking buffer before incubating with 
secondary antibody at RT for 2 hr. The 
sections were washed again in PBS and 
a 10 min DAPI incubation was performed. 
The sections were embedded with Polyvinyl 
alcohol mounting medium with DABCO 
antifading (Fluka) onto glass slides after 
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additional PBS wash steps. Antibodies 
used were sheep anti-Cntn6 (R&D systems) 
1:100; mouse anti-NeuN (Milipore) 1:200; 
rabbit anti-Cux1 (Santa Cruz) 1:200; rabbit 
anti-FoxP2 (Sigma) 1:250; rabbit anti-
Parvalbumin (PV) (ImmunoStar) 1:250; 
rabbit anti-Neuropeptide Y (NPY) (Abcam) 
1:1000; rabbit anti-Synaptoporin (Synaptic 
Systems) 1:1000; mouse anti-Calbindin 
(Swant) 1:3000; and DAPI, followed by 
species-specific secondary antibodies 
conjugated to Alexa Fluor (Invitrogen). 
Images were captured by confocal laser 
scanning microscopy (Olympus FV1000) and 
a Zeiss Axioscop A1. For the quantification 
analysis, images from the Zeiss Axioscop 
A1 were used. For the quantifications of 
projection neurons in the visual cortex 
(-2.80 mm to bregma), measurements were 
performed on at least two sections from 
wild-type and Cntn6-/- adult mice (n = 5 per 
genotype) using ImageJ software. Cells 
positive for NeuN, Cux1 and DAPI were 
counted in images taken of layers II-IV and 
images taken of layers V-VI. Cells positive 
for NeuN, FoxP2 and DAPI were counted 
in images taken of layer VI. These images 
comprised of at least 20 randomly selected 
microscope fields in the designated layers 
(area 0.1 mm2) from the visual cortex. 
For the quantifications of interneurons 
in the visual cortex, measurements were 
performed on at least two sections from 
wild-type and Cntn6-/- adult mice (n = 7 
per genotype for PV-analysis and n = 5 for 
NPY-analysis) using ImageJ software. Cells 
positive for PV and NPY were counted in 
images taken of the entire cortex. These 
images comprised of at least 20 randomly 
selected microscope fields (area 1.5 mm2) 
from the visual cortex. For the analyses of 
the hippocampus (between -1.5 mm and 
-2.5 AP from bregma), measurements were 
performed on at least three sections from 

wild-type and Cntn6-/- adult mice (n = 7 per 
genotype) using ImageJ software. Anti-
calbindin was used to visualize mossy fibers 
and anti-synaptoporin was used to visualize 
mossy fiber synapses in the hippocampus. 
The lengths and area sizes of the supra- and 
infrapyramidal bundles (SPB and IPB) were 
assessed by tracing the bundles from the 
endpoints of the dentate gyrus (DG) blades 
to the last visible bundle staining at the CA3 
side. The analytical region of the stratum 
pyramidale (SP) was assessed by placing 
a rectangle (Fig. 8B) from the endpoints of 
the DG blades to the last visible staining 
of the IPB at the CA3 side. The SP region 
in this rectangle was traced and both the 
area size and fiber density were measured. 
At least 28 randomly selected microscope 
fields from the hippocampus were used 
for measurements. Statistical analysis was 
carried out using unpaired Student’s t test 
and one-way analysis of variance (ANOVA).

Ethics Statement
The experiments performed in this study 
were approved by the Experimental 
Animal Committee (DEC) of Utrecht 
(2010.I.06.073). All animal experiments 
were conducted in agreement with Dutch 
law (Wet op de Dierproeven, 1996) and 
European regulations (Guideline 86/609/
EEC) related to the protection of vertebrate 
animals used for experimental and other 
scientific purposes.

Results

Differential spatiotemporal 
expression of Cntn6 in the brain
To understand the temporal expression of 
Cntn6 in the developing mouse brain, we 
analyzed Cntn6 mRNA levels in various 
neurodevelopmental stages by real time 
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Fig. 1. Cntn6 mRNA expression in the murine brain. (A) A low magnification of Cntn6 mRNA expression 
in coronal sections of P14 and adult mouse brain. Cntn6 was highly expressed the anterodorsal (AD) 
nucleus of the thalamus at P14. In the adult brain, both the AD and anteroventral (AV) nucleus of the 
thalamus expressed Cntn6. The scale bar represents 500μm. (B) Cntn6 mRNA was present at high 
levels in the motor cortex, somatosensory cortex, and visual cortex at P14. The expression was lower 
in adult brains, most notably in the visual cortex. The scale bar represents 250μm. (C) In P14 and adult 
hippocampi, Cntn6 mRNA was present in the cornu ammonis 1 (CA1) and in the dentate gyrus (DG). 
Cntn6 expression was visible in cell bodies in the hilus (h) of the DG as indicated by the arrows in 
the dashed squares, which are the magnified adjacent images. CA3, cornu ammonis 3. The scale bar 
represents 500μm. The scale bar in the magnified image is 100μm.

A)

B)

C)



59

2

Fig. 2. Cntn6 protein expression in the adult 
mouse brain. (A-B) Immunohistochemistry 
for Cntn6 (green) and NeuN (red) in the visual 
cortex of P14 and adult wild-type and Cntn6-/- 
mice. Specific Cntn6 immunoreactivity was 
only observed in layer V of the P14 wild-type 
cortex and was strongly decreased in the adult. 
DAPI is in blue. The scale bar represents 250μm. 
(C-D) Cntn6 (green) and NeuN (red) staining in 
the thalamic region of P14 and adult wild-type 
and Cntn6-/- mice. The staining revealed the 
presence of Cntn6 protein in the AD and AV 
nuclei of the thalamus in both P14 and adult 
wild-type mice but not in Cntn6-/- mice. DAPI 
is in blue. The scale bar represents 250μm.

A)

C)

D)

B)
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PCR. In brain tissue samples Cntn6 mRNA 
peaked at P7 and decreased thereafter 
(Fig. 5A). Next, we focused on the temporal 
Cntn6 expression pattern in specific 
forebrain regions. In situ hybridization was 
performed in P14 and adult C57BL/6 wild-
type mouse brains. In the P14 sections, 
Cntn6 was most prominently expressed 
in the anterodorsal (AD) nucleus of the 
thalamus and in layers V of the motor cortex, 
somatosensory cortex, and visual cortex 
(Fig. 1A-B). In the adult brain, the expression 
in the AD nucleus remained constant and 
was visible in the anteroventral (AV) nucleus 
of the thalamus. Furthermore, the overall 
expression in the cortex was decreased, 
most notably in the visual cortex. In the P14 

and adult hippocampus, Cntn6 mRNA was 
observed in the cornu ammonis 1 (CA1), the 
dentate gyrus (DG) and in the hilus of the 
DG (Fig. 1C). 
 Immunostaining using Cntn6 antibodies 
in P14 and adult wild-type and Cntn6-/- 

mice confirmed the decrease of Cntn6 
expression in the visual cortex (Fig. 2A-B). 
Cntn6 staining was observed in the AD and 
AV nuclei of both P14 and adult mice (Fig. 
2C-D). The decrease of Cntn6 mRNA and 
protein expression in the adult visual cortex 
suggested that any defects in this area must 
arise in earlier developmental stages. Layer 
V pyramidal neurons in the visual cortex 
expressed Cntn6 in early postnatal stages 
(Ye et al., 2008). Although this expression 

A)

Fig. 3. Cortical thickness in Cntn6-deficient mice. (A) Nissl-stained sections of the motor cortex, 
somatosensory cortex and visual cortex of adult wild-type and Cntn6-/- mice. Arrows indicate upper and 
lower layer thickness. The scale bar indicates 250μm. (B) Quantitative analysis of the represented upper 
and lower cortical areas demonstrate equal cortical thickness between the genotypes. Analysis was 
performed on at least two sections per brain from wild-type and Cntn6-/- adult mice (n = 5 per genotype) 
using unpaired Student’s t test and one-way ANOVA. Data are presented as mean ±SEM. 

B)
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was substantially decreased in adult mice, 
it has been reported that apical dendrites 
of these neurons were misoriented in one 
month old Cntn6-/- mice (Ye et al., 2008). 
This morphological defect is typical for 
the absence of critical axon guidance 
functions that can be exerted by CAMs, 
including close homolog of L1 (Chl1), 
protein tyrosine phosphatase alpha (Ptpra), 
and semaphorin-3A (Sema3A) (Sasaki et 
al., 2002; Ye et al., 2008; 2011). This raises 
the question whether Cntn6-deficiency 
may reveal additional defects related to 
cell adhesion functions of Cntn6, like in the 
lamination of the adult cortex.

Normal cortical thickness in  
Cntn6-/- mice 
We first reevaluated the gross cortical 
morphology between adult wild-type and 
Cntn6-/- mice. Therefore, we measured the 
cortical thickness of the motor cortex, the 
somatosensory cortex and the visual cortex 
in adult mice (Fig. 3A). A distinction was 
made between the superficial and deeper 
layers of the cortices (i.e. layers I-IV and V-VI 
resp.), which were measured separately and 
in combination. There were no differences 
found between wild-type and Cntn6-/- mice 
in any of the measured cortices (Fig. 3B), 
consistent with previous reports (Takeda 
et al., 2003). These results suggest that 
Cntn6 is not involved in the regulation of 
gross cortical morphology but rather in the 
fine-tuning of specific features of cortical 
development, such as the orientation 
of dendrite outgrowth. Previous reports 
suggest that Cntn6 does not affect the 
migration of developing pyramidal neurons 
(Ye et al., 2008). However, other processes 
that are involved in cortical organization 
might still be affected (Rubenstein, 2011).

Altered distribution of projection 

neurons in the visual cortex of 
adult Cntn6-/- mice 
Next, we focused on the laminar positioning 
and distribution of specific cortical projection 
neurons in the visual cortex of wild-type and 
Cntn6-/- mice. The location and density of 
upper and lower layer projection neurons 
were investigated by using Cux1 antibodies, 
which marks cells destined for layers II-IV in 
adult wild-type and Cntn6-/- mice (Fig. 4A). 
Cell counting revealed no differences in the 
total numbers of cells and neurons, which 
are DAPI+ and NeuN+ cells respectively, 
in the upper layers between genotypes. 
However, the number of Cux1+ neurons in 
the upper layers was significantly decreased 
in Cntn6-/- mice (Fig. 4B). Measurements 
revealed no statistical difference in the total 
number of cells, neurons, and the number 
of Cux1+ displaced neurons in the lower 
layers of Cntn6-/- mice (Fig. 4C).
 FoxP2 staining was used to visualize 
projection neurons in layer VI (Fig. 5A). Cell 
counting showed no statistical difference 
in the total number of cells and neurons 
in layer VI between genotypes. However, 
an increase in FoxP2+ neurons in layer VI 
was found in the Cntn6-/- mice (Fig. 5B). 
These observations indicated a shift in the 
distribution of Cux1+ and FoxP2+ neurons 
in their respective layers of the visual 
cortex in Cntn6-/- mice. It is not likely that 
a fate shift was induced by the deficiency 
in Cntn6. Rather, survival and apoptosis 
processes mediated by CAMs, might have 
been affected by the absence of Cntn6.

Reduced number of subtype-
specific interneurons in 
Cntn6-/- mice 
GABAergic interneuron dysfunction was 
previously associated with autism and 
epilepsy (Levitt et al., 2004) and was 
also found in the cortex of contactin-
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Fig. 4. Upper layer projection neurons in Cntn6-deficient mice. (A) Representative image of Cux1 
expression (green) in layers II-IV of the visual cortex together with NeuN (red) in adult wild-type mice. 
DAPI is in blue. The arrowheads show displaced Cux1+ cells in lower cortical layers. The scale bar 
represents 100μm. (B) Quantitative analysis of the upper layers (layers II-IV) did not show differences in 
total cell number and total neuron number, but did show a significant decrease in the number of Cux1+ 
neurons in adult Cntn6-/- mice compared to wild-type mice. (C) Quantitative analysis of the lower layers 
(layers V-VI) did not show differences in total number of cells and neurons, and in the Cux1+ neurons in 
adult Cntn6-/- mice compared to wild-type mice. Analysis was performed on at least two sections per 
brain from wild-type and Cntn6-/- adult mice (n = 5 per genotype) using unpaired Student’s t test and 
one-way ANOVA. Data are presented as mean ±SEM. **, p < 0.01. 

A)

B)

C)
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associated protein-2 (Cntnap2) knockout 
mice (Peñagarikano et al., 2011). Defects 
in migration may cause these dysfunctions. 
The indication that Cntn6 exerts a number 
of CAM functions like axon guidance and 
survival, prompted us to examine the 
migration of GABAergic interneurons. We 
quantified two non-overlapping populations 
of interneurons in the visual cortex of 

wild-type and Cntn6-/- mice, namely 
interneurons positive for parvalbumin 
(PV) or neuropeptide Y (NPY) (Wonders 
and Anderson, 2006). We observed a 
significant decrease in the number of PV+ 
interneurons in Cntn6-/- mice (Fig. 6A), 
while the amount of NPY+ interneurons 
remained unchanged (Fig. 6B). These results 
suggest that Cntn6 could possibly serve as 

Fig. 5. Lower layer projection neurons in Cntn6-deficient mice. (A) Representative images of FoxP2 
(green) expression, NeuN expression and DAPI staining in layer VI of the visual cortex in the visual cortex 
of adult wild-type mice. The scale bar represents 100μm. (B) Quantitative analysis of layer VI did not 
show differences in the total numbers of cells and neurons, and did show a significant increase in the 
number of FoxP2+ neurons in adult Cntn6-/- mice compared to wild-type mice. Analysis was performed 
on at least two sections per brain from wild-type and Cntn6-/- adult mice (n = 5 per genotype) using 
unpaired Student’s t test and one-way ANOVA. Data are presented as mean ±SEM. **, p < 0.01. 

B)

A)
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an adhesion scaffold for PV+ interneurons, 
which is necessary to support interneuron 
migration towards the cortex. Alternatively, 
Cntn6 might act as a guidance cue or survival 
factor for migrating PV+ interneurons. 
Abnormal suprapyramidal bundle 

in Cntn6-/- mice 
In order to investigate if Cntn6 serves 
adhesive functions necessary for axonal 
fasciculation, we determined the integrity 
of hippocampal mossy fiber projections in 
the absence of Cntn6. The fasciculation 

A)

B)

Fig. 6. Parvalbumin- and NPY-positive interneuron distribution in the cortex of Cntn6-deficient 
mice. (A) Representative images of PV+ interneurons (green) across the visual cortex of adult wild-
type mice. DAPI is in blue. Quantification of PV+ cells showed a significant decrease in Cntn6-/- mice. 
(B) NPY+ interneurons (green) were stained in the visual cortex, with DAPI in blue. Quantifications of 
NPY+ cells revealed no difference between wild-type and Cntn6-/- mice. The scale bars represent 100μm. 
Analysis was performed on at least two sections per brain from wild-type and Cntn6-/- adult mice (n = 7 
for PV+ quantifications and n = 5 for NPY+ quantifications per genotype) using unpaired Student’s t test 
and one-way ANOVA. Data are presented as mean ±SEM. *, p < 0.05. 
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E)

Fig. 7. Cntn6 protein expression in the hippocampus. (A-B) Immunohistochemistry for Cntn6 (green) 
and NeuN (red) showed Cntn6 expression in the hippocampus of P14 and adult wild-type mice. No 
significant background staining was found in Cntn6-/- adult mice. (C) A higher magnification of Cntn6 
(green) and NeuN (red) immunostaining of the hippocampus of P14 wild-type and Cntn6-/- mice. 
Expression was observed at cell bodies in the hilus (h) of the dentate gyrus (DG), adjacent to the granule 
layer of the DG and at the stratum lacunosum-moleculare (slm) of wild-type P14 mice. All scale bars 
represent 100μm. Specific Cntn6-staining was also observed in the cortex of wild-type mice (arrows). 

B)

C)

A)
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A)

B)

D)

C)

Fig. 8. Hippocampal mossy fiber distribution in Cntn6-deficient mice (A) Representative image of 
synaptoporin (green) and calbindin (red) expression in adult wild-type mice. DAPI is in blue. The scale bars 
represent 250μm. (B) Schematic representation of the adult mouse hippocampus. The rectangle indicates 
the area and location used for quantification of mossy fiber crossings in the SP of the CA3. Abbreviations: 
CA1, cornu ammonis 1; CA3a-c, cornu ammonis 3a-c; DG, dentate gyrus; SPB, suprapyramidal bundle; 
IPB, infrapyramidal pundle; SP, stratum pyramidale; slm, stratum lacunosum-moleculare. (C) Quantification 
of the length (left panel) and area size (right panel) of the IPB and SPB in wild-type and Cntn6-/- mice only 
showed a significant increase of both parameters on the SPB. (D) Quantification of total area size (left 
panel) and percentage of mossy fibers crossing the SP (right panel) did not reveal a difference between 
wild-type and Cntn6-/- mice. Analysis was performed on at least three sections per brain from wild-
type and Cntn6-/- adult mice (n = 7 per genotype) using unpaired Student’s t test and one-way ANOVA. 
Data are presented as mean ±SEM. *, p < 0.05, **, p < 0.01. (E) Nissl-stained sections of adult 
wild-type and Cntn6-/- mice did not demonstrate a difference in hippocampal surface areas between 
genotypes. Analysis was performed on at least two sections per brain from wild-type and Cntn6-/- adult 
mice (n = 5 per genotype) using unpaired Student’s t test and one-way ANOVA. Data are presented as 
mean ±SEM. 
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of efferents of this system is sensitive to 
alterations in axon guidance molecules 
and CAMs (Heyden et al., 2008; Montag-
Sallaz et al., 2002; Suto et al., 2005; 2007; 
Van Battum et al., 2014). At P14 and in 
the adult mice, Cntn6 was moderately 
expressed in the CA1 and clearly in the 
stratum lacunosum-moleculare (slm) (Fig. 
7A-B). In higher magnifications of the DG in 
P14 mice, expression of Cntn6 was visible 
in cell bodies in the hilus of the DG, in a 
thin sheet adjacent to the granular layer and 
prominently in the slm (Fig. 7C). Cntn6 is 
expressed in the hippocampus of both P14 
and adult mice, which suggests that Cntn6 
might be involved in connectivity of these 
structures.
 Immunostaining with two specific markers 
was used to outline the organization of 
hippocampal mossy fibers and their terminals 
(Fig. 8A). Synaptoporin was expressed in 
the mossy fiber system in the hilus of the 
DG, and staining shows the suprapyramidal 
bundle (SPB) and the infrapyramidal bundle 
(IPB) (Singec et al., 2002). Staining for the 
calcium-binding protein calbindin revealed 
DG granular cells and mossy fiber axons 
(Scharfman et al., 2000; Tóth and Freund, 
1992). The density of mossy fibers crossing 
the stratum pyramidale (SP) of the CA3 
region was measured, which emanate from 
the DG, bifurcate and segregate into the 
SPB and IPB. Both bundles are located 
on either side of the SP, which is the layer 
containing pyramidal neuron somata. 
Additionally, the lengths and areas sizes of 
the SPB, IPB, and the area size of the SP 
were measured (Fig. 8B). The length and 
area size of the IPB remained unchanged in 
Cntn6-/- mice, while these parameters were 
significantly increased in the SPB (Fig. 8C). 
The area size of the SP and the number of 
mossy fibers crossing the SP were 
unaffected in Cntn6-/- mice. Although an 

increase in area size was found in the SPB, 
no difference was found in total hippocampal 
surface area between the genotypes 
(Fig. 8D-E). These results indicated that 
Cntn6 is required for the normal integrity 
of lamina-restricted projections of mossy 
fibers forming the SPB.

Discussion

We here report that Cntn6 contributes 
to the appropriate development of 
cortical layers and hippocampal 
mossy fiber tracts. The distribution of 
projection neurons and interneurons was 
changed in the visual cortex of Cntn6-/- 

mice. Additionally, the size of the SPB in the 
hippocampus was altered in these mice. We 
interpret these impairments as signs that 
the cell adhesion properties of Cntn6 are 
employed as survival and apoptosis signals, 
as migration signals and for the fasciculation 
of axons. Earlier reports on axon 
guidance functions of Cntn6 in the cortex 
demonstrated misoriented apical dendrites 
of cortical pyramidal neurons and a delay 
in corticospinal tract formation in Cntn6-/- 

mice (Huang et al., 2012; Ye et al., 2008). 
Together with these data, these results 
point to functions of Cntn6 in neuronal 
migration, guidance and survival. The 
underlying mechanism requires Cntn6 to 
engage cis- and trans-interactions with 
membrane bound proteins. We do not have 
evidence that Cntn6 employs homophilic 
interactions. Therefore, the present data 
suggests that the interactions involve other, 
partly unknown proteins.
 It has been made apparent that CAMs are 
important for the construction of a normal 
cerebral cortex from numerous studies 
in mice deficient of CAMs (Bruining et al., 
2015; Heyden et al., 2008; Peñagarikano et 



68

Cell Adhesion Functions of Contactin-6 in the Cortex and Hippocampus

al., 2011). Such roles were demonstrated 
for Cntn6 in the regulation of cortical 
development after the observation of 
aberrant dendrite orientation of pyramidal 
neurons in layer V of the visual cortex in 
Cntn6-/- mice (Ye et al., 2008). The visual 
cortex of Chl1-/- mice showed a similar effect 
and this particular phenotype was enhanced 
in mice heterozygous for both Cntn6 and 
Chl1 (Ye et al., 2008). Close examination 
of the visual cortex in Chl1-/- mice revealed 
impairments of neuronal migration in this 
area (Demyanenko et al., 2004). These 
impairments were not observed in Cntn6-/- 
mice (Ye et al., 2008), but other processes 
involved in cortical organization were 
implicated (Rubenstein, 2011), including 
the distribution of projection neurons and 
inhibitory interneurons. 
 Our conclusion that Cntn6 is involved in 
neuronal survival and apoptosis is based on 
the observation of the altered distribution 
of projection neurons in the visual cortex of 
Cntn6-/- mice. In these mice, the number 
of Cux1+ neurons in the upper layers was 
significantly reduced, while the amount of 
FoxP2+ neurons in layer VI was increased 
in the visual cortex. The decrease of the 
number of Cux1+ neurons might be a direct 
effect of a decrease of the total number of 
neurons in layer II-IV in the visual cortex 
of Cntn6-/- mice. Although the decrease 
of the total number of neurons was not 
significant, it was indeed slightly reduced. 
A similar observation was made for the 
lower projection neurons. The significant 
increase in the number of FoxP2+ neurons 
might be a direct effect of, although not 
significant, a slight increase of the total 
number of neurons in layer VI of the visual 
cortex in Cntn6-/- mice. These data indicate 
that neuronal survival might be impaired, 
which could lead to increased apoptosis 
of layer II-IV neurons. Simultaneously, the 

absence of Cntn6 might have a beneficial 
effect on neuronal survival specifically 
in layer VI. The notion that Cntn6 plays a 
role in neuronal survival was previously 
demonstrated by the increased amount of 
apoptosis in granule cells of the cerebellum 
and in primary cultures derived from Cntn6-/- 

mouse cortex (Huang et al., 2011; Sakurai 
et al., 2009).
 The role of Cntn6 in interneuron 
migration was derived from the observation 
that the number of PV+ interneurons was 
significantly decreased in Cntn6-/- mice, 
while the number of NPY+ interneurons 
remained unchanged. Expression of Cntn6 
on PV+ interneurons has not been reported 
and does not come forward from our 
experiments. However, Cntn6 might interact 
with binding partners on PV+ interneurons 
and thereby contribute to migration, 
guidance or survival of these interneurons 
in the visual cortex. In this case, Cntn6 
may serve as a signal to receptors on PV+ 
interneurons. Interestingly, in particular PV+ 
interneurons have been reported to play 
important roles in the rhythmic pacing of 
cortical neuronal activity (Sohal et al., 2009; 
Takada et al., 2014). Quantification of other 
interneuron subsets in the Cntn6-/- mouse 
cortex might provide more insight in the 
firing pattern of cortical neurons in these 
mice. These results suggest that Cntn6 may 
mediate contact and adhesion of migrating 
interneurons and of growing apical dendrites 
with the extracellular matrix or other cells, 
providing them a permissive environment or 
directions for movement and growth. 
 We examined if the cell adhesion functions 
of Cntn6 play a role in the fasciculation 
of mossy fibers in the hippocampus. 
This system is very sensitive to axon 
guidance defects or to absence of certain 
CAMs, as was demonstrated in Chl1-/- 

mice. Mossy fibers represent the fasciculated 
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axonal projections of DG granule cells on 
pyramidal cells in the hippocampus. Their 
terminals form synapses in the stratum 
lucidum with the proximal portion of the 
apical dendrites of CA3 pyramidal cells. 
Numerous mossy fiber terminals were 
seen scattered within the pyramidal cell 
layer in Chl1-/- mice, suggesting that the 
terminals were formed not only on proximal 
dendrites of the pyramidal cells, but also 
on the cell bodies (Heyden et al., 2008; 
Montag-Sallaz et al., 2002; Van Battum et 
al., 2014). Interestingly, NCAM-deficient 
animals also have demonstrated similar 
abnormal projections of mossy fibers in 
the hippocampus (Cremer et al., 1997). 
However, we did not observe an increased 
mossy fiber invasion into the SP of Cntn6-/- 

mice, but rather an increase in length and 
size of mossy fiber projections in the SPB. 
These findings imply that Cntn6 absence 
from the DG might impair the fasciculation 
of mossy fibers innervating the SPB. 
 Our results provide insight in the cell 
adhesion functions of Cntn6, which 
contribute to the development of the 
cortex and the hippocampus, in particular 
cell survival, migration and fasciculation. 
Further investigation of the molecular 
pathways and protein networks of Cntn6, 
which exerts these functions, will provide 
more insight in the manner Cntn6 regulates 
neurodevelopment.
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Abstract

The neural cell adhesion molecules 
contactin-4 (Cntn4), contactin-5 (Cntn5), 
and contactin-6 (Cntn6) are closely related 
members of the immunoglobulin superfamily. 
Disruptions in these genes may contribute to 
increased risk of neuropsychiatric disorders, 
particularly in autism spectrum disorders 
(ASD), and null-mutant mice displayed 
various phenotypes in brain and behavior. 
However, how these proteins contribute to 
neuronal pathology remains unclear. By use 
of proteomics we identified novel binding 
partners of these contactins (Cntns) with the 
goal to elucidate biological pathways they 
are involved in. Comparison of the mass 
spectrometry data revealed very different 
interactomes of Cntn4, Cntn5 and Cntn6. 
We validated the most interesting putative 
binding partners. Cntn4 was shown to 
interact with the amyloid precursor protein 
(APP), an interaction reported before. 
Secondly, a novel protein complex between 
Cntn5 and several subunits of the exocyst 
complex was established, indicating 
a possible role for Cntn5 in vesicular 
transport and presynaptic functions. For 
Cntn6, latrophilin-1 (Lphn1) was established 
as a binding partner, suggesting that Cntn6 
functions in cooperation with this cell 
adhesion GPCR. This interaction between 
Cntn6 and Lphn1 was further validated in 
Chapter 5, which resulted in a functional 
model for neurite outgrowth and neuronal 
survival. These results indicate that Cntn4, 
Cntn5, and Cntn6 each have their own 
profile of interacting proteins and thus may 
be involved in separate biological pathways, 
which when disrupted can contribute to 
ASD pathology. 

Introduction

The contactin (Cntn) family of Ig cell adhesion 
molecules (IgCAMs) is comprised of six 
members, which are closely related to each 
other in common structural architecture. 
Cntns are extracellularly attached to the cell 
surface by a glycosylphosphatidylinositol 
anchor (GPI), and contain six immunoglobulin 
(Ig) and four fibronectin type III domains 
(FNIII) (Shimoda and Watanabe, 2009; Zuko 
et al., 2013). They are expressed in the brain 
and play important roles in the formation 
and maintenance of the nervous system. In 
particular Cntn1 (also referred to as Cntn) 
and Cntn2 (also referred to as TAG-1) have 
been well characterized for their specialized 
roles in neuron-glia interaction, specifically 
at the nodes of Ranvier of myelinated 
axons (Peles and Salzer, 2000; Poliak and 
Peles, 2003; Scherer and Arroyo, 2002). 
Cntn1 is expressed on the axolemma at the 
paranode, where it interacts in trans with 
neurofascin-155 (Bonnon et al., 2007). This 
interaction is inhibited when Cntn1 interacts 
with contactin-associated protein Cntnap 
(also known as Caspr) in cis (Peles et al., 
1997; Rios et al., 2000), which is essential 
for the generation of the axoglial junction 
(Boyle et al., 2001). Cntn2 proteins located 
on the glial membrane at the juxtaparanode 
and on the juxtaparanodal axolemma 
are capable of forming homodimers in 
trans. The Cntn2 protein localized on 
the juxtaparanodal axolemma also forms 
simultaneous cis-interactions with Cntnap2, 
thereby establishing an axonal Cntn2/
Cntnap2 heterodimer. Cntn2 in this complex 
is required for clustering of Shaker-type K+ 
channels at the juxtaparanode (Poliak et al., 
2003; Traka et al., 2003). These data show 
that Cntns are functionally engaged through 
cis- and trans-interactions, which are the 
basis for their modes of action.
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In contrast to Cntn1 and Cntn2, far less is 
known about the modes of action of other 
Cntn family members, although data point 
to important functions in axonal guidance 
and outgrowth, the orientation of elongating 
dendrites, and synaptogenesis (Zuko et 
al., 2013 reviews). Studies on Cntn3 are 
essentially lacking. Cntn4, Cntn5, and 
Cntn6 have restricted, but overlapping brain 
expression patterns, primarily in the cerebral 
cortex, olfactory bulb, hippocampus, 
thalamus and cerebellum (Ogawa et al., 
2001; Sakurai et al., 2010; Takeda et al., 
2003; Yoshihara et al., 1995). Cntn4, Cntn5, 
and Cntn6 null-mutant mice show very 
different neuroanatomical and behavioral 
phenotypes. Cntn4 null-mutants show 
aberrant projections of olfactory sensory 
neuron axons to multiple glomeruli in the 
olfactory bulb (Kaneko-Goto et al., 2008), 
while Cntn5 null-mutants demonstrate 
a reduction in glutamatergic puncta and 
increased apoptosis in auditory brain regions 
(Toyoshima et al., 2009a; 2009b). Cntn6 
null-mutants show primarily impairments 
in synapses and in neuronal projections 
(Huang et al., 2012; Sakurai et al., 2010; 
2009; Ye et al., 2008). Cntn4 null-mutant mice 
do not display any behavioral impairments, 
whereas Cntn5 and Cntn6 null-mutant 
mice demonstrate decreased sensitivity 
to audiogenic seizures and impairments in 
motor coordination respectively (Li et al., 
2003; Takeda et al., 2003). 
 Human genetics has further emphasized 
the importance of CNTN4, CNTN5 and 
CNTN6 in the human brain. Several copy 
number variations in the CNTN4, CNTN5, 
and CNTN6 genes were found to associate 
particularly with autism spectrum disorders 
(ASDs) (Cottrell et al., 2011; Fernandez 
et al., 2008; Nava et al., 2014; Roohi et 
al., 2009; van Daalen et al., 2011). Point 
mutations in these genes were thought 

to contribute to ASD as well, but recent 
studies do not confirm this model (Murdoch 
et al., 2015). ASDs are highly heterogeneous 
and complex neurodevelopmental diseases, 
which are characterized by impaired social 
interactions and communication, as well 
as restricted, repetitive and/or stereotyped 
behaviors. Studying the protein complexes 
these Cntns are involved in might reveal the 
manner in which loss of CNTN4, CNTN5, 
and CNTN6 contributes to this disorder. 
 Cntns lack transmembrane and 
intracellular regions while being expressed 
on the cell surface. This indicates the 
involvement of interacting partners in their 
mode of action as has been elaborated for 
Cntn1 and Cntn2. However, the identities of 
such interacting partners of Cntn4, Cntn5 
and Cntn6 are limited and only a few relevant 
interactors have been identified for these 
Cntn members. Receptor protein tyrosine 
phosphatase gamma (Ptprg) interacts with 
Cntn4, Cntn5, and Cntn6 and this interaction 
is mediated by the CA-like domain of Ptprg 
and Cntn Ig domains (Bouyain and Watkins, 
2010). Previously, an interaction between 
Cntn4 and amyloid precursor protein (APP) 
was identified which regulates NgCAM-
dependent growth of cultured retinal axons 
and the development of the accessory 
optic system (AOS) (Osterfield et al., 2008; 
Osterhout et al., 2015). An interaction of 
Cntn4 and Cntn5 with amyloid precursor-
like protein-1 (APLP1) was identified as 
well (Osterfield et al., 2008; Shimoda et al., 
2012). However, the biological functions of 
these interactions have remained largely 
unknown. 
 For Cntn6, more extended research 
was performed to identify biological 
pathways in neurodevelopment. Receptor 
protein tyrosine phosphatase alpha (Ptpra) 
interacts with Cntn6, and thereby increases 
and stabilizes cell surface expression of 
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Cntn6 (Ye et al., 2011). Furthermore, it was 
suggested that Cntn6 interacts with close 
homolog of L1 (Chl1) and that this complex 
regulates oriented growth of apical dendrites 
of visual cortical layer V pyramidal neurons 
(Ye et al., 2008), providing a functional 
mechanism in neurodevelopment. Cntn6 
also interacts with Notch1 to induce the 
generation and nuclear translocation of 
Notch intracellular domain, which initiates 
oligodendrogliogenesis (Cui et al., 2004). 
 Very few mechanisms and biological 
pathways were described for the mentioned 
interactions that are relevant to ASD 
pathogenesis. It is therefore urgent to 
identify novel binding partners for these 
Cntns in order to reveal biological pathways 
implicated in ASD pathogenesis. These 
could help to explain the aforementioned 
impairments found in the Cntn null-mutants. 
To that end, the aim of this study was to 
identify proteins that interact with Cntn4, 
Cntn5, and Cntn6 and to compare the 
specificities of the identified. 

Materials and Methods

Construction of Expression 
Vectors
Rat Cntn4, Cntn5, and Cntn6 (Cntn4-
TMGFPBio, Cntn5-TMGFPBio, and Cntn6-
TMGFPBio) fusion proteins with biotin- and 
GFP-tags were generated by subcloning 
the coding sequences of the extracellular 
domains of Cntn4 (NM_053879.1: nt 476-
3394), Cntn5 (NM_053746.1: nt 79-3216), 
Cntn6 (NM_013225.1: nt 248-3169), 
excluding the coding sequence for the 
GPI anchor. The cDNAs were amplified 
from wild-type Cntn4, Cntn5, and Cntn6 
plasmids: BluescriptIISK-Cntn4, pcDNA3.1-
Cntn5, and pcDNA3.1-Cntn6 (kind gifts of 
Dr. Yoshihara and Dr. Shimoda resp.), and 

ligated to the transmembrane domain coding 
sequence of plexin-A1 (NM_008881.2: nt 
3962-4123). The coding sequences of a 
five glycine linker and intracellular GFP and 
biotin tags were added in a pcDNA3.1(-)/
myc-His (Invitrogen) vector backbone. 
The control vector (TMGFPBio) encoded 
for the same fusion protein without the 
ectodomains (Fig. 1A).

Cell culture and transfection
HEK293 cells were maintained in high 
glucose Dulbecco’s modified Eagle’s 
medium 5 g/L glucose (DMEM; Gibco). 
Cell culture media were supplemented 
with 10% (v/v) heat-inactivated fetal 
bovine serum (FBS, Lonza, BioWhittaker), 
2 mM L-glutamine (PAA) and 1x penicillin/
streptomycin (pen/strep; PAA) and cultured 
in a humidified atmosphere with 5% CO2 
at 37°C. HEK293 cells were transfected 
using polyethylenimine (PEI; Polysciences) 
(Reed et al., 2006) or Lipofectamine LTX 
(Invitrogen, according to manufacturers 
manual). 

Animals and tissue treatment
C57BL/6 mice were obtained from Charles 
River and were bred and maintained on a 
12-h light/dark cycle with ad libitum food 
and water in house. 

Characterization of antibodies 
raised against Cntn4, Cntn5, and 
Cntn6 peptides
Rabbit antibodies were raised against 
purified peptides consisting of Cntn4, Cntn5 
and Cntn6 FNIII domains (kind gifts from 
Dr. Bouyain). Antisera were produced by 
Harlan (Oxfordshire, United Kingdom) and 
resulted in two antisera per Cntn: Cntn4: 
H4541 and H4542; Cntn5: H4543 and 
H4544; Cntn6 H4545 and H4546. Another 
set of goat antibodies were raised against 
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shorter peptides of several Cntn4, Cntn5, 
and Cntn6 FNIII or Ig domains by Everest 
Biotech (Oxford, UK): Cntn4: E11768 and 
E11769; Cntn5: E11770 and E11771; 
Cntn6: E11772 and E11773. The specificity 
of these antisera was tested on wild-type 
mouse brain lysates and compared to 
brain lysates of respective null-mutants 
on Western blot (Supplementary Fig. 1A-
C). The most promising antibodies were 
further tested by immunocytochemistry 
on HEK293 cells that were cotransfected 
with pCMV-EGFP-N1 plasmid and the full-
length rat cDNAs of the entire Cntn family: 
pcDNA3.1-Cntn1, pRc-Cntn2, pcDNA3.1-
Cntn3, pcDNA3.1-Cntn4, pcDNA3.1-Cntn5, 
pcDNA3.1-Cntn6 plasmids (kind gifts of Dr. 
Shimoda), and an empty control pcDNA3.1 
plasmid (Supplementary Fig. 1D).

Immunostaining
HEK293 cells and primary cultures were 
fixed with 4% PFA at room temperature 
(RT) for 15 min, washed in PBS (pH 7.4) and 
blocked in goat blocking buffer (PBS, 1% 
bovine serum albumin (BSA), 2% normal 
goat serum, 0.3% Triton X-100) at RT for 1 
hr. The cells were incubated with primary 
antibodies in goat or donkey blocking 
buffer at 4°C overnight. Cells were washed 
in PBS and incubated with Alexa Fluor-
labeled secondary antibodies (Invitrogen) 
1:2000 at RT for 1 hr. Cells were washed 
in PBS and incubated with 4’,6-diamidino-
2-phenylindole (DAPI) (Sigma) before 
embedding. The antisera used: rabbit anti-
Cntn4-H4541, rabbit anti-Cntn5-H4543, 
and rabbit anti-Cntn6-H4545 antibodies 
1:1000; rat anti-GFP (Chromotek) 1:500; 
sheep anti-Cntn4 (R&D systems) 1:50; 
rabbit anti-APP (Abcam) 1:50; mouse anti-
ExoC2 (Proteintech) 1:10; mouse anti-Exo70 
1:50, mouse anti-Exo84 1:50, mouse anti-
Sec15 1:50 (latter three were kind gifts from 

Dr. van der Sluijs). Images were captured 
at 100x magnification by confocal laser 
scanning microscopy (Olympus FV1000) 
or at 20x magnification on epifluorescence 
illumination on a Zeiss Axiosop A1. 

Immunoprecipitation
Immunoprecipitation (IP) experiments were 
performed using GFP-Trap-A agarose beads 
(Chromotek) according to manufacturers 
manual. Briefly, HEK293 cells expressing the 
indicated GFP-tagged fusion proteins were 
collected in ice-cold PBS and centrifuged at 
1000 rpm in a precooled centrifuge at 4°C for 
5 min. Cell pellets were lysed in lysis buffer 
(10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 
0.5 mM EDTA, 0.5% NP40, 1 mM PMSF 
and Complete protease inhibitor cocktail 
(Roche)), incubated on ice for 30 min and 
centrifuged at 13,200 rpm at 4°C for 10 min. 
Cleared supernatant was mixed with 50 μl 
GFP-Trap-A agarose beads (Chromotek), 
which were equilibrated in dilution buffer 
(10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 
0.5 mM EDTA, 1 mM PMSF and Complete 
protease inhibitor cocktail (Roche)) at 4°C. 
After an 1.5 hr incubation at 4°C, beads 
were washed two times in dilution buffer. 
Precipitated proteins were eluted by boiling 
in NuPAGE LDS sample buffer (Invitrogen) 
containing 2% β-mercaptoethanol at 95°C 
for 10 min. 
 For in vitro coIP experiments Dynabeads 
Protein-G were used (Invitrogen, according 
to manufacturers manual). HEK293 cells 
were transfected with rat cDNA in pcDNA3.1-
Cntn5, pcDNA3.1-Cntn4 or empty control 
pcDNA3.1 plasmids. For Cntn4 coIP, the cells 
were lysed in standard lysis/washing buffer 
(20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 
mM EDTA, 5% Glycerol, 1% NP-40, 1 mM 
PMSF, Complete protease inhibitor cocktail 
(Roche) and phosphatase inhibitor cocktail 
(Sigma)). For Cntn5 coIP, the cells were lysed 
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in a modified lysis/washing buffer (50 mM 
Tris-HCl, pH7.5, 150 mM NaCl, 1% NP40, 
1 mM Na4P2O7, 1 mM NaF, 2 mM Na3VO4, 
0.1 mM PMSF and Complete protease 
inhibitor cocktail (Roche)) (Chernyshova et 
al., 2011). The cells were resuspended in 
lysis buffer and incubated on ice for 30 min 
and centrifuged at 13,200 rpm at 4°C for 10 
min. Cleared supernatants were incubated 
at RT for 30 min with 50 μl paramagnetic 
beads coupled with recombinant protein G 
(Dynabeads Protein-G, Invitrogen) which 
were pre-incubated with 5 μg sheep anti-
Cntn4 (R&D systems) or 5 μg sheep anti-
Cntn5 (R&D systems) antibodies in PBS 
and 0.02% Tween. Pull-down samples were 
washed 3 times in lysis/washing buffer and 
precipitated proteins were eluted by boiling 
in NuPAGE LDS sample buffer containing 
2% β-mercaptoethanol at 70°C for 10 min. 

Protein separation and digestion
30 µl of each sample ran on a 12% Bis-Tris 
1D SDS-PAGE gel (Biorad) either for 2-3 
cm or ran completely and was stained with 
colloidal Coomassie dye G-250 (Gel Code 
Blue Stain Reagent, Thermo Scientific). 
The lane was cut into bands, which were 
treated with 6.5 mM dithiothreitol (DTT) at 
60 °C for 1 hr for reduction, and with 54 
mM iodoacetamide for 30 min for alkylation. 
The proteins were digested overnight with 
trypsin (Promega) at 37 °C. The peptides 
were extracted with acetonitrile (ACN) and 
dried in a vacuum concentrator.

Mass spectrometry: 
RP-nanoLC-MS/MS
The data was acquired using an LTQ-
Orbitrap coupled to an Agilent 1200 system 
or an Orbitrap Q Exactive mass spectrometer 
connected to an Agilent 1290 system. In 
case of the LTQ-Orbitrap, peptides were 
first trapped ((Dr Maisch GmbH) Reprosil 

C18, 3 μm, 2 cm x 100 μm) before being 
separated on an analytical column (50 
μm x 400 mm, 3 μm, 120 Å Reprosil C18-
AQ). Trapping was performed at 5 μl/min 
for 10 min in solvent A (0.1 M acetic acid 
in water), and the gradient was as follows; 
10 - 37% solvent B (0.1 M acetic acid in 
80% acetonitrile) in 30 min, 37-100% B in 
2 min, 100% B for 3 min, and finally solvent 
A for 15 min. The flow was passively split to 
100 nl min-1. Data was acquired in a data-
dependent manner, to automatically switch 
between MS and MS/MS. Full scan MS 
spectra from m/z 350 to 1500 were acquired 
in the Orbitrap at a target value of 5e5 with 
a resolution of 60,000 at m/z 400 in case of 
the LTQ-Orbitrap XL and 30,000 for the LTQ-
Orbitrap Discovery. The five most intense 
ions were selected for fragmentation in 
the linear ion trap at a normalized collision 
energy of 35% after the accumulation of 
a target value of 10,000. In case of the Q 
Exactive samples were first trapped ((Dr 
Maisch GmbH) Reprosil C18, 3 μm, 2 cm 
x 100 μm) before being separated on an 
analytical column (Agilent Poroshell EC-
C18, 2.7 μm, 40 cm x 50 μm). Trapping was 
performed for 10 min in solvent A and the 
gradient was as follows; 13- 41% solvent 
B in 35 min, 41-100% in 3 min and finally 
solvent A for 10 min. Flow was passively 
split to 100 nl min-1. The mass spectrometer 
was operated in data-dependent mode. 
Full scan MS spectra from m/z 350 – 1500 
were acquired at a resolution of 35,000 at 
m/z 400 after accumulation to a target value 
of 3e6. Up to ten most intense precursor 
ions were selected for fragmentation. 
HCD fragmentation was performed at 
normalised collision energy of 25% after 
the accumulation to a target value of 5e4. 
MS/MS was acquired at a resolution of 
17.500. In all cases nano-electrospray was 
performed at 1.7 kV using an in-house made 
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gold-coated fused silica capillary (o.d. 360 
μm; i.d. 20 μm; tip i.d. 10 μm). 

Proteomics data analysis
Raw files were processed using Proteome 
Discoverer 1.3 (version 1.3.0.339, Thermo 
Scientific, Bremen, Germany). The database 
search was performed against the Swissprot 
database (version August 2014) using 
Mascot (version 2.4.1, Matrix Science, UK) 
as search engine. Carbamidomethylation of 
cysteines was set as a fixed modification 
and oxidation of methionines was set 
as a variable modification. Trypsin was 
specified as enzyme and up to two miss 
cleavages were allowed. Data filtering was 
performed using percolator, resulting in 1% 
false discovery rate (FDR). An additional 
filter was Mascot ion score >20. Raw files 
corresponding to one sample were merged 
into one result file.
 To eliminate background contaminants 
computationally, data was further 
analysed with SAINT and FC analyses 
using the CRAPome web interface (www.
capome.org), which implements these 
two complementary scoring strategies 
(Mellacheruvu et al., 2013). The primary 
scoring strategy for interacting proteins 
was the SAINT analysis, which allows 
advanced statistical modeling of the input 
bait-pray spectral count data and reports 
a probability of true interaction (Choi et al., 
2011). Another simpler quantification was 
the FC calculation, which is based on the 
ratio of average normalized spectral counts 
in bait purifications to negative controls. 
Both are based on quantitative comparisons 
of abundance levels using spectral counts 
of coimmunoprecipitated peptides in 
purifications with bait proteins against the 
distribution of prey abundances across a 
set of negative controls. After comparison to 
control experiments using both SAINT and 

FC scoring (Choi et al., 2011), confidence 
scores were assigned to identified proteins. 
Default settings were used for calculating 
the FC-A and FC-B scores. The probability 
score was calculated using SAINT Express 
performing 20,000 iterations.

Western Blotting and immune 
detection
Cells were collected with a cell scraper in 
ice-cold PBS (pH 7.4) and centrifuged at 
1000 rpm in a precooled centrifuge at 4°C 
for 5 min. The cell pellet was resuspended 
in ice-cold lysis buffer (20 mM Tris-HCl, pH 
8.0, 150 mM KCl, 1% Triton X-100, 1 mM 
PMSF and Complete protease inhibitor 
cocktail (Roche)), incubated on ice for 10 
min and centrifugated at 13,200 rpm at 4°C 
for 10 min. The supernatant was collected, 
NuPAGE LDS sample buffer (Invitrogen) 
containing 2% β-mercaptoethanol was 
added and samples were boiled at 90°C for 5 
min. Proteins were separated in 4-12% Bis-
Tris Protein gels (Nupage) and transferred 
onto nitrocellulose membrane (Hybond-C 
Extra; Amersham). Membranes were 
incubated in blocking buffer (PBS, 0.05% 
(v/v) Tween 20 and 5% milk powder) at RT 
for 30 min. Membranes were incubated with 
corresponding primary antisera in blocking 
buffer at 4°C overnight. Antibodies used: 
rat anti-GFP (Chromotek) 1:1000; goat 
anti-Cntn4-E11768 1:1000; rabbit anti-APP 
(Abcam) 1:400; rabbit anti-Cntn5-H4543 
1:1000; rabbit anti-Exo70 (Abcam) 1:2000; 
mouse anti-ExoC2 (Bio-Connect) 1:250; 
rabbit anti-ExoC1 (Bio-Connect) 1:250; 
mouse anti-Sec8 (Sigma) 1:100. Blots were 
incubated with peroxidase-conjugated 
corresponding secondary antibodies. 
SuperSignal West Dura Extended Duration 
Substrate (Pierce) was applied to the blots, 
which were then exposed to ECL films 
(Pierce) or imaged by FluorchemE Digital 
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Darkroom (Cell Biosciences). The image 
analysis software package ImageJ was 
used for blot quantification. 

Primary neuronal Cultures
P0-P1 mouse cerebral cortices were 
dissected and washed three times in L15 
medium (Gibco) with 7 mM HEPES (L15-
HEPES) and once in 0.5 M EDTA in L15-
HEPES. For dissociation, the tissue was 
incubated in 0.25% trypsin (PAA) in L15-
HEPES for 20 min at 37°C, followed by 
trituration in complete Neurobasal medium 
(Neurobasal medium supplemented with 2% 
B27 (Invitrogen), 25 μM β-mercaptoethanol, 
0.5 mM L-glutamine (PAA) and 1x penicillin/
streptomycin (pen/strep; PAA)) with 20 μg/
ml DNase I (Roche) using a fire-polished 
Pasteur pipette. Dissociated cortical 
neurons were run through a 100 μm cell 
strainer (BD Falcon) and plated in complete 
Neurobasal medium at 150 K/well of 12-well 
plates onto PDL (20 μg/ml) and laminin (40 
μg/ml) coated glass coverslips. At DIV5, 
neurons were washed with PBS, fixed with 
4% PFA and 4% sucrose in PBS, pH 7.4 at 
37°C for 20 min before being subjected to 
immunostaining.

Ethics Statement
The experiments performed in this study 
were approved by the Experimental Animal 
Committee (DEC) of Utrecht (2010.I.06.073). 
All animal experiments were conducted 
in agreement with Dutch law (Wet op 
de Dierproeven, 1996) and European 
regulations (Guideline 86/609/EEC) related 
to the protection of vertebrate animals 
used for experimental and other scientific 
purposes.

Results and Discussion

Immunoprecipitation and 
proteomics
For immunoprecipitation (IP) purposes, the 
Cntn4-TMGFPBio, Cntn5-TMGFPBio and 
Cntn6-TMGFPBio fusion proteins were 
constructed. The Cntn GPI-anchor region 
was substituted by the transmembrane 
domain of plexin-A1 for stable membrane 
presentation and intracellular GFP and 
biotinylation sites were added. The 
TMGFPBio control protein had identical 
intracellular domains but lacked any 
extracellular domains (Fig. 1A). These 
constructs were expressed in HEK293 
cells and the GFP-containing proteins 
were immunoprecipitated using GFP-
coupled beads (Fig. 1B-C). Anti-GFP 
antibodies revealed enrichment of the 
fusion proteins (Fig. 1D-E). The extracted 
fusion proteins displayed the expected 
sizes of 148 kDa for the Cntns and 40 kDa 
for the control protein. Coomassie blue-
stained gels were analyzed in triplicate by 
mass spectrometry and the resulting data 
was annotated with the Mascot search 
engine and then analysed with SAINT and 
FC analyses using the CRAPome analytical 
pipeline (Choi et al., 2011). This tool 
allowed advanced statistical modeling of 
the input bait-pray spectral count data and 
resulted in a probability of true interaction 
for proteins immunoprecipitated with the 
Cntn fusion proteins and control (Choi et 
al., 2011). Comparison of SAINT and FC 
scoring resulted in a ranked list of putative 
interactors allowing only proteins in the list 
that were significantly higher or exclusively 
present in the Cntn fusion protein pull-down 
samples as compared to the control fusion 
protein. Plotting the number of interactors 
found for Cntn4, Cntn5 and Cntn6 against 
the SAINT probability scoring showed the 
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Fig. 1. Identification of Cntn4, Cntn5, and Cntn6 binding partners by proteomics. (A) The architecture 
of native Cntn proteins and structures of Cntn4, Cntn5, Cntn6 and control fusion proteins with plexin-A1 
transmembrane domain, and intracellular GFP and biotin tags. (B) Expression of Cntn4-TMGFPBio, 
Cntn5-TMGFPBio, Cntn6-TMGFPBio and TMGFPBio in HEK293 cells detected by GFP fluorescence 
(green), anti-Cntn4, anti-Cntn5, and anti-Cntn6 antibodies (red), and DAPI (blue) staining. The scale 
bar represents 50μm. (C) Precipitations were performed by anti-GFP-coupled beads to detect proteins 
interacting with the Cntn-fusion proteins. (D) Eluates from anti-GFP-coupled beads were analyzed on 
Western blot on 8% SDS-PAGE gels using an anti-GFP antibody. (E) Separation of eluates on Coomassie 
blue-stained NuPage 4-12% gels. The gels were submitted to mass spectrometry analysis. Red dots 
indicate the respective expressed fusion proteins. Molecular weights are as follows: Cntn4/5/6-
TMGFPBio = around 147.8 kDa; TMGFPBio = 39.6 kDA. Ig-like, immunoglobulin-like; FNIII, fibronectin 
type III; TM, transmembrane domain; GFP, green fluorescent protein; Bio, biotin.

A)

C)

D)
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bulk of identified proteins with a SAINT 
score around 0.3 (Fig. 2A). The combined 
number of interactors of Cntn4, Cntn5, and 
Cntn6 was plotted in one histogram. This 
showed the relationship between SAINT and 
FC probability scoring (Fig. 2B). This graph 
demonstrated that the majority of proteins 
below the SAINT probability score of 0.3 
were proteins that were primarily found in 
the Cntn IPs but in lower abundance also in 
the control IPs. 

APP was identified in the Cntn4 IP with a 
SAINT score of 0.66, which is a well-known 
Cntn4 binding partner and served as a 
strong positive control for these experiments 
(Osterfield et al., 2008; Osterhout et al., 
2015). Therefore, since we wanted to select 
the most probable interactors, the SAINT 
probability scoring cutoff was set at 0.65. 
For Cntn4 the highest number of potential 
interactors was found, namely 20; 13 for 
Cntn5 and 4 for Cntn6. The hits are listed 
in Tables I-III. Comparison of these datasets 

Fig. 2. Statistical analysis using the CRAPome. (A) Histogram visualization of all identified interactors 
by SAINT probability scoring for Cntn4-TMGFPBio (green), Cntn5-TMGFPBio (blue), and Cntn6-
TMGFPBio (red). (B) The distribution of the SAINT score and the fold-change (FC) score for Cntn4-
TMGFPBio (green), Cntn5-TMGFPBio (blue), Cntn6-TMGFPBio (red) versus TMGFPBio IP. The proteins 
above the 0.65 cutoff SAINT probability score demonstrated the strongest interacting proteins (dotted 
line). (C) The identified interactors above the cutoff of each SAINT probability scoring were compared 
in a Venn diagram. Each circle represents the total amount of identified interactors and the numbers 
between the circles shows the amount of interactors shared between the Cntns. The total amount of 
identified interactors were, 20 for Cntn4-TMGFPBio (green), 13 for Cntn5-TMGFPBio (blue), and 4 for 
Cntn6-TMGFPBio (red). 

B)

A)

C)
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demonstrated few overlapping interactors 
and no overlap of potential interactors 
between all three Cntns (Fig. 2C). 

Comparison of the Cntn 
interactomes at a lower cutoff
For the purpose of comparing the 

interactomes of the Cntns, the SAINT cutoff 
was lowered to 0.3 (Supplementary Fig. 2A). 
This revealed an increased number of 
putative interactors, which might include 
false positives. Comparison of these datasets 
demonstrated a significantly different 
interactome for Cntn5 and Cntn6, while Cntn4 

PROTID GENE FC-A FC-B SAINT PROTEIN Cellular localization
P27797 CALR 10.33 8.12 1.0 Calreticulin Endoplasmic reticulum; Cytoplasm, 

Extracellular space
Q62845 Cntn4 412.78 323.63 1.0 Contactin-4 Cell membrane
Q9UHD8 SEPT9 6.2 5.32 0.84 Septin-9 Cytoskeleton
Q13409 DYNC1I2 3.12 3.11 0.79 Cytoplasmic dynein 1 intermediate chain 2 Cytoskeleton

P35241 RDX 4.32 3.9 0.75 Radixin Cell membrane; Cytoskeleton
P12081 HARS 5.76 4.16 0.72 Histidine-tRNA ligase, cytoplasmic Cytoplasm
Q8WU90 ZC3H15 4.45 3.4 0.71 Zinc finger CCCH somain-containing protein 15 Cytoplasm; Nucleus
O75521 ECI2 3.23 3.02 0.7 Enoyl-CoA delta isomerase 2, mitochondrial Mitochondrion; Peroxisome

P15311 EZR 3.36 3.0 0.7 Ezrin Cell membrane; Cytoskeleton
P51114 FXR1 3.45 3.28 0.69 Fragile X mental retardation syndrome-related 

protein 1
Cytoplasm

P63173 RPL38 6.19 4.69 0.69 60S ribosomal protein L38 Cytoplasm
O43237 DYNC1LI2 3.08 2.8 0.68 Cytoplasmic dynein 1 light intermediate chain 2 Cytoskeleton
P62273 RPS29 3.08 2.8 0.68 40S ribosomal protein S29 Cytoplasm
P08670 VIM 5.7 2.19 0.67 Vimentin Cytoplasm
O43707 ACTN4 11.91 4.43 0.67 Alpha-actinin-4 Cytoplasm; Nucleus
Q5RKV6 EXOSC6 3.17 3.11 0.66 Exosome complex component MTR3 Cytoplasm; Exosome; Nucleus
Q16181 SEPT7 13.17 5.43 0.66 Septin-7 Cytoplasm; Cytoskeleton; Centrosome; Cilium
P05067 APP 12.98 5.76 0.66 Amyloid beta A4 protein Cell membrane; Amyloid
P80723 BASP1 5.17 3.75 0.66 Brain acid soluble protein 1 Cell membrane; Growth cone
Q9UQE7 SMC3 4.4 3.16 0.66 Structural maintenance of chromosomes 

protein 3
Nucleus; Centrosome

P35609 ACTN2 3.46 2.8 0.66 Alpha-actinin-2 Cytoplasm

Table I. Cntn4 interacting proteins. The proteins above the 0.65 SAINT cutoff score that were 
coimmunoprecipitated with Cntn4-TMGFPBio and detected by mass spectrometry are listed according to 
their SAINT score. Data from triplicate IPs were compared to control using the CRAPome, which employs 
statistical analyses SAINT and FC scoring. This table lists the protein identification code (PROTID) and 
its related gene name, together with FC-A, FC-B, and SAINT scoring. The standard CRAPome Fold 
Change calculations (FC-A) estimates the background by averaging the spectral counts across the 
selected controls. Another more stringent Fold Change (FC-B) calculation estimates the background 
by combining the top 3 values for each identified interacting protein, while SAINT reports a probability 
of true interaction. The gene names in bold are transmembrane proteins and the gray highlighted rows 
indicate relevant putative interactors for Cntn4. Cellular localization was determined by searching Uniprot 
(UniProt Consortium, 2015). 
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displayed similarities to both (Supplementary 
Fig. 2B). The datasets with a SAINT score 
cutoff of 0.3 were dismissed in the further 
validation of the Cntn interactomes. 

Identification of biologically 
relevant Cntn4, Cntn5, and Cntn6 
interactors
Based on the biological argument that true 

interactors should be present on the cell 
membrane, extracellularly or in the lumen 
of secretion vesicles, putative interactors 
above the SAINT probability scoring of 0.65 
were further annotated. For Cntn4, a few 
cell membrane-associated proteins were 
present in the resulting dataset (Table I). 
These were APP, and brain acid soluble 
protein 1 (BASP1). As mentioned before, it 

PROTID GENE FC-A FC-B SAINT PROTEIN Cellular localization
P97527 Cntn5 133.25 127.54 1.0 Contactin-5 Cell membrane
Q9NV70 EXOC1 24.71 22.28 1.0 Exocyst complex component 1 Exocyst; Membrane trafficking
Q96A65 EXOC4 22.55 21.69 0.99 Exocyst complex component 4 Exocyst; Membrane trafficking
P62899 RPL31 5.21 5.13 0.9 60S ribosomal protein L31 Cytoplasm

Q96KP1 EXOC2 15.74 15.5 0.9 Exocyst complex component 2 Exocyst; Membrane trafficking
O60645 EXOC3 14.91 14.8 0.87 Exocyst complex component 3 Exocyst; Membrane trafficking
P63173 RPL38 9.03 7.22 0.75 60S ribosomal protein L38 Cytoplasm
O00471 EXOC5 14.27 11.28 0.73 Exocyst complex component 5 Exocyst; Membrane trafficking

Q96DA6 DNAJC19 5.84 4.07 0.67 Mitochondrial import inner membrane 
translocase subunit TIM14

Mitochondrion membrane

Q9GZT3 SLIRP 3.97 3.81 0.67 SRA stem-loop-interacting RNA-binding 
protein

Mitochondrion; Nucleus

P07737 PFN1 4.03 2.85 0.67 Profilin-1 Cytoskeleton
P18077 RPL35A 4.01 2.5 0.66 60S ribosomal protein L35a Cytoplasm
Q9UHD8 SEPT9 10.81 5.41 0.66 Septin-9 Cytoskeleton
Q5RKV6 EXOSC6 4.53 4.47 0.65 Exosome complex component MTR3 Cytoplasm; Nucleus; Exosome

PROTID GENE FC-A FC-B SAINT PROTEIN Cellular localization
P97528 Cntn6 44.23 44.11 1 Contactin-6 Cell membrane
O94910 LPHN1 16.87 13.16 0.88 Latrophilin-1 Cell membrane; Synapse
Q9UBS4 DNAJB11 5.66 5.6 0.84 DnaJ homolog subfamily B member 11 Endoplasmic reticulum
O94779 CNTN5 11.64 5.71 0.67 Contactin-5 Cell membrane

P27797 CALR 5.47 3.48 0.65 Calreticulin Endoplasmic reticulum; Cytoplasm, 
Extracellular space

Table II. Cntn5 interacting proteins. The proteins above the 0.65 SAINT cutoff score that were 
coimmunoprecipitated with Cntn5-TMGFPBio and detected by mass spectrometry are listed according 
their SAINT score. For legend see table I.

Table III. Cntn6 interacting proteins. The proteins above the 0.65 SAINT cutoff score that were 
coimmunoprecipitated with Cntn6-TMGFPBio and detected by mass spectrometry are listed according 
their SAINT score. For legend see table I.
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was reported that APP and Cntn4 interact 
in the chick retinotectal system and in the 
development of the AOS (Osterfield et al., 
2008; Osterhout et al., 2015; Perreau et 
al., 2010). BASP1 is a membrane-bound 
protein of the growth-associated protein 
family. It stimulates neurite outgrowth 
and synergizes with NCAM, which is an 
membrane-spanning IgCAM related to 
Cntns (Korshunova et al., 2008). Another 
group of biologically relevant proteins were 
ezrin (EZR) and radixin (RDX). Together with 
moesin (MSN) they form a complex (ERM) 
that upon activation is involved in linking 
actin filaments to transmembrane proteins 
and cell adhesion molecules, such as L1, 
CNTNAP/Caspr, telencephalin, and GPCRs 
(Aikawa, 2013; Denisenko-Nehrbass et al., 
2003; Dickson et al., 2002; Furutani et al., 
2012; Neisch and Fehon, 2011). However, 
the ERM proteins are physically located on 
the intracellular side of the cell membrane 
and thus not capable of binding directly 
to Cntn4. Therefore, if these proteins 
are functionally engaged in biological 
pathways with Cntn4, the interaction is 
indirect and mediated by an intermediary 
transmembrane protein.
 The most notable result (Table II) for Cntn5 
from mass spectrometry was the presence 
of exocyst complex components EXOC1, 
EXOC4, and EXOC2, which were identified 
with high SAINT scores of 1.0, 0.99, and 0.9 
respectively. A total of five subunits were 
found above the cutoff score in the Cntn5 
interactome, namely EXOC1 to -5. EXOC6-
8 were also present albeit with lower SAINT 
scores of 0.27, 0.36 and 0.17, respectively. 
Thus, all exocyst components were found 
in the IPs of Cntn5, indicating that these 
proteins were immunoprecipitated as a 
complex together with Cntn5. Notably, none 
of the exocyst components were detected 
in the IPs of Cntn4 and Cntn6, supporting 

specificity of the Cntn5-exocyst interaction. 
The exocyst complex is an evolutionary 
conserved multi-subunit protein complex 
involved in membrane addition, secretion 
and endocytosis (Novick and Guo, 2002). 
The exocyst complex was previously found 
to interact with the intracellular domains of 
NCAM, thereby regulating cell membrane 
dynamics in growth cones of developing 
neurons (Chernyshova et al., 2011). It is 
unclear whether the interaction between 
Cntn5 and the exocyst complex subunits is 
a direct binding. Considering the localization 
of the exocyst complex on the intracellular 
side of the cell membrane it is more likely 
that these interactions are mediated through 
a transmembrane partner of Cntn5.
 For Cntn6, latrophilin-1 (LPHN1) scored 
highest in the SAINT scoring list (Table 
III), indicating that this protein is a strong 
candidate interactor of Cntn6. Lphn1 
is a cell adhesion G protein-coupled 
receptor that is known to form trans-
synaptic receptor pairs with several other 
transmembrane proteins, such as Lasso/
teneurin-2, neurexins and FLRT3 (Boucard 
et al., 2012; O’Sullivan et al., 2012; Silva et 
al., 2011). In the Cntn6 putative interaction 
list, CNTN5 was found with a SAINT score 
of 0.67. This demonstrates capabilities of 
these Cntns to interact with each other, 
although no evidence in literature confirms 
these interactions yet. The aforementioned 
putative binding partners might directly 
interact with Cntn6, since they are expressed 
on the cell membrane allowing interaction in 
cis- or trans-conformation. 
 From these studies, a number of known and 
novel candidate Cntn binding partners have 
emerged. Exploring these interactions might 
provide very promising biological functions 
of Cntns. 
 A critical methodological issue in this 
study was the use of a fusion protein with 



88

Identification of Novel Interacting Partners of the Contactin Protein Members Cntn4, Cntn5, and Cntn6

an artificial transmembrane domain and 
intracellular tags. This may have introduced 
association to proteins that are not part of 
the interactome of native Cntns. However, 
the results provide arguments that the 
selected interactors were not artifacts of the 
use of fusion proteins. Firstly, the control 
fusion protein lacking the ectodomain was 
used to filter the proteomic data. Secondly, 
comparison of proteins immunoprecipitated 
by the Cntn4-, Cntn5- and Cntn6-fusion 
proteins showed a low degree of overlap. 
Thirdly, we validated several of the selected 
interactions by using native Cntns.

Validation of Cntn4 interaction 
with APP
The SAINT and FC probability scoring 
indicated APP as an interactor of Cntn4, 
which we examined in vitro. HEK293 cells 
were transfected with empty control or 
native Cntn4 expression plasmids. After IP 
by anti-Cntn4 antibodies, the eluates were 
analyzed by Western blot. Immunoblotting 
with anti-Cntn4 and anti-APP antibodies 
revealed coIP of APP with Cntn4 (Fig. 3A), 
confirming their physical interaction. 
 Investigating the localization of the two 
proteins in cell lines and neuronal cultures 
further supported the interaction of Cntn4 
and APP. Native Cntn4 transfected in HEK293 
cells and endogenous APP colocalized 
on the membrane (Fig. 3B), although the 
majority of APP is localized intracellularly. 
Similarly, immunostaining with anti-Cntn4 
and anti-APP antibodies on primary cortical 
cultures revealed endogenous localization 
of these proteins throughout the neurons 
(Fig. 3C). Cntn4 and APP were not clearly 
delineated on membranes of neurons and 
the bulk of the proteins seemed to localize 
intracellularly. Along the neurites both Cntn4 
and APP were expressed in puncta, of which 
some overlap. These results showed that 

Cntn4 and APP colocalize when expressed 
in the same cell. In addition, they support 
the validity of the design and results of 
the proteomics studies based on fusion 
proteins.

Cntn5 associates with subunits of 
the exocyst complex
The finding that EXOC1-5 were present 
in the interactome of Cntn5 with the 
highest SAINT scores, prompted for 
further investigation. Particularly, 
the opposed membrane positioning 
of the intracellularly localized exocyst complex 
and cell surface expressed Cntn5, 
required attention (Fig. 4A-B). After Cntn5 
expression plasmid transfection in HEK293 
cells, IP of native Cntn5 successfully 
coimmunoprecipitated the EXOC1 subunit 
(Fig. 4C), which was the top identified 
protein in the SAINT list. EXOC2, Sec8 
(also known as EXOC4) and EXO70 did 
not coimmunoprecipitate with Cntn5, 
demonstrating that the Cntn5-EXOC1 
interaction is the strongest in the Cntn5-
exocyst complex. However, EXOC1 was 
not strongly enriched after coIP with Cntn5, 
which might indicate a low affinity interaction 
or involvement of another protein in this 
complex. The discrepancy between the 
results of proteomics and coIP experiments 
cannot directly be explained. The use of 
antibodies that directly target Cntn5 and 
the exocyst complex components might not 
be optimal and such proteins might be more 
readily detected by mass spectometry. 
This might explain why more exocyst 
complex subunits were identified using 
the proteomics approach, compared to the 
coIP experiments.
 To understand whether these subunits 
colocalize with Cntn5 in vitro, HEK293 
cells were transfected with native Cntn5. 
Coexpression revealed complete overlap 
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between Cntn5 and the endogenous EXOC2, 
EXO70, Sec15, and EXO84 (also known 
as EXOC7, EXOC6, EXOC8 respectively) 
subunits (Fig. 4D). Since vesicular 
compartments are difficult to visualize in 
HEK293 cells, primary cortical neurons 
were immunostained with anti-Cntn5, 
anti-ExoC2, anti-Exo70, anti-Sec15 and 
anti-Exo84 antisera. Indeed, overlapping 
localization between the proteins was found 

in neurons, particularly in small puncta 
throughout the neurons (Fig. 5A). Single 
stack confocal imaging with lower exposure 
time revealed Cntn5 and Exo70, as well as 
other exocyst subunits, to be colocalized on 
the membrane of vesicular compartments 
(Fig. 5B). This supported the notion that 
Cntn5 is associated with subunits of the 
exocyst complex. Such a localization 
positions Cntn5 for an involvement in 

Fig. 3. Interaction of Cntn4 and APP in HEK293 cells and on primary cultures. HEK293 cells were 
transfected with empty vector or Cntn4 expression plasmids, coding for the native Cntn4 protein. (A) 
After IP of Cntn4 by anti-Cntn4 antibodies the eluates were analyzed by Western blot. Immunoblotting 
with anti-Cntn4 and anti-APP antibodies revealed APP coIP with Cntn4, but not in samples without Cntn4 
protein. (B) HEK293 cells expressing Cntn4 protein (green) colocalized with endogenous APP (red) on 
the membrane. Arrows indicate coexpression on the membrane. DAPI staining is in blue. The scale bar 
represents 20μm. (C) Endogenous Cntn4 (green) and APP (red) are coexpressed in neurons. DAPI staining 
is in blue. The scale bar represents 20μm.

A)

B)

C)
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A) B)

C) D)

Fig. 4. Cntn5 interacts with subunits of the exocyst complex. (A) Network topology of identified 
exocyst complex members interacting with Cntn5 using the STRING database (Szklarczyk et al., 2011). 
The confidence lines between the proteins represent known interactions between the subunits. (B) A 
schematic representation of the assembled exocyst complex for vesicle docking at the membrane, 
including the identified subunits (blue) above the SAINT cutoff score and the remaining subunits (red) 
identified below the SAINT cutoff score in the Cntn5 IPs. Assumed localization of Cntn5 at the cell 
surface and in transport vesicles is indicated. (C) HEK293 cells were transfected with empty vector 
or Cntn5 expression plasmids, coding for the native Cntn5 protein. After IP of Cntn5 by anti-Cntn5 
antibodies the eluates were analyzed by Western blot. Immunoblotting with anti-Cntn5 and anti-ExoC1, 
anti-ExoC2, anti-Sec8 and anti-Exo70 antibodies revealed only EXOC1 to coimmunoprecipitate with 
Cntn5, but not in samples without Cntn5 protein. (D) HEK293 cells expressing Cntn5 protein (green) 
colocalized with endogenous subunits of the exocyst complex: EXOC2, EXO70, Sec15 and EXO84 (red) 
on the membrane. DAPI staining is in blue. The scale bar represents 20μm.
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regulation of vesicular trafficking, and 
is further supported by a presynaptic 
localization of Cntn5 in the mouse brain 
(Shimoda et al., 2012). 
 The exocyst complex was firstly found in 
yeast and is composed of eight subunits: 
Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, 
Exo70 and Exo84 (Matern et al., 2001). 

Mammalian subunits are called EXOCs 1-8, 
and accordingly annotated in our mass 
spectrometry and SAINT lists from the 
Cntn5 IPs. The exocyst complex is thought 
to tether post-Golgi secretory vesicles 
in an accurate spatiotemporal regulation 
to the plasma membrane before SNARE-
mediated membrane fusion. The process 

Fig. 5. Cntn5 colocalizes with subunits of the exocyst complex in neurons. (A) Endogenous Cntn5 
(green) colocalized with different subunits of the exocyst complex: ExoC2, Exo70, Sec15 and Exo84 (red) 
on neurons. DAPI staining is in blue. Arrows indicate sites where the signals of Cntn5 and subunits of 
the exocyst complex cluster. The scale bar represents 20μm. (B) Single stack confocal image revealed 
vesicular structures with Cntn5 (green) on the membrane together with Exo70 (red). DAPI staining is in 
blue. The scale bar represents 5μm. (C) Proposed model in which APP, APLP or VAMP3 or -8 might be 
the missing link between the indirect Cntn5 interaction to the exocyst complex.

A)

C)

B)
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is highly organized in eukaryotic cells with 
the subunits under control by a number of 
small GTPases (Novick and Guo, 2002). The 
exocyst subunits interact with each other to 
facilitate vesicle tethering to the membrane 
(He et al., 2007; Heider and Munson, 
2012; Matern et al., 2001). As mentioned 
above, direct interaction between Cntn5 
and exocyst complex subunits seems 
unlikely given the opposite localization 
on the cell membrane. Therefore, direct 
interaction can only take place if one of 
the involved exocyst components can span 
the membrane. However, transmembrane 
domains have not been reported in any of 
the exocyst complex subunits. Alternatively, 
the interaction of Cntn5 with the exocyst 
complex could be indirect and might involve 
a transmembrane protein that binds Cntn5 
directly in cis and links to the exocyst 
complex with its intracellular domain. 
Candidates for such interactions could be 
APP, APLP2, VAMP3 and VAMP8, which 
were all identified in low abundance in the 
present proteomics study (Fig. 5C). It was 
previously reported that Cntn5 forms a cis-
complex with APLP1, which is localized 
on the presynaptic membrane (Shimoda 
et al., 2012). The interaction between 
Cntn5 and APLP2 is likely very similar and 
APLP2 might be the missing link with the 
exocyst complex. Alternative linkage could 
be through VAMP3 and VAMP8, which are 
single-pass type IV membrane proteins 
and contain a short C-terminal domain. 
They function as SNARE proteins and are 
essential proteins for vesicle fusion to 
the cellular membrane. Previous studies 
demonstrated the yeast exocyst subunit 
Sec6 to interact with SNARE proteins Sec9 
and Sec1 (Morgera et al., 2012; Sivaram et 
al., 2005). This implies possible interactions 
between exocyst components and SNARE 
proteins in eukaryotic cells. 

Interestingly, Cntn4 and Cntn6 did not 
show similar vesicular expression patterns 
on primary cultures as Cntn5 (Fig. 3C; 
Chapter 5, Supplementary Fig. 1). This 
vesicular localization of Cntn5 together with 
the interaction with the exocyst complex 
should be further investigated in order to 
understand a possible role of Cntn5 in 
vesicle dynamics and presynaptic functions. 
 The approach we adopted to identify 
novel Cntn4, Cntn5, and Cntn6 binding 
partners has proven successful and several 
novel interesting interactors were identified 
and validated. The notion that the Cntns only 
require extracellularly expressed binding 
partners to facilitate biological functions 
might be reconsidered, since we identified 
subunits of the exocyst complex to interact 
with Cntn5. These data indicate important 
roles for Cntn4, Cntn5, and Cntn6 to play in 
diverse biological pathways. Dissecting the 
roles these Cntns play in these functional 
networks will provide insight in the manner 
they contribute to ASD pathology. 
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Supplementary Fig. 1. Characterization of Cntn4, Cntn5, Cntn6 antibodies. For each Cntn two 
antibodies were raised by Harlan by protein immunization of rabbits and another two antibodies were 
raised by Everest by peptide immunization of goats. (A) After running Cntn4+/+ and Cntn4-/- brain lysate on 
Western blot, immunoblotting with H4541, H4542, E11768 and E11769 only revealed specific expression 
of Cntn4 protein with E11768. The other antibodies did not show any specificity to Cntn4. However, 
after running lysate derived from HEK293 cells that were transfected with Cntn4 plasmid, H4541 was 
capable of revealing Cntn4 after immunoblotting (data not shown). (B) After running Cntn5+/+ and Cntn5-/- 
brain lysate on Western blot, immunoblotting with H4543, H4544, E11770 and E11771 revealed specific 
Cntn5 expression with H4543 and H4544. (C) Cntn6+/+ and Cntn6-/- brain lysate was run on Western 
blot and immunoblotted with H4545, H4546, E11772 and E11773 resulted in specific Cntn6 expression 
using only H4545 and E11773. (D) HEK293 cells were cotransfected with an EGFP plasmid together 
with a Cntn1-6 plasmid. The antibodies that revealed specific Cntn proteins after immunoblotting were 
tested by immunocytochemistry on this panel. For Cntn4, the rabbit anti-Cntn4-H4541 was specific in 
revealing Cntn4-expressing cells, while the goat anti-Cntn4-E11768 interacted with all expressed Cntns. 
The rabbit anti-Cntn5-H4543 and rabbit anti-Cntn5-H4544 antibodies were both capable in specifically 
revealing Cntn5-expressing cells. The rabbit anti-Cntn6-H4545 could specifically bind to Cntn4- and 
Cntn6-expressing cells, while the goat anti-Cntn6-E11773 interacted with all expressed Cntns. 

Supplementary Fig. 2. A lower SAINT score cutoff expands the Cntn interactomes. (A) The 
distribution of the SAINT score and the fold-change (FC) score for Cntn4-TMGFPBio (green), Cntn5-
TMGFPBio (blue), Cntn6-TMGFPBio (red) versus TMGFPBio IP. The proteins above the 0.3 cutoff SAINT 
probability score reveal more putative binding partners (dotted line). (B) These proteins were compared 
in a Venn diagram. Each circle represents the total amount of identified interactors and the numbers 
between the circles shows the amount of interactors shared between the Cntns. The total amount of 
identified interactors were 294 for Cntn4-TMGFPBio (green), 117 for Cntn5-TMGFPBio (blue), and 54 for 
Cntn6-TMGFPBio (red). 
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Abstract

The neural cell adhesion molecule contactin-
associated protein-2 (Cntnap2) is a member 
of the neurexin protein family. Mutations in 
this gene contribute to the development 
of neuropsychiatric disorders, particularly 
autism spectrum disorders (ASD). Cntnap2 
null-mutant mice display phenotypes 
related to autism, including impaired social 
interaction, communication and rigidity. 
Recent studies have demonstrated that 
Cntnap2 plays important roles in the 
organization of the cerebral cortex and 
spine stability. However, through which 
protein networks Cntnap2 facilitates its 
neurobiological processes relevant to ASD 
remains unclear. In this study, we analyzed 
the in vitro Cntnap2 protein complexes by 
proteomics and compared these results 
with an in vivo interactome of Cntnap2. We 
identified novel and known binding partners 
of Cntnap2 through proteomics, including 
FERM proteins, several scaffolding and 
cytoskeletal proteins. These proteins 
regulate the actin cytoskeleton, which 
is essential for cellular motility, neurite 
outgrowth and spine dynamics. Although 
the identified putative interactors of 
Cntnap2 need to be validated, these 
findings may provide the starting points 
for further dissection of the neurobiological 
processes that Cntnap2 facilitates.

Introduction

Autism spectrum disorders (ASDs) re-
present a highly heterogeneous group of 
neurodevelopmental disorders, character-
ized by impairment of reciprocal social 
interaction, communication, and restricted 
behaviors. ASD is diagnosed in more than 
1% of children and remains a life-long illness 

(Newschaffer et al., 2007). Substantial 
evidence suggests a genetic etiology in 
ASD involving rare (<1% frequency) de novo 
or inherited copy number variations (CNVs) 
identified in 5-10% of idiopathic ASD cases 
(Buxbaum et al., 2012). Partial genomic 
losses in contactin-associated protein-2 
(CNTNAP2) have been associated with 
serious psychopathology including ASD 
symptoms (Egger et al., 2014; Friedman et 
al., 2008; Newschaffer et al., 2007; Nord et 
al., 2011; Petrin et al., 2010; Sehested et al., 
2010).
 Cntnap2 protein (aka Caspr2) is a single 
pass transmembrane cell adhesion molecule 
and is a member of the neurexin protein family 
(Buxbaum et al., 2012; Poliak et al., 1999). 
This protein consists of a large extracellular 
domain, including the coagulation factor 
5/8 C-terminal domain (FA58C), laminin-G 
domains (LamG), epidermal growth factor 
domains (EGF), and fibrinogen-like domains 
(FBG). It has been discovered as the major 
protein interacting with contactin-2 (Cntn2) 
at the node of Ranvier (Traka et al., 2003). The 
extracellular domain of Cntnap2 interacts 
with Cntn2 on the juxtaparanodal axolemma, 
thereby forming an axonal Cntn2/Cntnap2 
heterodimer (Poliak et al., 2003; Traka et 
al., 2003), and this complex interacts with 
Cntn2 expressed on glial cells. The single 
pass transmembrane domain is followed by 
a short intracellular region, containing a band 
4.1-binding domain that interacts with protein 
4.1B and a carboxy-terminal PSD95/Dlg/
ZO-1 homology domain (PDZ) (Denisenko-
Nehrbass et al., 2003; Poliak et al., 1999; 
Spiegel, 2002). This protein complex is 
required for the clustering of Shaker-type 
K+ channels at the juxtaparanode and for 
maintaining the integrity of the paranodal-
juxtaparanodal border of myelinated nerves 
(Horresh et al., 2008b; Ogawa et al., 2008; 
Traka et al., 2003). 
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It has been reported that complete loss 
of Cntnap2 in mice reveals behavioral 
impairments, including in stereotypic 
motor movements, behavioral inflexibility, 
communication and social behavior, which 
are ASD behavioral traits (Peñagarikano et 
al., 2011). These animals suffer additionally 
from epileptic seizures and demonstrate 
hyperactivity. Administration of risperidone 
specifically rescued hyperactivity and 
repetitive behavior and oxytocin strictly 
restored social behavior in these animals 
(Peñagarikano et al., 2011; 2015).
 In addition to functions in myelination, 
Cntnap2 is also important for cortical 
organization and spine stabilization. In 
particular, Cntnap2-/- mice revealed defects 
in migration of cortical projection neurons, 
reduction in the number of GABAergic 
interneurons and abnormal neuronal network 
connectivity in the cortex (Peñagarikano 
et al., 2011). In addition, knockdown of 
Cntnap2 transcripts in cortical neuronal 
cultures resulted in impaired synapse 
formation and a global decrease of synaptic 
transmission (Anderson et al., 2012a). Closer 
examination revealed that Cntnap2 was not 
involved in synaptogenesis, but reduced 
spine density and spine stabilization in 
cultured neurons from Cntnap2-/- mice 
(Gdalyahu et al., 2015; Varea et al., 2015). 
While a few neurobiological processes that 
Cntnap2 facilitates have been revealed, the 
Cntnap2 protein networks that are involved 
in these processes have remained largely 
unclear.
 We set out to identify novel interacting 
proteins of Cntnap2 to raise the 
understanding of molecular pathways in 
which Cntnap2 participates, not only with 
respect to myelination but also in other 
biological processes relevant to ASD. 
We analyzed in vitro Cntnap2 protein 
complexes by proteomics and compared 

these results with a recently published in 
vivo interactome of Cntnap2. We identified 
known and novel binding partners that point 
towards extracellular interactions as well as 
signal transduction cascades of Cntnap2.

Materials and Methods

Construction of Expression 
Vectors
Rat Cntnap2 (Cntnap2-GFPBio) fusion 
protein with biotin- and GFP-tags was 
generated by subcloning the full-length 
coding sequence of Cntnap2. The cDNA 
was amplified from wild-type Cntnap2 
plasmid: pcDNA3.1-Cntnap2 (kind gift 
of Dr. Watanabe), and ligated to a five 
glycine linker to the intracellular GFP 
and biotin tag in a pcDNA3.1(-)/myc-His 
(Invitrogen) vector backbone. The control 
vector (TMGFPBio) contained the coding 
sequence of the transmembrane domain 
of plexin-A1 (NM_008881.2: nt 3962-4123) 
for constant membrane presentation, with 
the identical intracellular five glycine linker 
to the intracellular GFP and biotin tag in a 
pcDNA3.1(-)/myc-His (Invitrogen) vector 
backbone (Fig. 1A).

Cell culture and transfection
HEK293 cells were maintained in high glucose 
Dulbecco’s modified Eagle’s medium 5 g/L 
glucose (DMEM; Gibco). Cell culture media 
were supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS, Lonza, 
BioWhittaker), 2 mM L-glutamine (PAA) and 
1x penicillin/streptomycin (pen/strep; PAA) 
and cultured in a humidified atmosphere 
with 5% CO2 at 37°C. HEK293 cells 
were transfected using polyethylenimine 
(PEI; Polysciences) (Reed et al., 2006) or 
Lipofectamine LTX (Invitrogen, according to 
manufacturers manual). 
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Immunostaining
HEK293 cells and primary cultures were 
fixed with 4% PFA at room temperature 
(RT) for 15 min, washed in PBS (pH 7.4) and 
blocked in goat blocking buffer (PBS, 1% 
bovine serum albumin (BSA), 2% normal 
goat serum, 0.3% Triton X-100) at RT for 1 
hr. The cells were incubated with rat anti-
GFP (Chromotek) 1:500 in goat blocking 
buffer at 4°C overnight. Cells were washed 
in PBS and incubated with the Alexa Fluor-
labeled secondary antibodies (Invitrogen) 
1:2000 at RT for 1 hr. Cells were washed 
in PBS and incubated with 4’,6-diamidino-
2-phenylindole (DAPI) (Sigma) before 
embedding. Images were captured at 
20x magnification on epifluorescence 
illumination on a Zeiss Axiosop A1. 

Immunoprecipitation
Immunoprecipitation (IP) experiments were 
performed using GFP-Trap-A agarose beads 
(Chromotek) according to manufacturers 
manual. Briefly, HEK293 cells expressing the 
indicated GFP-tagged fusion proteins were 
collected in ice-cold PBS and centrifuged at 
1000 rpm in a precooled centrifuge at 4°C for 
5 min. Cell pellets were lysed in lysis buffer 
(10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 
0.5 mM EDTA, 0.5% NP40, 1 mM PMSF 
and Complete protease inhibitor cocktail 
(Roche)), incubated on ice for 30 min and 
centrifuged at 13,200 rpm at 4°C for 10 min. 
Cleared supernatant was mixed with 50 μl 
GFP-Trap-A agarose beads (Chromotek), 
which were equilibrated in dilution buffer (10 
mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5 mM 
EDTA, 1 mM PMSF and Complete protease 
inhibitor cocktail (Roche)) at 4°C. After an 
1.5 hr incubation at 4°C, beads were washed 
two times in dilution buffer. Precipitated 
proteins were eluted by boiling in NuPAGE 
LDS sample buffer (Invitrogen) containing 
2% β-mercaptoethanol at 95°C for 10 min. 

Protein separation and digestion
30 µl of each sample ran on a 12% Bis-Tris 
1D SDS-PAGE gel (Biorad) either for 2-3 cm 
or ran completely and stained with colloidal 
Coomassie dye G-250 (Gel Code Blue Stain 
Reagent, Thermo Scientific). The lane was 
cut into bands, which were treated with 
6.5 mM dithiothreitol (DTT) at 60 °C for 1 
hr for reduction and 54 mM iodoacetamide 
for 30 min for alkylation. The proteins were 
digested overnight with trypsin (Promega) 
at 37 °C. The peptides were extracted with 
acetonitrile (ACN) and dried in a vacuum 
concentrator.

Mass spectrometry:  
RP-nanoLC-MS/MS
The data was acquired using an LTQ-
Orbitrap coupled to an Agilent 1200 system 
or an Orbitrap Q Exactive mass spectrometer 
connected to an Agilent 1290 system. In 
case of the LTQ-Orbitrap, peptides were first 
trapped ((Dr Maisch GmbH) Reprosil C18, 3 
μm, 2 cm x 100 μm) before being separated 
on an analytical column (50 μm x 400 mm, 3 
μm, 120 Å Reprosil C18-AQ). Trapping was 
performed at 5 μl/min for 10 min in solvent 
A (0.1 M acetic acid in water), and the 
gradient was as follows; 10 - 37% solvent 
B (0.1 M acetic acid in 80% acetonitrile) in 
30 min, 37-100% B in 2 min, 100% B for 
3 min, and finally solvent A for 15 min. The 
flow was passively split to 100 nl min-1. Data 
was acquired in a data-dependent manner, 
to automatically switch between MS and 
MS/MS. Full scan MS spectra from m/z 
350 to 1500 were acquired in the Orbitrap 
at a target value of 5e5 with a resolution 
of 60,000 at m/z 400 in case of the LTQ-
Orbitrap XL and 30.000 for the LTQ-Orbitrap 
Discovery. The five most intense ions were 
selected for fragmentation in the linear ion 
trap at a normalized collision energy of 35% 
after the accumulation of a target value of 
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10,000. In case of the Q Exactive samples 
were first trapped ((Dr Maisch GmbH) 
Reprosil C18, 3 μm, 2 cm x 100 μm) before 
being separated on an analytical column 
(Agilent Poroshell EC-C18, 2.7 μm, 40 cm x 
50 μm). Trapping was performed for 10 min 
in solvent A and the gradient was as follows; 
13- 41% solvent B in 35 min, 41-100% in 
3 min and finaly solvent A for 10 min. Flow 
was passively split to 100 nl min-1. The 
mass spectrometer was operated in data-
dependent mode. Full scan MS spectra from 
m/z 350 – 1500 were acquired at a resolution 
of 35.000 at m/z 400 after accumulation 
to a target value of 3e6. Up to ten most 
intense precursor ions were selected for 
fragmentation. HCD fragmentation was 
performed at normalised collision energy of 
25% after the accumulation to a target value 
of 5e4. MS/MS was acquired at a resolution 
of 17.500. In all cases nano-electrospray 
was performed at 1.7 kV using an in-house 
made gold-coated fused silica capillary (o.d. 
360 μm; i.d. 20 μm; tip i.d. 10 μm). 

Proteomics data analysis
Raw files were processed using Proteome 
Discoverer 1.3 (version 1.3.0.339, Thermo 
Scientific, Bremen, Germany). The database 
search was performed against the Swissprot 
database (version August 2014) using 
Mascot (version 2.4.1, Matrix Science, UK) 
as search engine. Carbamidomethylation of 
cysteines was set as a fixed modification 
and oxidation of methionines was set 
as a variable modification. Trypsin was 
specified as enzyme and up to two miss 
cleavages were allowed. Data filtering was 
performed using percolator, resulting in 1% 
false discovery rate (FDR). An additional 
filter was Mascot ion score >20. Raw files 
corresponding to one sample were merged 
into one result file.

To eliminate background contaminants 
computationally, data was further analysed 
with SAINT and FC analyses using the 
CRAPome web interface (www.capome.org), 
which implements these two complementary 
scoring strategies (Mellacheruvu et al., 
2013). The primary scoring strategy for 
interacting proteins is the SAINT analysis, 
which allows advanced statistical modeling 
of the input bait-pray spectral count data 
and reports a probability of true interaction 
(Choi et al., 2011). Another quantification is 
the FC calculation, which is based on the 
ratio of average normalized spectral counts 
in bait purifications to negative controls. 
Both are based on quantitative comparisons 
of abundance levels using spectral counts 
of coimmunoprecipitated peptides in 
purifications with bait proteins against the 
distribution of prey abundances across a 
set of negative controls. After comparison to 
control experiments using both SAINT and 
FC scoring (Choi et al., 2011), confidence 
scores were assigned to identified proteins. 
Default settings were used for calculating 
the FC-A score. The probability score was 
calculated using SAINT Express performing 
20.000 iterations.

Western Blotting and immune 
detection
Proteins were separated in 4-12% Bis-Tris 
Protein gels (Nupage) and transferred onto 
nitrocellulose membrane (Hybond-C Extra; 
Amersham). Membranes were incubated 
in blocking buffer (1x TBS, 0.05% (v/v) 
Tween 20 and 5% milk powder) at RT for 
30 min. Membranes were incubated with 
rat anti-GFP (Chromotek) 1:1000 at 4°C 
overnight. The membranes were washed 
and incubated with the HRP-conjugated 
secondary antibody for 1 hr. After washing 
the membranes incubated followed with 
SuperSignal West Dura Extended Duration 
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Fig. 1. Constructs for mass spectrometry to identify proteins interacting with Cntnap2. (A) The 
architecture of the native Cntnap2 protein and structure of the Cntnap2 and control fusion proteins with 
GFP and biotin tags. (B) Expression of Cntnap2-GFPBio and TMGFPBio in HEK293 cells, detected by 
anti-GFP antibody (green) and DAPI (blue) staining. Scale bar represents 50μm. (C) Precipitations were 
performed by anti-GFP-coupled beads to detect proteins interacting with the Cntns and (D) eluates 
from anti-GFP-coupled beads were analyzed on Western blot on 8% SDS-PAGE gels using an anti-
GFP antibody. (E) Coomassie blue stained the NuPage 4-12% gels. The gels were submitted to mass 
spectrometry analysis. Red dots indicate the respective expressed fusion proteins. Molecular weights 
are as follows: Cntnap2-GFPBio = around 180 kDa; TMGFPBio = 39.6 kDA. The following domains are 
described: F5/8, coagulation factor 5/8 C terminal; LamG, laminin g-like; EGF, epidermal growth factor-
like; Fib, fibrinogen-like; TM, transmembrane; GFP, green fluorescent protein; Bio, biotin.

A)

C) D) E)

B)
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Substrate (Pierce) imaged by FluorchemE 
Digital Darkroom (Cell Biosciences). 

Results and Discussion

Immunoprecipitation of the 
Cntnap2 fusion protein
To identify novel binding partners of 
Cntnap2, the complete Cntnap2 protein was 
fused at the C-terminal with GFP and biotin 
tags for immunoprecipitation  (IP) purposes 
(Fig. 1A). The Cntnap2 fusion proteins 
and the control TMGFPBio proteins were 
expressed in HEK293 cells. Immunostaining 
demonstrated that this protein and the 
control fusion protein (TMGFPBio) were 
intact and expressed on the cell membrane 
(Fig. 1B). IP using anti-GFP antibodies 
resulted in enrichment of the fusion proteins 
and coIP of potential interactors (Fig. 1C). In 
the eluates of the IPs, Cntnap2-GFPBio was 
detected at around 180kDa and the control 
protein at 40kDa by anti-GFP antibodies 
using Western blotting and Coomassie 
blue staining (Fig. 1D-E). In order to identify 
proteins associated to the Cntnap2 fusion 

protein, the Coomassie blue gels were 
reduced, alkylated, digested with trypsin, 
and analyzed by mass spectrometry.

Data analysis of coimmuno-
precipitated proteins with  
Cntnap2-GFPBio
Statistical modeling of mass spectrometry 
data by SAINT and FC analyses resulted 
in a ranked list of proteins enriched that 
were significantly higher or exclusively 
present in the Cntnap2 fusion protein pull-
down samples as compared to the control 
fusion protein. The number of identified 
proteins associated to Cntnap2 was 
plotted against the SAINT probability score, 
demonstrating the distribution of SAINT 
scoring among these proteins (Fig. 2A) 
This graph showed that the highest number 
of detected proteins scored with a SAINT 
score of around 0.30, and that a limited 
number of proteins with high SAINT scores 
were present. The absence of a sigmoidal 
curve after plotting the SAINT scores 
against the FC-A probability score (Fig. 2B) 
revealed a high variability between the 
three IP experiments. Evaluation of the 

A) B)

Fig. 2. Statistical validation using the CRAPome. (A) Histogram visualization of SAINT probability 
scoring for all identified interactors of Cntnap2-GFPBio. (B) The distribution of the SAINT score and 
the fold-change A (FC-A) score for the interactors identified in the Cntnap2-GFPBio IP versus the 
TMGFPBio IP. 
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PROTID GENE PROTEIN FC-A SAINT PANTHER Protein Class
Q9UHB6 LIMA1 LIM domain and actin-binding protein 1 8.11 0.33 Actin family cytoskeletal protein
P27797 CALR Calreticulin 6.22 0.95 Calcium-binding protein
P62158 CALM1 Calmodulin 6.01 0.79 Calmodulin
Q9UHC6 CNTNAP2 Contactin-associated protein-like 2 183.62 1 CAM
Q14126 DSG2 Desmoglein-2 11.31 0.33 Cell junction protein
Q9NZW5 MPP6 MAGUK p55 subfamily member 6 5.58 0.33 Cell junction protein
O94832 MYO1D Unconventional myosin-Id 16.59 0.33 Cell junction protein/Actin binding 

motor protein
O00159 MYO1C Unconventional myosin-Ic 15.21 0.33 Cell junction protein/Actin binding 

motor protein
O43795 MYO1B Unconventional myosin-Ib 7.42 0.33 Cell junction protein/Actin binding 

motor protein
P35222 CTNNB1 Catenin beta-1 11.39 0.56 Cytoskeletal protein/CAM
P14923 JUP Junction plakoglobin 10.42 0.78 Cytoskeletal protein/CAM
O43491 EPB41L2 Band 4.1-like protein 2 9.45 0.79 FERM protein
Q9Y2J2 EPB41L3 Band 4.1-like protein 3 9.11 0.88 FERM protein
P11171 EPB41 Protein 4.1 5.66 0.56 FERM protein
P46940 IQGAP1 Ras GTPase-activating-like protein IQGAP1 7.08 1 G-protein modulator
P63092 GNAS Guanine nucleotide-binding protein G(s) subunit alpha 

isoforms Xlas
7.61 0.77 Heterotrimeric G-protein

P08754 GNAI3 Guanine nucleotide-binding protein G(k) subunit alpha 6.76 0.74 Heterotrimeric G-protein
P63096 GNAI1 Guanine nucleotide-binding protein G(i) subunit alpha-1 6.34 0.74 Heterotrimeric G-protein
P04899 GNAI2 Guanine nucleotide-binding protein G(i) subunit alpha-2 6.22 0.74 Heterotrimeric G-protein
P29992 GNA11 Guanine nucleotide-binding protein subunit alpha-11 5.63 0.33 Heterotrimeric G-protein
Q14344 GNA13 Guanine nucleotide-binding protein subunit alpha-13 5.38 0.6 Heterotrimeric G-protein
P07196 NEFL Neurofilament light polypeptide 16.44 0.59 Intermediate filament
P08670 VIM Vimentin 14.54 0.62 Intermediate filament
P17661 DES Desmin 7.04 0.56 Intermediate filament
Q16352 INA Alpha-internexin 5.66 0.56 Intermediate filament
Q14254 FLOT2 Flotilin-2 13.69 0.56 Membrane traffic protein
O75955 FLOT1 Flotilin-1 12.51 0.88 Membrane traffic protein
Q13561 DCTN2 Dynactin subunit 2 4.88 0.9 Microtubule binding motor protein
O43707 ACTN4 Alpha-actinin-4 17.43 0.43 Non-motor actin binding protein
Q15149 PLEC Plectin 14.52 0.33 Non-motor actin binding protein
Q01082 SPTBN1 Spectrin beta chain. non erythrocytic 1 12.4 0.33 Non-motor actin binding protein
Q13813 SPTAN1 Spectrin alpha chain. non erythrocytic 1 12.22 0.33 Non-motor actin binding protein
O15020 SPTBN2 Spectrin beta chain. non erythrocytic 2 9.71 0.33 Non-motor actin binding protein
Q16643 DBN1 Drebrin 9.13 0.33 Non-motor actin binding protein
P12814 ACTN1 Alpha-actinin-1 8.51 0.45 Non-motor actin binding protein
Q9ULV4 CORO1C Coronin-1C 7.09 0.51 Non-motor actin binding protein
Q13425 SNTB2 Beta-2-syntrophin 6.27 0.33 Non-motor actin binding protein
P35609 ACTN2 Alpha-actinin-2 5.7 0.45 Non-motor actin binding protein
P35611 ADD1 Alpha-adducin 5.36 0.33 Non-motor actin binding protein
P35221 CTNNA1 Catenin alpha-1 4.98 0.33 Non-motor actin binding protein/

CAM
P12931 SRC Proto-oncogene tyrosine-protein kinase 5.48 0.5 Non-receptor tyrosine protein 

kinase
P18077 RPL35A 60S ribosomal protein L35a 6.24 1 Ribosomal protein
P62857 RPS28 40S ribosomal protein S28 5.16 1 Ribosomal protein
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Table II. MAGUK proteins interacting with Cntnap2-GFPBio. The Cntnap2-GFPBio pull-down list was 
searched for MAGUK proteins. For legend see Table I.

PROTID GENE PROTEIN FC-A SAINT PANTHER Protein Class
Q9NZW5 MPP6 MAGUK p55 subfamily member 6 5.58 0.33 Cell junction protein
O14936 CASK Kappa-casein 4.21 0.33 Scaffold protein
Q12959 DLG1 Disks large homolog 1 3.29 0.33 Transmembrane receptor regulatory/adaptor protein
Q5T2T1 MPP7 MAGUK p55 subfamily member 7 2.83 0.33 Cell junction protein
Q14168 MPP2 MAGUK p55 subfamily member 2 1.92 0.33 Cell junction protein
Q07157 TJP1 Tight junction protein ZO-1 1.92 0.33 Tight junction

Table III. Cell surface proteins interacting with Cntnap2-GFPBio. The Cntnap2-GFPBio pull-down list 
was searched for cell surface proteins using PANTHERDB. For legend see Table I.

PROTID GENE PROTEIN FC-A SAINT PANTHER Protein Class
Q12860 CNTN1 Contactin-1 4.21 0.33 IgCAM
O94813 SLIT2 Slit homolog 2 protein 4.21 0.33 Receptor
P78310 CXADR Coxsackievirus and adenovirus receptor 3.91 0.51 CAM
O60716 CTNND1 Catenin delta-1 3.81 0.36 CAM
P11047 LAMC1 Laminin subunit gamma-1 3.42 0.66 Receptor
Q9BZM4 ULBP3 NKG2D ligand 3 3.29 0.33 Ig Receptor Superfamily
Q9NUP9 LIN7C Protein lin-7 homolog C 3.16 0.33 CAM
Q9BY67 CADM1 Cell adhesion molecule 1 3.13 0.45 CAM
P29317 EPHA2 Ephrin type-A receptor 2 3.06 0.33 Receptor

PROTID GENE PROTEIN FC-A SAINT PANTHER Protein Class
P04637 TP53 Cellular tumor antigen p53 6.73 0.33 Transcription factor
Q6YHK3 CD109 CD109 antigen 13.38 0.33 -
Q14160 SCRIB Protein scibble homolog 10.4 0.33 -
O75592 MYCBP2 E3 ubiquitin-protein ligase MYCBP2 8.35 0.67 -
P80723 BASP1 Brain acid soluble protein 1 7.1 0.46 -
Q9BTT6 LRRC1 Leucine-rich repeat-containing protein 1 4.9 0.33 -
Q96IV0 NGLY1 Peptide-N(4)-(N-acetyl-beta-glucosaminyl)asparagine 

amidase
4.86 0.67 -

Table I. Continued. The top-50 proteins coimmunoprecipitated with Cntnap2-GFPBio and detected by 
mass spectrometry are listed according to their FC-A score. Data from triplicate IPs were compared to 
control using the CRAPome, which employs statistical analyses SAINT and FC scoring. This table lists 
the protein identification code (PROTID) and its related gene and protein names, together with FC-A, and 
SAINT scoring. The standard CRAPome Fold Change calculations (FC-A) estimates the background by 
averaging the spectral counts across the selected controls. SAINT reports a probability of true interaction. 
Protein class was determined by searching PANTHERDB (Thomas et al., 2003). 
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34 interactors above the SAINT score of 
0.9 demonstrated a number of proteins 
associated to Cntnap2, many without 
biological relevance. Closer examination of 
the three individual IPs revealed that in one 
IP a broader set of neuronal proteins was 
identified, compared to the other IPs. These 
neuronal proteins were considered valuable 
since the interaction with Cntnap2 could 
biologically be very relevant. Therefore, we 
decided to list the top 50 interaction hits 
based on the FC-A score, which included 
an extended set of proteins that could be 
connected to the biology of Cntnap2 (Table I). 
 Firstly, protein 4.1 (EPB41), band 4.1-
like protein 2 (EPB41L2 or 4.1G), and band 
4.1-like protein 3 (EPB41L3 or 4.1B) were 
pinpointed. The interactions between the 
4.1-binding motif of Cntnap2 and proteins 
4.1B and 4.1R were demonstrated previously 
(Denisenko-Nehrbass et al., 2003; Horresh 
et al., 2010), substantiating the potential of 
our experimental approach. These proteins 
are members of a superfamily of proteins, 
of which the members share a common 
homologous N-terminal FERM domain. This 
family includes all homologues of protein 
4.1B and the ezrin, radixin and moesin 
proteins, from which the FERM domain 
name was derived. The three identified 
unconventional myosin-I proteins also 
contain FERM domains, which have been 
shown to function in vesicle transport in 
neurons (Wu et al., 2000). It has been shown 
that the intracellular tail of Cntnap2 binds 
specifically to this domain of protein 4.1B 
at juxtaparanodes and constitutes a link 
between the juxtaparanodal axolemma 
and the axonal cytoskeleton (Denisenko-
Nehrbass et al., 2003; Horresh et al., 2010). 
Members of the FERM family play roles in 
the structure and regulation of the mem-
brane skeleton and cytoskeleton (Diakowski 
et al., 2006). 

A role for Cntnap2 in the regulation of the 
cytoskeleton is further strengthened by the 
identification of multiple cytoskeletal and 
actin binding proteins. Additionally, the 
multifunctional scaffolding protein IQGAP1 
was identified, which upon interaction with 
transmembrane receptors facilitates actin 
cytoskeleton assembly, cell adhesion, 
and cell motility (Brown and Sacks, 2006; 
Noritake et al., 2005). The cytosolic tail of 
Cntnap2 might interact with IQGAP1 and 
with the actin binding proteins and thereby 
regulate the cytoskeleton. 
 A further link to the cytoskeleton was 
provided by the identification of the 
intermediate filament vimentin. This protein 
is expressed by Schwann cells and in the 
neuronal cytoskeleton. Previous research 
has demonstrated that vimentin and 
Cntnap2 are both involved in myelination 
(Poliak et al., 2001; Triolo et al., 2012), 
which might occur in concert. In addition, 
Cntnap2 is expressed in a subpopulation of 
glial cells that coexpress vimentin (Bralten 
et al., 2010). Other intermediate filaments 
were observed as well, including desmin, 
neurofilament light polypeptide, and alpha-
internexin. A previous study demonstrated 
that vimentin binds the PDZ domain of 
the scaffolding protein scribble (Phua et 
al., 2009). This suggests that Cntnap2 
might interact with vimentin and the other 
filaments by its PDZ domain. 
 Secondly, we pinpointed proteins that 
could bind the PDZ domain of Cntnap2. 
Cell surface proteins with a PDZ domain are 
known to influence the postsynaptic density 
(PSD), a compact scaffold of proteins 
important for synaptic differentiation, 
maintenance, and plasticity (Ko and Kim, 
2007). We encountered MPP6 (MAGUK 
p55 subfamily member 6) in the top list, 
which is a scaffolding protein of the 
membrane-associated guanylate kinase 
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family (MAGUK). MAGUKs contain multiple 
protein-protein interaction domains that 
allow the clustering of transmembrane 
proteins and MAGUKs themselves at pre- 
and postsynaptic sites and are implicated 
in synaptic plasticity through the clustering 
of receptors (Dimitratos et al., 1999; Zheng 
et al., 2011). Additionally, CASK and other 
scaffolding proteins including other MPPs, 
DLG1, and TJP1 were identified in much 
lower abundance (Table II). Previous reports 
described the interactions between Cntnap2 
and scaffolding proteins, including DLG1, 

CASK and MPPs (Horresh et al., 2008a), 
which support our findings. The interaction 
of protein 4.1 to Cntnap2 is thought to recruit 
these MAGUKs to the Cntnap2 protein 
complex at the juxtaparanode (Horresh 
et al., 2008b). These results suggest 
that Cntnap2 is anchored to scaffolding 
proteins and participates in the regulation 
of the cytoskeleton, which is important for 
potentiation of motility and migration of 
neurons and their protrusions. 
 Protein 4.1 and MAGUK proteins have 
been reported before to interact with the 

Table IV. Cntnap2-GFPBio proteins present both in the in vitro and in vivo pull-down lists. This 
resulting protein list was generated by comparing the proteins from the in vitro pull-down in this study 
with the previously reported in vivo interactome of Cntnap2. For legend see Table I.

PROTID GENE PROTEIN PANTHER Protein Class

P12814 ACTN1 Alpha-actinin-1 Non-motor actin binding protein

P35609 ACTN2 Alpha-actinin-2 Non-motor actin binding protein

O43707 ACTN4 Alpha-actinin-4 Non-motor actin binding protein

Q96CW1 AP2M1 AP-2 complex subunit mu Membrane traffic protein

P84085 ARF5 ADP-ribosylation factor 5 Small GTPase

P56385 ATP5I ATP synathase subunit e ATP synthase

P80723 BASP1 Brain acid soluble protein 1 -

Q12860 CNTN1 Contactin-1 IgCAM

Q9UHC6 CNTNAP2 Contactin associated protein-like 2 CAM

Q13561 DCTN2 Dynactin subunit 2 Microtubule binding motor protein

Q12959 DLG1 Disks large homolog 1 Transmembrane receptor regulatory/adaptor protein

O14910 LIN7A Protein lin-7 homolog A CAM

Q9NUP9 LIN7C Protein lin-7 homolog C CAM

Q14168 MPP2 MAGUK p55 subfamily member 2 Cell junction protein

P60660 MYL6 Myosin light polypeptide 6 Actin family cytoskeletal protein

O94832 MYO1D Unconventional mysin-Id Cell junction protein/Actin binding motor protein

P11233 RALA Ras-related protein Ral-A Small GTPase

P61225 RAP2B Ras-related protein Rap-2b Small GTPase

P28289 TMOD1 Tropomodulin-1 Non-motor actin binding protein

P09493 TPM1 Tropomyosin alpha-1 chain Actin binding motor protein

P06753 TPM3 Tropomyosin alpha-3 chain Actin binding motor protein

Q12792 TWF1 Twinfilin-1 Non-motor actin binding protein
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cytosolic tail of neurexins and cell adhesion 
molecule 1 (CADM1), which contains 
domains highly homologous to Cntnap2. 
On the cytosolic side of the presynaptic 
membrane, the C-termini of neurexins 
interact with CASK (Hata et al., 1996), which 
in turn binds protein 4.1 (Cohen et al., 1998; 
Hsueh et al., 1998). This trimeric CASK-
protein 4.1-neurexin complex nucleates 
actin at the presynapse (Biederer and 
Südhof, 2001; Gokce and Südhof, 2013), 
demonstrating that CAMs can be coupled 
to the actin cytoskeleton via an interaction 
with CASK and protein 4.1. 
 CADM1 is an IgCAM that also contains a 
protein 4.1-binding motif and a PDZ binding 
domain at its cytosolic tail (Moiseeva et 
al., 2014; Murakami et al., 2014a). CADM1 
is localized at the synaptic cleft and 
functions as a synaptic cell-cell adhesion 
molecule (Fujita et al., 2012). This protein 
is connected to the actin cytoskeleton by 
directly interacting with protein 4.1B (Yageta 
et al., 2002), and is also associated with a 
group of scaffolding proteins, including 
MPP1-3, CASK and Pals-2 (Biederer 
et al., 2002; Fukuhara et al., 2003; Sakurai- 
Yageta et al., 2009; Shingai et al., 2003). 
Interestingly, homophilic trans-interaction 
of CADM1 activates P13K by forming a 
complex with MAGUK family proteins 
MPP3 and Dlg, which reorganizes the actin 
cytoskeleton (Murakami et al., 2014b). 
In addition, point mutations in CADM1 
were found in ASD patients and CADM1 
null-mutant mice display abnormal social 
and emotional behavior, similar to human 
symptoms of ASD (Takayanagi et al., 2010; 
Zhiling et al., 2008). 
 Finally, a set of heterotrimeric G-proteins 
were found, both stimulating as well as 
inhibiting (Table I). Previous studies have 
demonstrated that signaling through 
heterotrimeric G-proteins is not only a 

downstream effect of G-protein coupled 
receptor- (GPCRs) activation, but is also 
involved in APP- and NCAM signaling 
affecting neuronal migration and neurite 
outgrowth and apoptosis (Hansen et al., 
2007; Okamoto et al., 1996; Ramaker et al., 
2013; Tsvetanova et al., 2015). The results 
indicate the possibility that heterotrimeric 
G-proteins bind the cytosolic tail of Cntnap2 
and act downstream to induce intracellular 
signaling. 
 Compared with the discussed putative 
interactors, several cell surface proteins 
were identified in lower abundance. These 
include cell adhesion molecules (CAMs), 
members of the immunoglobulin superfamily 
of CAMs (IgCAMs), and receptors (Table 
III). Interestingly, CADM1 was identified as 
a putative interactor in the Cntnap2 pull-
down list. Since both proteins are expressed 
in the synapse (Chen et al., 2015; Fujita 
et al., 2012), the binding of Cntnap2 and 
CADM1 is a potentially biologically relevant 
interaction. This strengthens the notion that 
Cntnap2 might form a protein complex in 
the synapse, perhaps with CADM1. Protein 
lin-7 homolog C (LIN7C or Veli3) was also 
identified as a putative Cntnap2 interactor, 
which forms a tripartite complex with CASK 
and Mint1 (Borg et al., 1998; Kamberov et 
al., 2000; Leonoudakis et al., 2004; Stetak 
et al., 2006). This complex acts at the 
presynapse as a nucleation site for the 
assembly of proteins involved in synaptic 
vesicle exocytosis and synaptic junctions 
(Butz et al., 1998). While CNTN2 is the 
only membrane protein known to interact 
with Cntnap2 and plays an essential role in 
the architecture of the node of Ranvier, 
we did not detect this protein. Instead, 
CNTN1 was detected as a putative 
interactor for Cntnap2, suggesting that 
Cntnap2 may have a function in the 
node of Ranvier that is extended over the 
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present model (Poliak et al., 2003; Traka et 
al., 2003).
 Our experiments were performed in 
non-neuronal HEK293 cells. These cells 
have an extraordinarily large set of proteins 
expressed, including many neuronal 
proteins (Geiger et al., 2012). In order to 
validate the results for a neuronal context, 
we reanalyzed and compared the recently 
published in vivo Cntnap2 interactome 
derived from synaptosomal fractions 
(Chen et al., 2015) to the Cntnap2 putative 
interactors list from HEK293 cells. The 
resulting overlapping proteins from the 
neuronal in vivo interactome and in vitro 
dataset included Cntn1 and the two MAGUK 
proteins DLG1 and MPP2 (Table IV). ARF5, 
RALA, and RAP2B were identified as well, 
which are members of the Rho family of 
small GTPases. The proteins in this family 
transduce signals from extracellular stimuli 
to the actin cytoskeleton, thereby modulating 
neuronal morphogenesis (Gonzalez-Billault 
et al., 2012; Luo, 2000). We could not 
find most of the reported synaptic protein 
interactors of Cntnap2, including the ADAM 
family of proteases (Chen et al., 2015), in 
the resulting list of overlapping proteins 
(Table IV). The remaining proteins in this 
list mostly function in actin cytoskeleton 
organization. Finding these proteins in both 
pull-down lists supports the interpretation 
that they are true interactors. 
 The results of this study expand the 
view on the pathways in which Cntnap2 
participates. The majority of the identified 
proteins interact with the cytosolic tail of 
Cntnap2, including FERM proteins, several 
scaffolding and cytoskeletal proteins. These 
proteins regulate the actin cytoskeleton, 
which is essential for cellular motility, 
neurite outgrowth and spine dynamics. 
These processes were previously attributed 
to Cntnap2 function (Anderson et al., 

2012b; Peñagarikano et al., 2011), and 
are important for the proper development 
of neuronal circuits. In Cntnap2-/- mice, 
neuronal circuitry was impaired which 
resulted in epileptic seizures and reduced 
cortical circuitry (Peñagarikano et al., 2011). 
Such phenotypes were also observed 
in ASD patients with mutations in the 
CNTNAP2 gene (Jackman et al., 2009; 
Strauss et al., 2006). Although the identified 
putative interactors of Cntnap2 need to be 
validated, these findings may provide the 
starting point for further dissection of the 
neurobiological processes that Cntnap2 
facilitates.
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Abstract

In view of important neurobiological functions 
of contactin-6 (Cntn6) that have emerged 
from studies on null-mutant mice and 
autism spectrum disorders (ASD) patients, 
we set out to examine pathways underlying 
functions of Cntn6 using a proteomics 
approach. Latrophilin-1 (Lphn1, ADGRL1) 
was identified as a binding partner for Cntn6 
forming a cis-complex. Lphn1 is engaged 
in trans-synaptic binding to neurexin-1 and 
other synaptic proteins. Cntn6 pull-down 
from mouse cortex coimmunoprecipitated 
endogenous Lphn1. The Cntn6 and Lphn1 
genes were coexpressed in thalamic 
nuclei, cortical layer V and hippocampal 
CA1 cells. The Cntn6 and Lphn1 proteins 
colocalized in neurons of these regions and 
copurified in postsynaptic density fractions. 
Furthermore, the Cntn6-Lphn1 complex 
revealed a functional interaction in cultured 
neurons. Expression of Lphn1 in neurons 
reduced neurite outgrowth and increased 
apoptosis, and these effects were rescued 
by coexpression with Cntn6. In line with 
these data, apoptosis was increased in the 
cortex of Cntn6-/- mice compared to wild-
type littermate controls. In cultured neurons 
derived from Cntn6-/- mice, Lphn1 knockdown 
caused a decrease of apoptosis, suggesting 
that the observed apoptosis is Lphn1-
induced. These data reveal dependence 
receptor properties of Lphn1 under the 
control of Cntn6, which functionally impact 
on neuronal development. The present data 
provide a novel mode of action of contactin 
family members and link Cntn6 to trans-
synaptic networks implicated in ASD.

Keywords: Cntn6; ASD; Lphn1; neuronal 
morphology; neurite outgrowth; neuronal 
survival; dependence receptor; cell adhesion 
GPCR

Introduction

A myriad of cell adhesion molecules (CAMs) 
is involved in development, maturation 
and plasticity of the nervous system. Cis- 
and trans-interacting CAMs form complex 
protein-protein networks serving as 
receptors, or as functional physical links 
between cells of the nervous system or the 
extracellular matrix. A well-characterized 
pair of CAMs are the neurexins (Nrxns) 
and neuroligins (Nlgns), which are pre- 
and postsynaptic cell surface proteins, 
respectively. These proteins form a trans-
synaptic complex, and thereby promote 
synapse formation and expansion (Boucard 
et al., 2005; Chih et al., 2006). Disruptions 
in both NRXN and NLGN genes have been 
implicated in neuropsychiatric disorders, 
including autism spectrum disorders 
(ASD) (Kim et al., 2008; Lawson-Yuen 
et al., 2008; Yan et al., 2005; Zahir et al., 
2008). Different isoforms of Nrxns interact 
with multiple synaptic proteins and 
molecules. Endogenous leucine-rich repeat 
transmembrane proteins (LRRTMs) form 
trans-synaptic complexes with Nrxns and 
regulate excitatory synapse development 
(de Wit et al., 2009; Siddiqui et al., 2010). 
Cerebellins are secreted proteins that 
link Nrxns to postsynaptic δ2 glutamate 
receptors, mediating the formation and 
maintenance of synapses (Matsuda and 
Yuzaki, 2011; Uemura et al., 2010). In this 
way, multiple proteins center on a single 
CAM, which results in a complex network of 
neuronal regulation. 
 Recently, a similar multifold interaction 
has emerged for the cell adhesion G protein-
coupled receptor (aGPCR) latrophilin-1 
(Lphn1, also known as CIRL1/CL1 and 
currently as ADGRL1, according to a 
recently proposed nomenclature, (Hamann 
et al., 2015)). Lphn1 contains an unusually 
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large adhesion-like extracellular N-terminal 
fragment (NTF) which interacts with Nrxns 
to form a trans-synaptic complex (Boucard 
et al., 2012). Similar to Nrxns, Lphn1 is 
engaged in interactions with multiple CAMs. 
The synaptic proteins Lasso/teneurin-2 
and FLRT3 interact endogenously with 
Lphn1, forming high-affinity trans-synaptic 
receptor pairs with signaling capabilities 
leading to release of stored Ca2+, shaping 
synapse structure, and regulating synaptic 
development and function (O’Sullivan et al., 
2012; Silva et al., 2011). Furthermore, Lphn1 
directly interacts intracellularly with the 
postsynaptic scaffolding protein Shank1, 
another ASD risk gene (Kreienkamp et al., 
2000; Tobaben et al., 2000). These data 
indicate that Lphn1 mediates important 
neuronal functions through engagement in 
CAM interaction networks.
 Contactin-1 (Cntn, aka F3) and 
contactin-2 (Cntn2, aka Tag1), members of 
the contactin family of immunoglobulin cell 
adhesion molecules (IgCAMs), have been 
well characterized for their specialized roles 
in neuron-glia interaction, specifically at 
the paranode and juxtapararanode of the 
nodes of Ranvier (Peles and Salzer, 2000; 
Poliak and Peles, 2003; Scherer and Arroyo, 
2002). Cntn1 and Cntn2 form multiple 
homo- and heterodimers in both cis- and 
trans-configuration that are essential 
for the formation of the paranode and 
juxtaparanode (Peles et al., 1997; Poliak et 
al., 2003; Rios et al., 2000). The contactin 
protein family consists of six members. 
While the functions of contactin-3 (Cntn3, 
aka BIG-1), contactin-4 (Cntn4, aka 
BIG-2), contactin-5 (Cntn5, aka NB-2), 
and contactin-6 (Cntn6, aka NB-3) have 
remained obscure, their importance in brain 
development and maturation has been 
highlighted by different studies. Increasing 
evidence suggests that Cntn6 is involved in 

brain development, since mice deficient for 
Cntn6 display a delay in the development 
of the corticospinal tract, a misorientation 
of apical dendrites in layer V of the visual 
cortex, and an increase in neuronal cell 
death during development (Huang et al., 
2011b; Pinto et al., 2010; Sakurai et al., 
2009; Ye et al., 2008). A significant reduction 
in glutamatergic synapses was found in 
the hippocampus and in the cerebellum of 
Cntn6 null-mutants (Sakurai et al., 2009; 
2010), implicating Cntn6 in the regulation 
of synaptogenesis. In addition, behavioural 
tests showed that mice deficient for Cntn6 
display impaired motor coordination 
(Takeda et al., 2003). These data indicate 
that Cntn6 plays a pivotal role in brain 
development. Furthermore, copy number 
variations (CNVs) in the human CNTN6 
gene were shown to be associated with 
ASD in multiple studies (Pinto et al., 2010; 
van Daalen et al., 2011) and point mutations 
and shared CNVs between the CNTN4 and 
CNTN6 genes have also been implicated 
in the pathogenesis of bipolar disorder 
and anorexia nervosa (Kerner et al., 2011; 
Pinto et al., 2010; van Daalen et al., 2011; 
Wang et al., 2011). Finally, Chromosome 
3p deletion syndrome (deletion of the tip of 
the short arm of chromosome 3), affecting 
the CNTN6, CHL1 and CNTN4 genes, has 
been shown to cause a mental retardation 
syndrome with ASD comorbidity. This 
further illustrates the importance of 
CNTN6 for appropriate neurodevelopment. 
However, the molecular pathways through 
which CNTN6 acts and how this protein 
contributes to the pathogenesis of disease 
is currently unknown. 
 In this study, we examined protein 
networks that engage Cntn6 and 
approached this question by identifying 
cell-adhesion interaction partners of Cntn6. 
We demonstrate that Cntn6 functions as a 
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endogenous ligand for Lphn1 in the mouse 
brain. We show that Lphn1 inhibits neurite 
outgrowth and increases neuronal cell death 
when unoccupied by Cntn6, but is inhibited 
upon binding of Cntn6 in cis. This property 
suggests that Lphn1 acts as a dependence 
receptor. Identification of Lphn1 as an 
interactor of Cntn6 provides a novel mode 
of action of the contactin protein family and 
indirectly links Cntn6 via Lphn1 to trans-
synaptic networks implicated in ASD. 

Materials and Methods

Construction of Expression 
Vectors
A biotin- and GFP-tagged rat Cntn6 (Cntn6-
TMGFPBio) fusion protein was generated 
by subcloning the coding sequence 
of the extracellular Cntn6 domains 
(NM_013225.1: nt 248-3169), excluding 
the coding sequence of the GPI anchor. 
This was amplified from wild-type Cntn6 
cDNA (pcDNA3.1-Cntn6) and ligated to the 
sequence the plexin-A1 transmembrane 
domain coding sequence (NM_008881.2: 
nt 3962-4123). The coding sequences of a 
five glycine linker and intracellular GFP and 
biotin tags followed and were inserted in 
a pcDNA3.1(-)/myc-His (Invitrogen) vector 
backbone. The control vector (TMGFPBio) 
is identical but it is truncated beyond the 
transmembrane domain.

Cell culture and transfection
HEK293 cells were maintained in high glucose 
Dulbecco’s modified Eagle’s medium 5 g/L 
glucose (DMEM; Gibco). Cell culture media 
were supplemented with 10% (v/v) heat-
inactivated fetal bovine serum (FBS, Lonza, 
BioWhittaker), 2 mM L-glutamine (PAA) and 
1x penicillin/streptomycin (pen/strep; PAA) 
and cultured in a humidified atmosphere 

with 5% CO2 at 37°C. HEK293 cells 
were transfected using polyethylenimine 
(PEI; Polysciences) (Reed et al., 2006) or 
Lipofectamine LTX (Invitrogen, according to 
manufacturers manual). For the examination 
of Cntn6 effects on Lphn1 autoproteolysis, 
pcDNA3.1-Cntn6 and pcDNA3.1-HA-
Lphn1 were cotransfected in HEK293 cells 
in the ratios 6:3 and 6:1 respectively. The 
transfected cells were lysed and analyzed 
on Western blot.

Animals and tissue treatment
B57BL/6 and Cntn6-/- mice were obtained 
from Charles River and Nagaoka University 
(Takeda et al., 2003), resp. Mice were 
maintained on a 12-h light/dark cycle with ad 
libitum food and water in an animal facility 
at Brain Center Rudolf Magnus, Utrecht 
University. For immunohistochemistry, P14 
mouse pups were anesthetized with an 
overdose of sodium pentobarbital (19.4 μl/
gr) and were perfused intracardially with 
0.9% saline, followed by 4% PFA in PBS, 
pH 7.5. Brains were post fixed in 4% PFA 
before transferred to 30% sucrose for 
cryopreservation. Tissue was sectioned at 
40 μm sections and free-floating sections 
were stored in PBS with 0.02% sodium azide 
until immunohistochemistry was performed. 
For in situ hybridization, P7 mouse pups 
were killed by decapitation and their brains 
were quickly dissected and flash-frozen in 
2-methylbutane. Brains were sliced into 16 
μm sections using a cryostat and mounted 
onto Superfrost slides (VWR).

Immunostaining
Immunocytochemistry was performed 
after HEK293 cells were fixed with 4% 
PFA at room temperature (RT) for 15 min 
and washed in PBS (pH 7.4). The HEK293 
cells were incubated in goat blocking buffer 
(PBS, 1% bovine serum albumin (BSA), 2% 
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normal goat serum, 0.3% Triton X-100) at 
RT for 1 hr. HEK293 cells were incubated 
with primary antibodies in goat blocking 
buffer at 4°C overnight. Cells were washed 
in PBS and incubated with species-specific 
secondary antibodies conjugated to Alexa 
Fluor (Invitrogen) 1:2000 at RT for 1 hr. 
Cells were washed in PBS and incubated 
with 4’,6-diamidino-2-phenylindole (DAPI) 
(Sigma) before embedding. Images were 
captured by epifluorescence illumination on 
a Zeiss Axioscop A1. The primary antibodies 
that were used: rabbit anti-Cntn6-45 
(antiserum produced by Harlan) 1:1000; rat 
anti-GFP (Chromotek) 1:500; rabbit anti-
myc (Abcam) 1:500; and mouse anti-Fc-HRP 
(Bioconnect) 1:2500. Immunocytochemistry 
on primary cultures was performed as 
described before, with the following primary 
antibodies: rat anti-GFP (Chromotek) 1:500; 
rabbit anti-Caspase-3 (Cell Signaling) 
1:1000; rabbit anti-Flag (Sigma) 1:250; rat 
anti-HA (Roche) 1:500; sheep anti-Cntn6 
(R&D systems) 1:100; rabbit anti-Lphn1-p85 
1:1000. Images were captured by confocal 
laser scanning microscopy (Olympus 
FV1000) by a Zeiss Axiosop A1. 
 For immunohistochemistry, the visual 
cortex was identified using standard 
stereotaxic coordinates (-2.80 mm to 
bregma). The sections were washed with 
PBS and incubated for 45 min in blocking 
buffer (1% BSA, 0.2% fish skin gelatin 
(Sigma), 0.1% Triton X-100 in PBS) and 
washed again. Sections were incubated in 
permeabilization buffer (0.3% Triton X-100 
in PBS) for 10 min before incubation with 
primary antibody in blocking buffer at 4°C 
for 2 hr. The sections were washed in PBS 
and pre-incubated with blocking buffer 
before incubating with species-specific 
secondary antibodies conjugated to Alexa 
Fluor (Invitrogen) 1:500 at RT for 2 hr. A 10 
min DAPI incubation was performed after the 

sections were washed in PBS. The sections 
were embedded with Polyvinyl alcohol 
mounting medium with DABCO antifading 
(Fluka) onto glass slides after additional 
PBS wash steps. Primary antibodies 
that were used: sheep anti-Cntn6 (R&D 
systems) 1: 100; chick anti-Lphn1-p85 1: 
500; rabbit anti-Caspase-3 (Cell Signaling) 
1:400. Images were captured by confocal 
laser scanning microscopy (Olympus 
FV1000). Quantifications of caspase-3 
immunoreactivity in the visual cortex were 
performed under a Zeiss Axioscop A1. At 
least three sections were analyzed from of 
Cntn6+/+ and Cntn6-/- P14 animals (n = 5). 
Statistical analysis was carried out using 
unpaired Student’s t test and one-way 
analysis of variance (ANOVA).

Immunoprecipitation
Immunoprecipitation (IP) experiments were 
performed using GFP-Trap-A agarose beads 
(Chromotek, according to manufacturers 
manual). Briefly, HEK293 cells expressing 
the indicated GFP-tagged fusion proteins 
were collected in ice-cold PBS and 
centrifuged at 1000 rpm in a precooled 
centrifuge at 4°C for 5 min. Cell pellets 
were lysed in lysis buffer (10 mM Tris-HCl, 
pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5% 
NP40, 1 mM PMSF and Complete protease 
inhibitor cocktail (Roche)), incubated on ice 
for 30 min and centrifuged at 13,200 rpm 
at 4°C for 10 min. Cleared supernatant was 
mixed with 50 μl GFP-Trap-A agarose beads 
(Chromotek), which had been equilibrated 
in dilution buffer (10 mM Tris-HCl, pH 7.5, 
150 mM NaCl, 0.5 mM EDTA, 1 mM PMSF 
and Complete protease inhibitor cocktail 
(Roche)) at 4°C. After an 1.5 hr incubation 
at 4°C, beads were washed two times in 
dilution buffer. Precipitated proteins were 
eluted by boiling the pull-down samples 
in NuPAGE LDS sample buffer (Invitrogen) 
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containing 2% β-mercaptoethanol at 95°C 
for 10 min. 
 For in vitro coIP, experiments were 
performed using Dynabeads Protein-G 
(Invitrogen, according to manufacturers 
manual). HEK293 cells were cotransfected 
with the following constructs: pcDNA3.1-
Cntn6-TMGFPBio, pcDNA3.1-Lphn1-GFP 
or pCMV-EGFP-N1 with either pcDNA3.1-
HA-Lphn1, pcDNA3.1-HA-Cntn6 or pCAG-
HA-Nlgn1 (latter plasmid was a kind 
gift from Dr. Scheiffele). The pull-down 
experiments were performed as described. 
For endogenous coIP, P14 mouse cortex 
was lysed in lysis/washing buffer (20 mM 
Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 
5% Glycerol, 1% CHAPS, 1 mM PMSF, 
Complete protease inhibitor cocktail (Roche) 
and phosphatase inhibitor cocktail (Sigma)), 
incubated on ice for 30 min and centrifuged 
at 13,200 rpm at 4°C for 10 min. Cleared 
supernatants were incubated at RT for 30 
min with 50 μl paramagnetic beads with 
coupled recombinant protein G (Dynabeads 
Protein-G, Invitrogen), which were pre-
incubated with 10 μg sheep anti-Cntn6 or 
normal sheep IgG (Milipore) antibodies in 
PBS and 0.02% Tween. Pull-down samples 
were washed three times in lysis/washing 
buffer and precipitated proteins were eluted 
by boiling in NuPAGE LDS sample buffer 
containing 2% β-mercaptoethanol at 70°C 
for 10 min or by 5 min incubation with 
elution buffer (0.1 M Glycine, pH 2.5) before 
adding 5 μl Tris-HCl (1 M, pH 8.5). 

Protein separation and digestion
30 µl of each sample ran on a 12% Bis-Tris 
1D SDS-PAGE gel (Biorad) either for 2-3 cm 
or ran completely and stained with colloidal 
coomassie dye G-250 (Gel Code Blue Stain 
Reagent, Thermo Scientific). The lane was 
cut into bands, which were treated with 
6.5 mM dithiothreitol (DTT) at 60°C for 1 

hr for reduction and 54 mM iodoacetamide 
for 30 min for alkylation. The proteins were 
digested overnight with trypsin (Promega) 
at 37°C. The peptides were extracted with 
acetonitrile (ACN) and dried in a vacuum 
concentrator.

Mass spectrometry:  
RP-nanoLC-MS/MS
The data was acquired using an LTQ-
Orbitrap coupled to an Agilent 1200 system 
or an Orbitrap Q Exactive mass spectrometer 
connected to an Agilent 1290 system. In 
case of the LTQ-Orbitrap, peptides were first 
trapped ((Dr Maisch GmbH) Reprosil C18, 3 
μm, 2 cm x 100 μm) before being separated 
on an analytical column (50 μm x 400 mm, 3 
μm, 120 Å Reprosil C18-AQ). Trapping was 
performed at 5 μl/min for 10 min in solvent 
A (0.1 M acetic acid in water), and the 
gradient was as follows; 10 - 37% solvent 
B (0.1 M acetic acid in 80% acetonitrile) in 
30 min, 37-100% B in 2 min, 100% B for 3 
min, and finally solvent A for 15 min. Flow 
was passively split to 100 nl min-1. Data was 
acquired in a data-dependent manner, to 
automatically switch between MS and MS/
MS. Full scan MS spectra from m/z 350 to 
1500 were acquired in the Orbitrap at a target 
value of 5e5 with a resolution of 60,000 at 
m/z 400 in case of the LTQ-Orbitrap XL 
and 30,000 for the LTQ-Orbitrap Discovery. 
The five most intense ions were selected 
for fragmentation in the linear ion trap at a 
normalized collision energy of 35% after the 
accumulation of a target value of 10,000. In 
case of the Q Exactive samples were first 
trapped ((Dr Maisch GmbH) Reprosil C18, 3 
μm, 2 cm x 100 μm) before being separated 
on an analytical column (Agilent Poroshell 
EC-C18, 2.7 μm, 40 cm x 50 μm). Trapping 
was performed for 10 min in solvent A and 
the gradient was as follows; 13- 41% solvent 
B in 35 min, 41-100% in 3 min and finally 
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solvent A for 10 min. Flow was passively 
split to 100 nl min-1. The mass spectrometer 
was operated in data-dependent mode. 
Full scan MS spectra from m/z 350 – 1500 
were acquired at a resolution of 35,000 at 
m/z 400 after accumulation to a target value 
of 3e6. Up to ten most intense precursor 
ions were selected for fragmentation. 
HCD fragmentation was performed at 
normalised collision energy of 25% after 
the accumulation to a target value of 5e4. 
MS/MS was acquired at a resolution of 
17.500. In all cases nano-electrospray was 
performed at 1.7 kV using an in-house made 
gold-coated fused silica capillary (o.d. 360 
μm; i.d. 20 μm; tip i.d. 10 μm).

Proteomics data analysis
Raw files were processed using Proteome 
Discoverer 1.3 (version 1.3.0.339, Thermo 
Scientific, Bremen, Germany). The database 
search was performed against the Swissprot 
database (version August 2014) using 
Mascot (version 2.4.1, Matrix Science, UK) 
as search engine. Carbamidomethylation of 
cysteines was set as a fixed modification 
and oxidation of methionine was set 
as a variable modification. Trypsin was 
specified as enzyme and up to two miss 
cleavages were allowed. Data filtering was 
performed using percolator, resulting in 
1% false discovery rate (FDR). Additional 
filter was Mascot ion score >20. Raw files 
corresponding to one sample were merged 
into one result file.
 Data was further analysed with Saint 
(Choi et al., 2011) using the Crapome 
web interface (www.crapome.org) in order 
to identify interacting proteins. Default 
settings were used for calculating the FC-A 
and FC-B score. The probability score was 
calculated using Saint Express performing 
20,000 iterations.

Western Blotting
Cells were collected with a cell scraper in 
ice-cold PBS (pH 7.4) and centrifuged at 
1000 rpm in a precooled centrifuge at 4°C 
for 5 min. The cell pellet was resuspended 
in ice-cold lysis buffer (20 mM Tris-HCl, 
pH 8, 150 mM KCl, 1% Triton X-100, 
1 mM PMSF and Complete protease 
inhibitor cocktail (Roche)), incubated on 
ice for 10 min, followed by centrifugation 
at 13,200 rpm at 4°C for 10 min. The 
supernatant was collected, NuPAGE LDS 
sample buffer (Invitrogen) containing 2% 
β-mercaptoethanol was added and samples 
were boiled at 90°C for 5 min. Proteins 
were separated in 8% SDS-PAGE gels and 
transferred onto nitrocellulose membrane 
(Hybond-C Extra; Amersham). Membranes 
were incubated in blocking buffer (PBS, 
0.05% (v/v) Tween 20 and 5% milk powder) 
at RT for 30 min. Membranes were incubated 
with corresponding primary antibodies in 
blocking buffer at 4°C overnight. Antibodies 
used: rat anti-GFP (Chromotek) 1:1000; rat 
anti-HA (Roche) 1:100, rabbit anti-Cntn6-45 
(Harlan) 1:2000; chick anti-Lphn1-p120 
and rabbit anti-Lphn1-p85 1:2500, rabbit 
anti-SynapsinI (Sigma) 1:2000, mouse anti-
PSD95 (Milipore) 1:250, mouse anti-βActin 
(Sigma) 1:1000. Chick anti-GFP (Abcam) 
1:500 was only used for immunoblotting 
Cntn6-TMGFPBio and Lphn1-GFP after 
IP to reveal coIP of HA-Nlgn1. Blots were 
incubated with SuperSignal West Dura 
Extended Duration Substrate (Pierce) and 
exposed to ECL films (Pierce) or imaged 
by FluorchemE Digital Darkroom (Cell 
Biosciences). ImageJ was used for blot 
quantification. 

Real-time PCR
Mouse brain RNA was isolated from wild-
type embryos at developmental stages 
E12.5, E14.5, E16.5, E18.5 and postnatal 
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stages P7 and adult. To determine levels 
of Cntn6 expression, one-step qPCR was 
performed using a Quantifast SYBR Green 
RT PCR kit (Qiagen) and a LightCycler 
(Roche, Mannheim, Germany), according to 
manufacturers instruction. GAPDH primers: 
FW: CATCAAGAAGGTGGTGAAGC, RT: 
ACCACCCTGTTGCTGTAG, Cntn6 primers: 
FW: CCCAAGTTCCAACAAGAGGA, RV: 
GCCACGTGTACGAAGGATT.

In Situ Hybridization
Nonradioactive in situ hybridization was 
performed according to (Pasterkamp et 
al., 1998). In brief, probe sequences for 
Cntn6 (NM_017383.3: nt 283-876) or 
Lphn1 (NM_181039.2: nt 5203-5585) were 
polymerase chain reaction (PCR)-amplified 
from cDNA. Digoxigenin (DIG)-labeled RNA 
probes were generated by a RNA polymerase 
reaction using 10x DIG RNA labeling mix 
(ENZO). Tissue sections were post-fixed in 
4% PFA in PBS, pH 7.40 at RT for 20 min. 
To enhance tissue penetration and decrease 
aspecific background staining, sections 
were acetylated with 0.25% acetic anhydride 
in 0.1 M triethanolamine and 0.06% HCl at 
RT for 10 min. Sections were prehybridized 
at RT for 2 hr in hybridization buffer (50% 
formamide, 5x Denhardt’s solution, 5x 
SSC, 250 μg/ml baker’s yeast tRNA and 
500 μg/ml sonicated salmon sperm DNA). 
Hybridization was performed at 68°C for 15 
hr, using 400 ng/ml denatured DIG-labeled 
probe diluted in hybridization buffer. After 
hybridization, sections were first washed 
briefly in 2x SSC followed by incubation in 
0.2x SCC at 68°C for 2 hr. Sections were 
adjusted to RT in 0.2x SSC for 5 min. DIG-
labeled RNA hybrids were detected with 
anti-DIG Fab fragments conjugated to AP 
(Boehringer) diluted in 1:2500 in TBS (pH 
7.4) at 4°C overnight. Binding of AP-labeled 
antibody was visualized by incubating the 

sections in detection buffer (100 mM Tris-
HCl, pH 9.5, 100 mM NaCl and 50 mM 
MgCl2) containing 240 μg/ml levamisole and 
nitroblue tetrazolium chloride/5-bromo-4-
chloro-3-indolyl-phosphatase (NBT/BCIP, 
Roche) at RT for 14 hr. Sections subjected 
to the entire in situ hybridization procedure, 
but with no probe or sense probe added, did 
not exhibit specific hybridization signals. 
The specificity of the in situ hybridization 
procedure was also inferred from the clearly 
distinct gene expression patterns observed. 
Staining was visualized using a Zeiss 
Axioskop 2 microscope.

Cell Surface Binding Assay
To investigate whether Cntn6 interacts with 
Lphn1, a cell surface binding assay was 
used with slight modifications (Shimoda et 
al., 2012). Transfection of HEK293 cells with 
pIGplus-RGMa-Fc or pCr/TEV-ectoLphn1-
Fc (latter plasmid was a kind gift from Dr. 
de Wit resp.) was performed. 48 hr after 
transfection the medium with soluble RGMa-
Fc or Lphn1-Fc was concentrated through a 
50,000 kDa column (YM-50, Milipore). The 
concentrated proteins were supplemented 
with Dulbecco’s modified Eagle’s medium 
1 g/L glucose (DMEM; Gibco, Invitrogen) 
with 2 mM L-glutamine (PAA) and 1x 
penicillin/streptomycin (pen/strep; PAA) and 
distributed in 6-well plates with HEK293 
cells transfected with pcDNA3.1-neogenin-
myc or pcDNA3.1-HA-Cntn6 constructs. 
Binding between the proteins was allowed 
overnight in a humidified atmosphere with 
5% CO2 at 37°C. Cells were fixed with 4% 
PFA in PBS, pH 7.4, and 0.01% sodium 
azide until immunocytochemistry was 
performed. For the cell surface binding 
analysis, images from the Zeiss Axioscop 
A1 were used. Analyses were performed of 
about 400 transfected cells per condition of 
each independent experiment (n = 3). The 
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images were analyzed by quantification 
of the number of double labeled cells 
as a percentage of the total amount of 
transfected cells in ImageJ. Statistical 
analysis was carried out using unpaired 
Student’s t test and one-way analysis of 
variance (ANOVA). 

Cell Adhesion Assay
Cell adhesion assays were performed with 
HEK293 cells as previously described (Ko et 
al., 2009). HEK293 cells were cotransfected 
either with pCMV-EGFP-N1 or pCAG-
DsRed and full-length pcDNA3.1-Cntn6, 
pcDNA3.1-Lphn1, pCAG-HA-Nlgn1 and 
pCAG-HA-Nrxn1β- (latter two were gifts 
from Dr. Scheiffele) expression constructs. 
After 48 hr, the cells were detached using 1 
mM EDTA in PBS, pH 7.4, and centrifuged 
at 1000 rpm for 5 min. The pellets were 
resuspended in suspension medium (10% 
HIFCS, 50 mM Hepes-NaOH, pH 7.4, 10 
mM CaCl2 and 10 mM MgCl2) and combined 
to a total of 5x106 (1:1) in 0.3 ml total volume 
of 0.5 ml eppendorf tubes. The cell mixtures 
were incubated at RT under gentle agitation. 
The extent of cell aggregation was assessed 
at 90 min by removing aliquots, spotting 
them onto culture slides (BD Falcon), and 
imaging by a Zeiss Axiosop A1 microscope. 
The resulting images were then analyzed by 
counting the number and size of particles 
using ImageJ. An arbitrary value for particle 
size was then set as a threshold based on 
negative control values. The aggregation 
index was calculated by expressing 
the number of particles participating in 
aggregation as a percentage of the total 
particles in ten to five fields of 1.509 mm2 
per cell suspension combination of each 
independent experiment (n = 3). Statistical 
analysis was carried out using unpaired 
Student’s t test and one-way analysis of 
variance (ANOVA).

Neuronal Culture
P0-P1 mouse cerebral cortices were 
dissected and washed three times in L15 
medium (Gibco) with 7 mM HEPES (L15-
HEPES) and once in L15-HEPES with 
0.5 M EDTA. For dissociation, the tissue 
was incubated in 0.25% trypsin (PAA) in 
L15-HEPES at 37°C for 20 min, followed 
by trituration in complete Neurobasal 
(Neurobasal medium supplemented with 2% 
B27 (Invitrogen), 25 μM β-mercaptoethanol, 
0.5 mM L-glutamine (PAA) and 1x penicillin/
streptomycin (pen/strep; PAA)) with 20 μg/
ml DNase I (Roche) using a fire-polished 
Pasteur pipette. Dissociated cortical 
neurons were run through a 100 μm cell 
strainer (BD Falcon) and plated in complete 
Neurobasal medium at 150 K/well of 12-well 
plates onto PDL (20 μg/ml) and laminin (40 
μg/ml), Cntn6.6His (R&D Systems, 10 μg/
ml) or BSA (Sigma-Aldrich, 10 μg/ml) coated 
glass coverslips.

Construction of Lphn1 shRNA 
Vectors
The pSUPER vector backbone was 
used to synthesize short hairpin RNA 
(shRNA) designed against Lphn1 with 
the following sequences: Lphn1 shRNA1: 
GCAACACCATCCACAAGAA, Lphn1 shRNA2: 
CAAGGGAACTCGAGGAATT, Lphn1 shRNA3: 
TCTCAGAGCTGGTGCACAA, Lphn1 shRNA4: 
GGGCAAATGCAGTTGGTCA. A non-
targeting shRNA with a fully scrambled 
targeting sequence was designed as a 
control with the following sequence: 
GCTCTTAATCGCAAATACA. To examine the 
efficiency of Lphn1 knockdown, HEK293 
cells were cotransfected with pcDNA3.1-
HA-Lphn1-GFP and the Lphn1 shRNA 
constructs. The Lphn1 knockdown was 
examined in one experiment (n = 1) by 
quantification of fluorescence of about 1500 
cells from five fields of 0.4 mm2 per cell 
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suspension of each transfection condition. 
The lysates were used in Western blot 
experiments and blot quantification was 
done by ImageJ. 

Neuronal transfection and 
analysis
At DIV2, neurons in culture were 
cotransfected by Lipofectamine LTX 
(Invitrogen, according to manufacturers 
protocol), with pCAG-aGFP and either 
full-length pcDNA3.1-Cntn6, pcDNA3.1-
Lphn1, combination of both or empty 
pcDNA3.1 control vector. For colocalization 
experiments, neurons were cotransfected 
with pcDNA3.1-HA-Lphn1 and pCMV-Flag-
Cntn6. For Lphn1 knockdown experiments, 
neurons were cotransfected with pCAG-
aGFP and a pSUPER vector carrying 
a scrambled sequence or a sequence 
designed against Lphn1 (the aforementioned 
shRNA3 and shRNA4).
 Neuronal medium was replaced with 
complete Neurobasal without antibiotics. 
A total of 0.5 μg DNA was incubated with 
1.68 μl PLUS reagent in 200 μl Optimem 
(Invitrogen) for 10 min. 1 μl Lipofectamine 
LTX was added to the DNA mix and was 
incubated for 30 min before addition to the 
neurons. At DIV5, neurons were washed with 
PBS, fixed with 4% PFA and 4% Sucrose 
in PBS, pH 7.4 at 37°C for 20 min before 
washing three more times with PBS. After 
immunostaining, images from the Zeiss 
Axioscop A1 were taken. For analysis of 
neuronal morphological parameters, about 
110 transfected neurons were examined per 
condition of each independent experiment 
(n = 3). WIS-Neuromath (Weizmann Institute) 
software was used for determining 
morphological parameters (Rishal et al., 
2013), which included total branch number, 
soma size, total outgrowth and maximal 
process length. For analysis of neuronal 

apoptosis in the protein overexpression 
experiments, the immunoreactivity 
of caspase-3 in about 60 transfected 
neurons was quantified per condition of 
each independent experiment (n = 3). 
For analysis of neuronal apoptosis in 
the Lphn1 knockdown experiments, the 
immunoreactivity of caspase-3 in about 
60 transfected neurons was quantified per 
condition of each independent experiment 
(n = 5 for Cntn6+/+ and n= 4 for Cntn6-/- 
cultures). Positive neurons were analyzed 
by quantification of the number of double-
labeled cells as a percentage of the total 
amount of transfected cells in ImageJ. 
Statistical analyses were carried out using 
unpaired Student’s t test and one-way 
analysis of variance (ANOVA). 

PSD preparation
To isolate postsynaptic densities (PSDs) 
from rat cortex or hippocampus, a 
modification of the method of Gardoni et al. 
(1999) was used. In brief, whole brain from 
1 adult rat rapidly dissected and frozen on 
dry ice within 2 min to avoid postmortem 
intracellular protein trafficking (Suzuki et al. 
1994). Homogenization was carried out by 
20 strokes in a Teflon—glass homogenizer 
(700 rpm) in 10 ml/g of cold 0.32 M sucrose 
containing 1 mM HEPES, 1 mM MgCl2, 1 mM 
NaHCO3, and 0.1 mM phenylmethylsulfonyl 
fluoride (PMSF) (pH 7.4) in the presence of a 
complete set of protease and phosphatase 
inhibitors (Sigma). The homogenized tissue 
(H) was centrifuged at 1,000 g at 4°C for 
10 min in a Sorvall centrifuge with SM24 
inner rotor. The resulting supernatant was 
centrifuged at 13,000 g at 4°C for 15 min 
with the Sorvall centrifuge to obtain the 
crude membrane fraction (P2). The pellet 
was resuspended in 5 ml/g of 0.32 M sucrose 
containing 1 mM HEPES, 1 mM NaHCO3, 
and 0.1 mM PMSF (pH 7.4), overlaid on a 
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sucrose gradient (0.85—1.0—1.2 M), and 
centrifuged at 82.500 g at 4°C for 2 hr in 
a Beckman ultracentrifuge with SW41 
swingout rotors. The synaptosome fraction 
(F1) between 1.0 M and 1.2 M sucrose was 
removed and diluted in 75 ml total volume 
in 0.5% Triton X-100, 0.32 M sucrose, 1 mM 
HEPES. This solution was spun down at 
82.500 g at 4°C for 30 min in the Beckman 
ultracentrifuge. The pellet was collected, 
resuspended and pottered by 20 strokes in 
a Teflon-glass homogenizer in 3 ml 0.32 M 
sucrose, 1 mM HEPES. The Triton insoluble 
postsynaptic fraction (P3) was removed 
and stored while the rest was layered on 
a sucrose gradient (1.0—1.5—2.1 M), and 
centrifuged at 100,000 g at 4°C for 2 hr 
the Beckman ultracentrifuge. The fraction 
between 1.5 M and 2.1 M was removed and 
diluted in total volume of 13 ml with 0.5% 
Triton X-100 and 75 mM KCl. The enriched 
PSD fraction (P4) was finally collected by 
centrifugation at 100,000 g at 4°C for 30 
min by the Beckman ultracentrifuge, and 
stored at -80°C.

Ethics Statement
The experiments performed in this study 
were approved by the Experimental Animal 
Committee (DEC) of Utrecht (2010.I.06.073). 
All animal experiments were conducted 
in agreement with Dutch law (Wet op de 
Dierproeven, 1996) and European regulations 
(Guideline 86/609/EEC) related to the 
protection of vertebrate animals used for 
experimental and other scientific purposes.

Results

Identification of Lphn1 as 
interacting partner of Cntn6 
In order to identify neurodevelopmental 
pathways in which Cntn6 is involved, 
interacting partners of Cntn6 were identified 

by using unbiased proteomics approaches. 
Cntn6-TMGFPBio and control TMGFPBio 
proteins were constructed and expressed in 
HEK293 cells, after which GFP-containing 
proteins were immunoprecipitated 
using GFP-coupled beads (Fig. 1A-C). 
Following IP, Cntn6 fusion and control 
proteins were detected at 148 kDa and 
40 kDa, respectively by Western blotting 
and Coomassie blue staining (Fig. 1D-E). 
Subsequently, Coomassie stained gels 
were analyzed by mass spectrometry. 
Raw data was analyzed with the Mascot 
search engine and scores were assigned 
to identified peptides. After comparison 
to control experiments, confidence scores 
using Saint scoring (Choi et al., 2011) were 
assigned to the identified proteins. A ranked 
list of putative interactors was generated 
allowing only proteins in the list that were 
significantly higher or exclusively present in 
the Cntn6 fusion protein pull-down samples 
(Chapter 3, Table III). The highest scoring 
transmembrane protein was Lphn1 and we 
therefore determined the potential of Cntn6 
to interact and function with Lphn1. 

Cntn6 interacts with Lphn1  
in vitro and in vivo 
To validate the association of Cntn6 and 
Lphn1, HEK293 cells were cotransfected with 
Cntn6-TMGFPBio and HA-Lphn1 expression 
plasmids. Cotransfection of GFP and HA-
Lphn1 expression plasmids was used as a 
control. After IP, eluates were analyzed by 
Western blotting with anti-HA and anti-GFP 
antibodies. This revealed coIP of HA-Lphn1 
with Cntn6-TMGFPBio, but not with control 
GFP (Fig. 2A-B). Similarly, Lphn1-GFP and 
HA-Cntn6 coexpressing HEK293 cells were 
subjected to IP. This experiment showed 
that HA-Cntn6 coimmunoprecipitates 
with Lphn1-GPF (Fig. 2C). HEK293 cells 
coexpressing GFP and HA-Cntn6 were used 
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Fig. 1. Identification of novel Cntn6 interactors. (A) The architecture of the native Cntn6 protein and 
the structures of the Cntn6 and control fusion proteins tagged with GFP and biotin. (B) Expression of 
Cntn6-TMGFPBio and TMGFPBio in HEK293 cells, detected by GFP fluorescence (green), anti-Cntn6 
antibody (red), and DAPI (blue) staining. Scale bar represents 30μm. (C) IPs were performed by anti-GFP-
coupled beads and (D) eluates from anti-GFP-coupled beads were analyzed on Western blot using an 
anti-GFP antibody. (E) Coomassie blue stained the NuPage 4-12% gels, which were submitted to mass 
spectrometry analysis. Red dots indicate respective expressed fusion proteins. Molecular weights are 
as follows: Cntn6-TMGFPBio = 147.8 kDa; TMGFPBio = 39.6 kDA. Ig-like, immunoglobulin-like; FNIII, 
fibronectin type III; TM, transmembrane domain; GFP, green fluorescent protein; Bio, biotin.

A)

B)

C) D)
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as a control experiment, and IP did not result 
in HA-Cntn6 coIP with control GFP (Fig. 
2D). Pull-down experiments of endogenous 
Cntn6 from P14 wild-type mouse cortex with 
sheep anti-Cntn6 antibodies resulted in the 
coIP of both the p85- and p120-fragments 
of Lphn1 (Fig. 2E). These data confirm an 
endogenous interaction of Lphn1 and Cntn6 
in the brain. 

Cntn6 and Lphn1 interact in a  
cis-complex
In order to uncover the manner in which 
these proteins interact, the configuration 
of the Cntn6-Lphn1 interaction was 
subsequently determined through cell 
assays. Cell surface binding assays were 
performed to confirm the biochemical 
interaction between Lphn1 and Cntn6. First, 
the ability of the soluble extracellular portion 
of Lphn1 to bind membrane-bound Cntn6 

Fig. 2. Interaction of Cntn6 and Lphn1 in vitro and in vivo. HEK293 cells were cotransfected with 
Cntn6 and Lphn1 expression plasmids tagged with either GFP or HA. After IP of the GFP-tagged protein 
by anti-GFP antibodies the eluates were analyzed by Western blot. (A) Immunoblotting with anti-HA and 
anti-GFP antibodies revealed HA-Lphn1 coIP with Cntn6-TMGFPBio, (B) but not with control GFP. (C) 
HA-Cntn6 was coimmunoprecipitated with Lphn1-GFP, (D) but not with control GFP. Molecular weights 
are as follows: Cntn6-TMGFPBio = 147.8 kDa; Lphn1-GFP = 125kDa; GFP = 27kDa; HA-Cntn6 = 141kDa; 
HA-Lphn1 = 131kDa. (E) Proteins were IPed from wild-type P14 mouse cortex lysates using an anti-
Cntn6 antibody. Blots stained with antibodies against Cntn6 and both p85- and p120-fragments of Lphn1 
revealed interaction between Cntn6 and Lphn1. No coIP was found in normal IgG control IP. Molecular 
weights are as follows: Cntn6 = 130kDa; Lphn1-p85 = 85kDa; Lphn1-p120 = 120kDa.

A)

E)

B) C) D)
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was tested. The well-characterized trans-
interacting proteins neogenin and RGMa 
were used as positive controls in this assay 
(Itokazu et al., 2012; Tassew et al., 2014). 
HEK293 cells expressing HA-Cntn6 or 
neogenin–Myc, were incubated with either 
soluble RGMa-Fc or Lphn1-Fc proteins. The 
neogenin-Myc and RGMa-Fc interaction 
was confirmed and binding between HA-
Cntn6 to Lphn1-Fc was demonstrated 
and quantified (Fig. 3A-B). Incubation of 
neogenin-Myc-expressing cells with Lphn1-
Fc did not result in binding, indicating the 
specificity of the Cntn6-Lphn1 interaction. 

To study whether Cntn6 and Lphn1 interact 
in cis or trans, cell adhesion assays were 
performed (Fig. 4A). Separate populations 
of HEK293 cells were cotransfected either 
with native Cntn6 and EGFP or with Lphn1 
and DsRed expression plasmids. As a 
positive control, cells were cotransfected 
with Nlgn1 and DsRed or with Nrxn1β- and 
EGFP expression plasmids. As negative 
controls, cells were transfected with either 
DsRed or EGFP expression plasmids. Cells 
expressing DsRed, or DsRed together 
with Nlgn1 or Lphn1 were mixed with cells 
expressing either EGFP, or EGFP together 
with Nrxn1β- or Cntn6. Cell aggregation was 

A) B)

Fig. 3. Binding of soluble ecto-Lphn1-Fc protein to HEK293 cells expressing native Cntn6. (A) 
HEK293 cells expressing myc-neogenin or HA-Cntn6 were incubated with soluble ecto-domains of 
RGMA-Fc and Lphn1-Fc. Upper panel: neogenin-myc-expressing cells (green) bound soluble RGMA-Fc 
(red), but not with Lphn1-Fc (red) (middle panel). Lower panel: HA-Cntn6-expressing cells (green) bound 
soluble Lphn1-Fc (red). Scale bar represents 50μm. Arrowheads indicate green and red overlay. (B) 
Quantification of about 400 transfected cells per transfection condition of each independent cell surface 
binding assay (n = 3) was performed. Statistical analysis was performed using unpaired Student’s t test 
and one-way ANOVA. The graph bars are presented as mean ±SEM. ***, p < 0.001. 
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Fig. 4. Cntn6 and Lphn1 interact in cis-configuration. (A) Schematic overview of the intercellular cell 
adhesion assay, in which populations of HEK293 cells were cotransfected with different cell adhesion 
proteins and either EGFP or DsRed expression plasmids. Two HEK293 cells populations were combined 
in a total of 5x106 cells/ml. After incubation, cell suspensions were spotted onto slides for imaging by 
fluorescence microscopy. (B) Cells expressing either EGFP alone or together with Nrxn1β- or Cntn6 
(green) were mixed with cells expressing DsRed alone or together with Nlgn1 or Lphn1 (red). Aggregation 
of cells expressing Nrxn1β- + EGFP with Nlgn1 + DsRed and Lphn1 + DsRed was observed. There 
was no aggregation of cells expressing Cntn6 + EGFP with Lphn1 + DsRed. The scale bar respresents 
200μm. Arrowheads indicate cell aggregates. (C) Aggregation index was determined five fields of 
1.509mm2 per cell suspension combination of each independent cell adhesion assay (n = 3). Analysis 
was performed using unpaired Student’s t test and one-way ANOVA. The graph bars are presented as 
mean ±SEM. *, p < 0.05, **, p < 0.01, ***, p < 0.001. (D) HEK293 cells were cotransfected with HA-Nlgn1 
and Cntn6-TMGFPBio or Lphn1-GFP expression plasmids. After IP of the GFP-tagged proteins by anti-
GFP antibodies, the eluates were analyzed by Western blot. The GFP proteins were immunoblotted with 
chick anti-GFP antibodies, which revealed background proteins in the input control. Immunoblotting 
with anti-HA and chick anti-GFP antibodies revealed HA-Nlgn1 coIP with Cntn6-TMGFPBio and with 
Lphn1-GFP. Molecular weights are as follows: Cntn6-TMGFPBio = 147.8 kDa; Lphn1-GFP = 125kDa; HA-
Nlgn1 = 118kDa. (E) Subcellular distribution of Cntn6 and Lphn1, together with markers of presynaptic 
fractions (SynapsinI) and postsynaptic fractions (PSD-95) in whole rat brain by means of Western blot. 
H = Homogenate; P2 = crude membrane fraction; F1 = synaptosomes; P3 = Triton-X100 insoluble 
postsynaptic fraction; P4 = postsynaptic density. Molecular weights are as follows: SynapsinI = 80kDa; 
PSD-95 = 100kDa; Cntn6 = 130kDa; Lphn1-p120 = 120kDa.
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measured and quantified after incubating 
the cell mixtures for up to 90 min (Fig. 4B-
C). A significant increase in the number of 
adhering cell clumps was observed when 
Nlgn1- or Lphn1-expressing cells (red) 
were mixed with Nrxn1β--expressing cells. 
This confirms that Nlgn1 and Lphn1 both 
individually interact with Nrxn1β-, as reported 
previously (Boucard et al., 2005; 2012; 
Nguyen and Südhof, 1997). A significantly 
smaller degree of cell-aggregation was 
observed in the mixture of Nlgn1- (red) with 
EGFP-expressing (green) cells. However, 
these aggregates comprised of only red 
cells, which indicates Nlgn1’s capability 
of binding to itself. No cell-aggregation 
was found when Cntn6-expressing cells 
were mixed with Lphn1-expressing cells, 
comparable to the negative control. These 
data show that the binding of Lphn1 to 
Cntn6 cannot occur when the proteins 
are expressed on opposing cells in trans-
configuration. Together with the results 
of the cell surface binding experiments 
and coIP, the data indicate that Cntn6 and 
Lphn1 bind each other in cis-configuration 
and may form a heterodimer. 
 Since Lphn1 has been shown to bind to 
Nrxn1 in a trans-synaptic complex (Boucard 
et al., 2012), we determined if mutual 
interactions between the Lphn1-Cntn6 and 
the Nrxn1-Nlgn1 complex may exist. In 
the cell adhesion assay the trans-binding 
of Lphn1 and Nrxn1β- was confirmed 
(Fig. 4B-C). Since Cntn6 and Lphn1 interact 
in cis, they did not lead to cell aggregation in 
this assay (see above). Similarly, Cntn6 and 
Nlgn1 did not lead to aggregation in the cell 
adhesion assay (Fig. 4B-C), which raised the 
possibility that they also interacted in cis. 
Therefore, IP experiments were performed 
in HEK293 cells cotransfected with the 
Cntn6 fusion protein and HA-Nlgn1 using 
GFP-antibodies. Eluates were analyzed by 

Western blotting with anti-GFP and anti-
HA antibodies, which revealed coIP of HA-
Nlgn1 with the Cntn6 fusion protein (Fig. 
4D). Together these results indicated that 
Cntn6 and Nlgn1 interact as a cis-complex. 
Similar experiments were performed for 
Lphn1-GFP and HA-Nlgn1, which also 
demonstrated a cis-interaction between 
these two proteins (Fig. 4D). These results 
indicate that the trans-synaptic Nlgn1-Nrxn1 
complex and the postsynaptic Cntn6-Lphn1 
heterodimer have the potential to interact 
with each other. Further investigation of this 
interaction is warranted, but beyond the 
scope of this paper. 
 We further focused on the functional 
relevance of the Cntn6-Lphn1 interaction 
in the present study. In view of the Cntn6-
Lphn1 cis-interaction and the proposed 
localization of Lphn1 and Cntn6 in the 
synapse (Sakurai et al., 2009; Silva et al., 
2011), we examined the distribution of 
Lphn1 and Cntn6 across different synaptic 
fractions. Both proteins were enriched in 
the postsynaptic density fractions (Fig. 4E). 
This supports the conclusion that Cntn6 
and Lphn1 interact in a cis-configuration 
and suggests that they form a postsynaptic 
complex.

Coexpression of Cntn6 and 
Lphn1 in the mouse brain
An endogenous Cntn6-Lphn1 heteromeric 
protein complex in the postsynapse can 
only be present in neurons that coexpress 
both proteins. We therefore determined and 
compared the expression patterns of Cntn6 
and Lphn1. First, the temporal expression 
of Cntn6 was determined in the developing 
mouse brain by real time PCR. These 
experiments showed that Cntn6 expression 
was highest at P7 (Fig. 5A), when Lphn1 
expression levels were also appreciable. 
We therefore used P7 mouse brains to 
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Fig. 5. Cntn6 and Lphn1 colocalize in the cortex. (A) The expression of Cntn6 reaches to peak levels 
at P7. Brain mRNA from different developmental changes was isolated, reverse-transcribed, subjected to 
qPCR to quantify Cntn6 mRNA, which was normalized to GAPDH mRNA. (B) In situ hybridization showed 
coexpression of Cntn6 (green) and Lphn1 (red) mRNA in layer V mouse cerebral cortex (Ctx), hippocampus 
(Hip), subiculum (Sub), the anterodorsal (AD) and anteroventral (AV) nucleus of the thalamus at P7. The 
scale bar represents 200μm. Middle panel show higher magnifications of the boxed areas in upper panel, 
scale bars represents 100μm. The scale bar on the lower panel represents 200μm. (C) Immunostaining 
of Cntn6 (green) and Lphn1 (red) in wild-type and Cntn6-/- P14 animals demonstrating the coexpression 
of the proteins in layer V of the mouse cerebral cortex and in thalamic AD and AV nuclei. DAPI staining 
is in blue. Scale bars represent 250μm.

C)
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compare Cntn6 and Lphn1 expression 
patterns. Examining expression of Cntn6 
and Lphn1 mRNA by in situ hybridization 
at P7 showed that Cntn6 mRNA expression 
was more restricted as compared to Lphn1 
mRNA expression. Overlapping expression 
of both genes was particularly prominent in 
the anterodorsal (AD) and anteroventral (AV) 
nuclei of the thalamus (Fig. 5B). Additional 
overlapping expression was observed in 
layer V of the cerebral cortex, the subiculum 
and CA1 region of the hippocampus. 
Immunostaining for Cntn6 and Lphn1 
confirmed the coexpression of both proteins 
in layer V of the cerebral cortex and in the 
AD and AV nuclei of the thalamus in P14 
mice (Fig. 5C). No Cntn6 immunoreactivity 
was observed in Cntn6-/- mice, confirming 
the specificity of the staining. 
 Primary cultures cotransfected with Flag-
Cntn6 and HA-Lphn1 expression plasmids 
revealed colocalization at different sites in 
the neurons. Similar results were obtained 
by immunostaining of endogenous Cntn6 
and Lphn1 proteins. Staining along neurites 
was especially pronounced (Supplementary 
Fig. 1). Taken together, the overlapping 
expression of Cntn6 and Lphn1 shows 
that specific regions in the brain contain 
neurons that coexpress Cntn6 and Lphn1, 
suggesting that interaction of these proteins 
may serve specific biologically relevant 
functions. The coexpression in cortical 
neurons provided us with the opportunity to 
explore these putative functions in vitro.

Cntn6 reverses morphological 
defects induced by Lphn1
To determine the function of the cis-
interaction of Cntn6 and Lphn1, the effects 
Cntn6 and Lphn1 expression on the 
cellular morphology of cultured neurons 
was investigated (Fig. 6A). Morphological 
analysis revealed that expression of 

Cntn6 did not affect neuronal morphology. 
However, Lphn1-expressing neurons 
displayed a significant reduction in the 
number of branching points, soma size, total 
neurite length and longest branch length 
per neuron. Notably, all neurite-related 
parameters were significantly reversed 
when Cntn6 was coexpressed with Lphn1 
(Fig. 6B). 
 In order to detail this finding further, 
transfections of cortical neurons were 
performed with an increasing proportion of 
Lphn1 expression plasmids. Most notably, a 
progressive decrease of total neurite length 
and longest branch length per neuron 
was observed with increasing plasmid 
concentration (Supplementary Fig. 2). This 
supports the notion that Lphn1 by itself 
reduced the morphological parameters in 
neurons. 
 We further explored whether the Cntn6-
Lphn1 interaction in neurons is required in 
a cis- or trans-configuration to reduce the 
adverse neuronal morphology induced by 
Lphn1 alone. To this end, primary cortical 
neurons were cultured on Cntn6 or control 
BSA substrate (Fig. 6C). Morphological 
analysis of Lphn1-expressing neurons 
cultured on Cntn6 or BSA substrates 
revealed significant reduction of the 
average number of branching points, soma 
size, total neurite length and length of 
the longest neurite per neuron compared 
to control. This indicated that Cntn6 in 
trans could not inhibit the negative effect 
of Lphn1 expression in these neurons. 
However, the adverse neuronal morphology 
by Lphn1 was rescued by coexpression 
with Cntn6, regardless of substrate. 
Lphn1-expressing neurons cultured on 
Cntn6 substrate showed no difference in 
morphology compared to neurons cultured 
on BSA substrate (Fig. 6D-E). Interestingly, 
markedly fewer transfected cells were 
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A) Fig. 6. Neuronal morphology 
of cortical neurons overex-
pressing Cntn6, Lphn1 or in 
combination. (A) Mouse cortical 
cultures were cotransfected with 
an EGFP expression plasmid 
and expression plasmids either 
for Cntn6, Lphn1, Cntn6 + Lphn1 
or empty control. Cultures 
were immunostained with an 
anti-GFP antibody (green). 
DAPI staining is in blue. (B) 
Quantification of morphological 
parameters was performed 
using Wis-Neuromath software. 
Parameters included the number 
of branching points, soma size, 
total neurite length and length of 
the longest neurite per neuron. 
(C) Representative images of 
neurons treated as mentioned 
above cultured on Cntn6 and 
control BSA protein substrates. 
(D-E) Morphological parameters 
of neurons cultured on BSA or 
Cntn6 protein substrate were 
quantified and revealed no 
improvement on any parameters 
of the Lphn1 overexpressing 
neurons. The scale bars indicate 
100μm. Morphological analysis 
was performed of about 
110 transfected neurons per 
condition of each independent 
experiment (n = 3). Statistical 
analysis was performed using 
unpaired Student’s t test and 
one-way ANOVA. The graph 
bars are presented as mean ± 
SEM.  *, p < 0.05, **, p < 0.01, 
***, p < 0.001.
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consistently observed in neuronal cultures 
transfected with Lphn1 overexpression 
plasmids. This suggested that the survival 
of cultured neurons was compromised 
when Lphn1 was expressed in the absence 
of Cntn6 expression (not shown). These 
data imply that Lphn1 expression in cortical 
neurons alters overall neuronal morphology 
and reduces survival, which is rescued 
when Cntn6 interacts in cis with Lphn1. 

Lphn1 overexpression induces 
neurotoxicity
The adverse neuronal morphology and 
decreased survival of cultured neurons after 
Lphn1 expression suggested a potential 
apoptotic effect of Lphn1. To examine if 
the Cntn6-Lphn1 interaction has an effect 
on apoptosis, Cntn6 and Lphn1 were 
overexpressed in neurons and stained 
for caspase-3. Staining for caspase-3 in 
neurons expressing Lphn1 indeed revealed 
an increase of positive cells, indicative of 
increased apoptosis (Fig. 7A-B). These 
results were consistent with the increase of 
apoptosis in neurons that were transfected 
with increasing concentrations of the Lphn1 
expression plasmid (Supplementary Fig. 3). 
 Considering that Lphn1 increases 
neuronal apoptosis when unoccupied by 
Cntn6, we hypothesized that Lphn1 might act 
as a dependence receptor in vivo. To confirm 
this, apoptosis was assessed in the visual 
cortex of 14 day-old wild-type and Cntn6-/- 

mice. A significant increase of apoptosis 
was observed in the visual cortex of Cntn6-/- 

mice, compared to wild-type mice (Fig. 7C-D). 
These results are in line with previous 
reports showing increased apoptosis in the 
internal granule cell layer of the cerebellum 
and in primary cultured cortical neurons in  
Cntn6-/- mice (Huang et al., 2011a; Sakurai et 
al., 2009). 

These results predict that performing  
Lphn1 knockdown in primary cultures made 
from Cntn6-/- mice would likely abolish the 
apoptosis effect induced by Lphn1. To 
validate this mechanism, several short hairpin 
RNA (shRNA) expressing plasmids directed at 
different sequences of Lphn1 coding region 
were designed. Of these, shRNA3 and -4 
were most efficient in reducing Lphn1 protein 
expression (Supplementary Fig. 4). ShRNA3, 
-4, and the scrambled shRNA plasmids were 
transfected, together with EGFP, in primary 
cortical cultures derived from wild-type and 
Cntn6-/- mice. Immunostaining for caspase-3 
revealed that Cntn6-/- cortical cultures 
displayed an increase in apoptosis compared 
to wild-type cultures transfected with the 
scrambled shRNA plasmid. When cortical 
cultures were transfected with the Lphn1 
shRNA plasmids, apoptosis was significantly 
decreased  in the Cntn6-/- cultures whereas 
this remained unchanged in the wild-type 
cultures (Fig. 7E-F). 

Discussion

These results presented here establish for 
the first time Cntn6 as a regulatory ligand 
for the aGPCR Lphn1. Through proteomics 
Lphn1 was identified as a binding partner for 
Cntn6. We demonstrate that these proteins 
form a cis-complex together. Cntn6 and 
Lphn1 mRNAs were coexpressed in specific 
brain regions, including thalamic nuclei, 
layer V of the cortex, the hippocampus and 
the cerebellum. The respective proteins 
colocalized on neurons in these areas and 
on primary cultured neurons. A functional 
mechanism for this protein complex was 
uncovered in cultured neurons. Lphn1 by 
itself decreased neurite outgrowth and 
increased apoptosis in neuronal cultures, 
but its effects were significantly reversed 



141

5
Fig. 7. Expression of Lphn1 in neurons results in increased apoptosis. (A) Representative photographs 
of caspase-3 (red) positive cells in neuronal cultures cotransfected with an EGFP expression plasmid 
and expression plasmids either for Cntn6, Lphn1, combination of both or empty control. Cultures were 
immunostained with an anti-GFP antibody (green). DAPI staining is in blue. The scale bar indicates 100μm. 
Arrowheads indicate caspase-3 expression in the soma of neurons. (B) Apoptosis in transfected neurons 
was quantified, showing an increase of apoptosis in Lphn1-expressing neurons. This was reduced by 
coexpression with Cntn6. About 60 transfected neurons were analyzed for caspase-3 immunoreactivity 
per condition of each independent experiment (n = 3). Statistical analysis was performed using unpaired 
Student’s t test and one-way ANOVA. The graph bars are presented as mean ± SEM. *, p < 0.05. (C-D) 
In vivo analysis of caspase-3 expression (green) in the visual cortex of wild-type and Cntn6-/- animals 
revealed a significant increase of apoptosis in the absence of Cntn6. DAPI staining is in blue. Scale bar 
represents 150μm. Analysis was performed on at least three sections per brain of wild-type and Cntn6-/- 

P14 mice (n = 5 per genotype). Statistical analysis was performed using unpaired Student’s t test and 
one-way ANOVA. The graph bars are presented as mean ±SEM. *, p < 0.05. (E) Cotransfection of Lphn1 
shRNA3 or -4 plasmids with an EGFP expression plasmid in wild-type primary cultures did not result 
in apoptosis difference compared to the scrambled control plasmid. However, apoptosis in Cntn6-/- 
primary cultures was significantly reduced after treatment with Lphn1 shRNA3 and -4 compared to the 
scrambled control plasmid. About 60 transfected neurons were analyzed for caspase-3 immunoreactivity 
per condition of each independent experiment (n = 5 for Cntn6+/+ cultures and n = 4 for Cntn6-/- cultures). 
Statistical analysis was performed using unpaired Student’s t test and one-way ANOVA. The graph bars 
are presented as mean ± SEM. *, p < 0.05 **, p < 0.01.
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when Cntn6 was present. Additionally, 
apoptosis was increased in the cortex 
of Cntn6-/- mice. Knockdown of Lphn1 in 
cortical neuronal cultures from Cntn6-/- 
mice significantly decreased apoptosis in 
these neurons. Taken together, these data 
elucidate a dependence receptor function 
of Lphn1 and Cntn6 as an endogenous 
ligand regulating this function. 
 Through cell assays we identified 
Lphn1 as a cis-interacting partner of 
Cntn6. Remarkably, this contrasts the so 
far identified endogenous interactors of 
Lphn1 that all act in a trans-configuration. 
These ligands include Lasso/teneurin-2, 
Nrxn1, and FLRT3, which all form high-
affinity trans-synaptic ligand-receptor 
pairs with Lphn1 with signaling capabilities 
leading to release of stored Ca2+, shaping 
synapse structure, and regulating synaptic 
development and function (Boucard et 
al., 2012; O’Sullivan et al., 2012; Silva et 
al., 2011). In contrast, the cis-interaction 
of Cntn6 and Lphn1 rather suggested a 
heterodimeric complex. The finding that 
Cntn6 reverses the effects of Lphn1 on 
neuronal morphological parameters and 
survival, only when coexpressed with 
Lphn1 and not when provided in trans, 
underscores the functional role for a Cntn6-
Lphn1 heterodimeric complex. These data 
show that the Cntn6-Lphn1 complex lacks 
the signaling properties of monomeric 
Lphn1 and reveals the potential of Cntn6 
to inhibit the activity of Lphn1. Such a 
regulatory mechanism characterizes Lphn1 
as a dependence receptor. 
 Dependence receptors trigger two 
opposite signaling pathways depending on 
the occupation by their ligands. Classical 
signaling pathways are activated when 
these receptors bind to their ligands, 
including cell survival, migration and 
differentiation. However, they also create 

cellular states of dependence on their 
respective ligands by inducing apoptosis 
when unoccupied, which is inhibited in the 
presence of the ligand (Goldschneider and 
Mehlen, 2010). Thus, cells expressing these 
receptors are dependent on the presence 
of ligand to survive. This study indicates 
that Lphn1 induces apoptosis in absence of 
Cntn6, and that Cntn6 blocks this activity. 
These characteristics are in agreement with 
the principles of dependence receptors. 
Furthermore, we demonstrated that 
neurons expressing both Cntn6 and Lphn1 
do not undergo Lphn1-induced apoptosis. 
This indicates that normally these neurons 
survive, unless Cntn6 is removed or unable 
to bind Lphn1. Alternatively, soluble Cntn6 
might interact with Lphn1 and thereby 
regulate apoptosis in neurons that do not 
express Cntn6. It would be interesting to 
further study this phenomenon and pinpoint 
how the interaction of Cntn6 with Lphn1 
affects structural differences that negate 
the Lphn1 identified neuronal phenotypes. 
 Hints for a cellular function of the Cntn6-
Lphn1 complex came from the persistent in 
vitro observation that Lphn1 overexpression 
reduced the number of cultured neurons 
and neuronal outgrowth. This suggested 
that Lphn1 on its own might activate 
cellular cascades leading to apoptosis. 
Thereby we showed for the first time that 
an aGPCR can activate signal transduction 
cascades that negatively impacts neurite 
outgrowth, neuronal morphology and cell 
survival. AGPCRs are characterized by a 
large N-terminal ectodomain and conserved 
C-terminal GPCR-domain containing 
seven transmembrane regions (Stacey et 
al., 2000). The functions of most aGPCRs 
have remained largely unknown. The 
neurobiological roles aGPCRs can play 
include modulation of synapse development 
and triggering neurotransmitter release 
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by brain-specific angiogenesis inhibitor-1 
(BAI1) and Lphn1 (Duman et al., 2013; 
O’Sullivan et al., 2012; Silva et al., 2011). 
Further roles include controlling cell and 
tissue polarity (Boutin et al., 2012; Feng 
et al., 2012) and axonal development and 
dendritic patterning by Celsr1-3 cadherins 
(Berger-Müller and Suzuki, 2011; Tissir et 
al., 2005). When Cntn6 and Lphn1 were 
coexpressed, a reduction of caspase-3-
positive neurons was observed in vitro and 
in vivo, as well as an increased number and 
length of neurites. 
 We addressed the potential mechanism 
of the inhibition of Lphn1 activity by 
Cntn6 binding. It has been shown that 
autoproteolysis of Lphn1 results in release 
of the ectodomain from the GPCR-domain 
(Araç et al., 2012; Krasnoperov et al., 
2009). It was proposed that the released 
GPCR-domain induces signaling, while 
both subunits freely diffuse along the 
plasma membrane. Previous research 
demonstrated that latrotoxin binding to the 
Lphn1 ectodomain resulted in reassociation 
with the GPCR-domain, which thereby 
induced intracellular signaling (Volynski et 
al., 2004). 
 We considered the possibility that 
binding of Cntn6 to Lphn1 might prevent 
autoproteolysis, and thereby inhibits Lphn1 
activity. Indeed, the tryptic peptides found 
in mass spectrometry were derived from 
N- as well as C-terminal parts of Lphn1, 
and with our coIP experiments both Lphn1 
ectodomains and GPCR-domains were 
coimmunoprecipitated together with Cntn6 
(Fig. 2). This indicated that Cntn6 interacts 
with the intact Lphn1 protein, rather than 
with only the N-terminal ectodomain or the 
GPCR-domain. We tested the possibility 
that Cntn6 inhibits the autoproteolysis of 
Lphn1 into an active form by coexpression of 
Cntn6 and Lphn1 in HEK293 cells. However, 

no difference in the relative quantities of 
the intact protein and ectodomains of 
Lphn1 was found (Supplementary Fig. 5). 
These data suggest that the expression 
of Cntn6 does not affect the autoproteolysis 
of Lphn1. 
 In this study we could unmask important 
physiological functions of the Cntn6-Lphn1 
complex. The data point to a model that 
suggests that when Lphn1 is unoccupied by 
Cntn6, neurons suffer from reduced neurite 
outgrowth and an increase in neuronal 
cell death. The cortex is one of the brain 
regions that contain neurons coexpressing 
Cntn6 and Lphn1. We indeed found an 
increase of caspase-3-positive cells in 
the visual cortex of Cntn6-/- animals. This 
maybe attributed to unliganded Lphn1. 
This corresponds to a previous observation 
on the cerebellum showing a significant 
increase of cell death in the internal granular 
layer (IGL) of Cntn6-/- animals demonstrated 
by caspase-3 staining (Sakurai et al., 2009). 
We found coexpression of Cntn6 and 
Lphn1 mRNA in the IGL of the cerebellum 
as well (Supplementary Fig. 6). Moreover, 
it was previously reported that cortical 
cultures from Cntn6-/- animals displayed a 
significant decrease in cell survival (Huang 
et al., 2011a). In our experiments Lphn1 
knockdown in cultured neurons from Cntn6-

/- reduced the amount of apoptosis-positive 
neurons, suggesting that Lphn1 indeed 
contributes to increase of apoptosis in 
Cntn6-/- mice. Additionally, Cntn6-/- mice 
show aggravated brain damage after trauma 
compared to wild-type mice, due to impaired 
neuronal survival and neurite growth (Huang 
et al., 2011a). Also the delay of corticospinal 
tract formation might be attributed to the 
uninhibited activity of Lphn1 (Huang et 
al., 2012; Sakurai et al., 2009). Our results 
indicate that the protective functions of 
Cntn6 find a molecular basis in the inhibition 
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of the apoptotic activity of the dependence 
receptor Lphn1. 
 This mechanism can operate in cells 
that coexpress Cntn6 together with Lphn1. 
However, Lphn1 is more widely expressed 
in the brain than Cntn6. Therefore, other 
ligands may regulate Lphn1 activity in brain 
regions where Cntn6 is absent. Previously 
reported Lphn1 interactions with FLRT3, 
Nrxn1 and Lasso/teneurin-2 are all trans-
synaptic. It is presently unknown whether 
these are also able to inhibit Lphn1 mediated 
decrease of neurite outgrowth and increase 
of apoptosis. A trans-synaptic control of 
apoptotic activity exerted by presynaptic 
CAMs is an intriguing possibility to consider.
 We reveal here only a fraction of the 
protein network that Cntn6 is involved in, 
which provides understanding in the manner 
in which Cntn6 contributes to biological 
pathways associated to ASD. Previous 
research indicated one such relevant binding 
partner for Cntn6, which is close homolog 
of L1 (Chl1). This heterodimer regulates 
the oriented growth of apical dendrites of 
visual cortical layer V pyramidal neurons 
(Ye et al., 2011), providing a functional 
mechanism in cortical development. With 
the identification of Lphn1 as a novel 
binding partner of Cntn6, we are able to 
further dissect the protein complexes 
Cntn6 is involved in. Lphn1 was previously 
found to form a trans-synaptic complex 
with Nrxns, providing a link to Nrxn-Nlgn 
complex (Boucard et al., 2012). Along these 
lines, we considered the possibility of the 
Cntn6-Lphn1 heterodimer to be a part of a 
greater network. Data indeed demonstrated 
the interaction of both Cntn6 and Lphn1 
with Nlgn1. Cntn6, Lphn1 and Nlgn1 were 
all identified as postsynaptic proteins, 
indicating a cis protein complex on the cell 
membrane. This explains why we could not 
find aggregations between cells expressing 

these proteins in the cell adhesion assay. At 
this point, it is still unclear whether Nlgn1 
affects the Cntn6-Lphn1 interaction and 
function. These results indicate a direct 
link between the Cntn6-Lphn1 complex 
with the previously identified Nrxn-Nlgn 
complex, which could perhaps include 
additional CAMs in this network. Further 
characterization of this proposed Cntn6 
network will provide important insights into 
the understanding of brain development 
during normal and pathological conditions. 
 Taken together, the results indicate that 
Lphn1 acts as a dependence receptor 
employing Cntn6 as its regulatory ligand. 
This mechanism engages Cntn6 in the 
control of neurite outgrowth and neuronal 
survival. It can explain various phenotypes 
identified in Cntn6-/- mice and links Cntn6 to 
synaptic networks implicated in ASD.
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Supplementary Fig. 1. Cntn6 and Lphn1 colocalize at the neuronal level. (A) Cortical neurons were 
cotransfected with Flag-Cntn6 (green) and HA-Lphn1 (red) expression plasmids and immunostained after 
fixation. DAPI staining is in blue. Colocalization is visible throughout the neuron, The scale bar in the 
upper panel represents 20μm. Lower panel shows higher magnifications of the boxed areas in the upper 
panel, with arrows indicating sites where the signals of Cntn6 and Lphn1 are clustered on neurites. The 
scale bar indicates 10μm. (B), upper panel) Endogenous Cntn6 (green) and Lphn1 (red) colocalization 
is visible in wild-type primary cultures as opposed in Cntn6-/- primary cultures (B), bottom panel). DAPI 
staining is in blue. The scale bars indicate 20μm. The middle panel show higher magnifications of boxed 
areas in upper panel. The arrows indicate sites where the signals of Cntn6 and Lphn1 are clustered on 
neurites. The scale bar indicates 10μm.

A)

B)
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Supplementary Fig. 2. Neuronal morphology analysis of Lphn1 gradient in neurons. (A) Cultures of 
mouse cortical neurons were cotransfected with EGFP expression plasmid and empty control plasmid or/
and a Lphn1 expression plasmid concentration gradient varying from 120ng, 250ng, 375ng, and 500ng/
well (of 12-wells plates). Cultures were fixed and immunostained with an anti-GFP antibody (green). 
DAPI staining is in blue. Scale bar indicates 100μm. (B) Quantification of morphological parameters 
was performed using Wis-Neuromath software. Parameters included the number of branching points, 
soma size, total neurite length and length of the longest neurite per neuron. Morphological analysis 
was performed of about 110 transfected neurons per condition of each independent experiment (n = 3). 
Statistical analysis was performed using unpaired Student’s t test and one-way ANOVA. The graph bars 
are presented as mean ±SEM. *, p < 0.05, **, p < 0.01, ***, p < 0.001.
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Supplementary Fig. 3. Apoptosis analysis of Lphn1 gradient in neurons. (A) Representative 
photographs of caspase-3 (red) positive cells of neurons cotransfected with EGFP expression plasmid 
and an empty control plasmid or/and Lphn1 expression plasmid concentration gradient varying from 
120ng, 250ng, 375ng, and 500ng/well (of 12-wells plates). Cultures were immunostained with an anti-
GFP antibody (green). DAPI staining is in blue. The scale bar indicates 100μm and the arrowheads 
indicate caspase-3 expression in the soma of neurons. (B) Quantification of apoptosis in transfected 
neurons was performed. The highest amount of apoptosis levels was found in neurons transfected with 
250ng/well, which declined in neurons transfected with a higher concentration. About 60 transfected 
neurons were analyzed for caspase-3 immunoreactivity per condition of each independent experiment  
(n = 3). Statistical analysis was performed using unpaired Student’s t test and one-way ANOVA. The 
graph bars are presented as mean ± SEM. *, p < 0.05.

A)

B)
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Supplementary Fig. 4. Analysis of Lphn1 shRNA plasmids in HEK293 cells. Cotransfection of HEK293 
cells with an HA-Lphn1-GFP expression plasmid together with four different Lphn1 shRNA plasmids or 
scrambled control plasmid. (A) The number of GFP positive cells was quantified after treatment with all 
designed shRNA plasmids against Lphn1. A significant reduction is shown with transfection of all four 
Lphn1 shRNA plasmids, but not with the scrambled control protein. Quantification of fluorescence was 
performed on about 1500 cells per transfection condition from one experiment (n = 1). The graph bars 
are presented as mean ± SEM. ***, p < 0.001. (B) Western blot of lysate from these cells shows reduction 
of HA-Lphn1-GFP protein levels. (C) The samples in these western blots were quantified and normalized 
against actin and the scrambled control plasmid, supporting strongest Lphn1 knockdown with the 
Lphn1 shRNA1, -3 and -4 plasmids. Molecular weights are as follows: HA-Lphn1-GFP = 125kDa;  
βActin = 42kDa.
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Supplementary Fig. 5. Cntn6-Lphn1 interaction does not prevent Lphn1 autoproteolysis. (A-B) 
Mass spectrometry of Cntn6-TMGFPBio IP eluates identified Lphn1 peptides across the entire Lphn1 
protein. (C) HEK293 cells were cotransfected with Cntn6, HA-Lphn1 expression plasmids and an empty 
plasmid in different ratios that totaled 10μg. The lysates of these cells were analyzed by Western blot 
and immunoblotting with anti-HA antibodies revealed the intact form of HA-Lphn1 and the ectodomain 
of HA-Lphn1 (HA-Lphn1-p120). No difference was found in the amount of these domains in samples with 
and without Cntn6. Anti-βActin was used as an internal control. Molecular weights are as follows: Intact 
HA-Lphn1 = around 190 kDa; HA-Lphn1-p120 = 125kDa; βActin = 42kDa. 

A)

B)

C)
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Supplementary Fig. 6. Cntn6 and Lphn1 mRNA overlap in the cerebellum. In situ hybridization 
showed coexpression of Cntn6 (green) and Lphn1 (red) mRNA in internal granular layer (IGL) and external 
granular layer (EGL) of the cerebellum at P7. The scale bar represents 200μm.
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Abstract

The contactin (CNTN) and contactin-
associated protein (CNTNAP) genes have 
been associated with autism spectrum 
disorders (ASD) based on extensive 
investigations including nucleotide point 
mutations, copy number variations and 
larger chromosomal rearrangements. 
However, especially the contribution 
of single nucleotide variants (SNVs) in 
these genes to the disorder has remained 
inconsistent. Therefore, we examined SNVs 
in ASD patients from multiplex families 
and narrowed the results down to rare 
heterozygous mutations that are predicted 
detrimental to protein function. Based on 
the cosegregation analysis in pedigrees we 
do not find evidence that SNVs in CNTN 
and CNTNAP genes contribute to ASD 
development. 

Introduction

Autism spectrum disorders (ASDs) are 
highly heterogeneous and complex 
neurodevelopmental disorders, which are 
characterized by impaired social interactions 
and communication, as well as restricted, 
repetitive and/or stereotyped behaviors. 
Disease onset is before the age of three 
years. ASDs affect up to 1-2% of the 
population and are four times more 
common in males than in females (Devlin 
and Scherer, 2012; Newschaffer et al., 
2007). Currently, ASDs comprise childhood 
autism, Asperger’s syndrome and pervasive 
developmental disorder – not other-wise 
specified (PDD-NOS). ASD diagnoses are 
not based on etiology but rather made by 
clinical physicians administering autism-
specific behavioral evaluations.

The increased risk of recurrence in families 
and high concordance in twin pairs revealed 
a strong genetic ASD trait (Jorde et al., 1991; 
Ozonoff et al., 2011). Recent studies have 
demonstrated that ASD pathogenesis can 
be caused by rare, highly penetrant point 
mutations, copy number variations (CNVs) 
and larger chromosomal rearrangements 
that can either arise de novo or be inherited 
(Peñagarikano and Geschwind, 2012). 
The emergence of massively parallel 
DNA sequencing has identified many rare 
single-nucleotide variants (SNVs) and 
small insertion/deletions (indels) variations 
associated with ASD. The immense 
collection of genetic mutations supports 
the heterogeneity of ASD (Basu et al., 2009), 
and demonstrates alterations in specific 
genes to be causal for ASD pathogenesis.
 Members of the contactin (CNTN) and 
contactin-associated protein (CNTNAP/
Caspr) families have been suspected to be 
associated with ASD (Arking et al., 2008; 
Fernandez et al., 2008; Karayannis et al., 
2014; Vaags et al., 2012; van Daalen et al., 
2011). The CNTN protein family consists 
of six members and is a subgroup of 
the immunoglobulin superfamily of cell 
adhesion molecules (IgCAMs). CNTNs 
contain six immunoglobulin and four 
fibronectin type III domains and are 
extracellularly attached to the cell surface 
by a glycosylphosphatidylinositol anchor 
(GPI) (Shimoda and Watanabe, 2009; Zuko 
et al., 2013). CNTN genes are differentially 
expressed in the brain and the protein 
products function as ligands or coreceptors 
in the formation and maintenance of the 
nervous system by promoting cell-adhesion 
and signal transduction. CNTN1 and CNTN2 
are known to interact with CNTNAP1, and 
CNTNAP2, respectively (Labasque and 
Faivre-Sarrailh, 2010), and their protein 
complexes serve biological functions in 
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neuron-glia interactions (Peles and Salzer, 
2000; Poliak and Peles, 2003; Scherer and 
Arroyo, 2002). There are five CNTNAPs 
proteins and all contain a large extracellular 
domain, a helical transmembrane region and 
a short intracellular domain. They belong 
to a subgroup of the neurexin superfamily 
which is involved in cell-adhesion and 
trans-synaptic communication (Poliak and 
Peles, 2003). 
 Multiple genetic studies have indicated 
the association of neuropsychiatric 
disorders with mutations in or near the 
CNTNs and CNTNAPs genes, although 
debate exists about the association of some 
of the variants identified in these genes with 
ASDs. Mutations in several CNTN members, 
except in CNTN1 and CNTN2, associate 
with ASD. CNVs have a great impact on the 
structure and function of the proteins they 
encode and may cause a robust phenotype 
even when present many kilobases (kb) 
from the actual gene. Increasing evidence 
indicates that particularly CNTN4 is a strong 
candidate gene for ASD. For example, CNVs 
encompassing CNTN4, and often affecting 
the adjacent CNTN6 gene as well, have been 
associated with ASD (Guo et al., 2012; Nava 
et al., 2014). Loss of the tip of chromosome 
3, including CNTN4, CNTN6 and CHL1, 
results in the 3p deletion syndrome, in which 
ASD is a prominent comorbidity (Dijkhuizen 
et al., 2006; Fernandez et al., 2008; 2004; 
Shuib et al., 2009). Additional CNVs were 
identified that interrupt only CNTN4 in 
ASD patients (Glessner et al., 2009; Roohi 
et al., 2009), and these disruptions have 
been proposed as a genetic marker for ASD 
(Vardarajan et al., 2013). Furthermore, in five 
unrelated ASD patients, duplications were 
observed between CNTN4 and CNTN6 and 
intronic deletions were identified in CNTN4 
and CNTN5 (Nava et al., 2014). Likewise, 
a CNTN6 deletion and duplication were 

observed in two unrelated ASD patients and 
a CNTN5 deletion was identified in three 
related ASD patients (van Daalen et al., 
2011). A homozygous deletion more than 
700 kb upstream of the CNTN3 gene was 
identified in an ASD patient, and suggested 
to be associated with the disorder (Morrow 
et al., 2008). The unaffected siblings and 
parents were hemizygous for the deletion, 
and the deletion was not present in >2.000 
unrelated (control) individuals. CNVs in the 
CNTNAP genes have been identified as 
well. Not only were CNVs encompassing 
the entire CNTNAP2 gene identified in 
ASD patients (Egger et al., 2014; Rossi 
et al., 2008), but also microdeletions in 
CNTNAP2 and at its promoter site were 
detected (Alarcón et al., 2008; Nord et al., 
2011). Larger CNVs containing CNTNAP4 
and CNTNAP5 in addition to other genes 
were found in ASD patients (O’Roak et 
al., 2012; Prasad et al., 2012). A paternal 
microdeletion disrupting CNTNAP5 was 
detected that was transmitted to both ASD 
affected siblings (Pagnamenta et al., 2010).
 In addition to CNVs, a wide range of 
single nucleotide variants (SNVs) were 
identified in CNTN and CNTNAP family 
members. Exome sequencing revealed a 
potentially interesting missense variant in 
CNTN3 to contribute to ASD (Vaags et al., 
2012). In CNTN4, four different variants 
were identified in unrelated individuals 
with ASD (Cottrell et al., 2011). However, 
the variants did not remain statistically 
significant after permutation testing nor did 
the variants segregate with disease within 
all of the families. Another study found 
SNVs in CNTN5 and CNTN6 in an ASD 
cohort, although no statistically significant 
association was found (Poot, 2014). In 
addition to ASD, a genome-wide association 
(GWAS) analysis for anorexia nervosa 
identified an associated SNP in CNTN5 
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(Nakabayashi et al., 2009), while another 
GWAS analysis found a SNP between the 
CNTN4 and CNTN6 genes to associate with 
bipolar disorder stratified by comorbidity 
(Kerner et al., 2011).
 Of the CNTNAP members, CNTNAP2 
has predominantly been implicated as an 
ASD risk gene based on multiple lines of 
experimental evidence. In Amish children a 
recessive nonsense mutation in CNTNAP2 
(3709delG) was causal for developing a 
syndromic form of ASD, cortical dysplasia 
and focal epilepsy (CDFE) (Strauss et al., 
2006). This disorder results in epileptic 
seizures, language regression, intellectual 
disability, hyperactivity and ASD. The 
3709delG mutation introduced a premature 
stop codon predicted to produce a non-
functional protein (Jackman et al., 2009; 
Strauss et al., 2006). Common variant 
candidate gene association studies 
indicated significant associations of SNPs in 
CNTNAP2 to the etiology of ASD, providing 
convergent evidence for involvement of 
CNTNAP2 in ASD pathogenesis (Alarcón 
et al., 2008; Arking et al., 2008). A number 
of nonsynonymous SNVs were identified 
upon deep re-sequencing of CNTNAP2 
in a cohort of ASD patients and controls, 
with a modest non-significant increase 
of the burden of rare variants in cases 
versus controls (Bakkaloglu et al., 2008). 
Sequencing of the CNTNAP2 promoter 
region identified novel variants in ASD 
multiplex families (Chiocchetti et al., 2015). 
Next-generation sequencing and whole-
exome sequencing identified rare variants in 
ASD cases (Koshimizu et al., 2013; Worthey 
et al., 2013). In one ASD patient two rare 
variants were identified in the FOXP1 and 
CNTNAP2 genes, providing support for 
a multi-hit model for disease risk (O’Roak 
et al., 2011). In addition to ASD, a number 
of studies have associated variations in 

CNTNAP2 to language delay (Chiocchetti 
et al., 2015; Newbury et al., 2011; Poot 
et al., 2010; Vernes et al., 2008) and 
intellectual disability (Gregor et al., 2011; 
Zweier, 2012; Zweier et al., 2009). Variants 
within CNTNAP2 have been associated with 
schizophrenia, bipolar disorder and major 
depression as well (Ji et al., 2013; Wang et 
al., 2010). In the other CNTNAP members, 
one variant in CNTNAP4 revealed significant 
association to schizophrenia by GWAS 
analysis (Karayannis et al., 2014), while 
CNTNAP5 variants were associated to ASD 
(Vaags et al., 2012) and bipolar disorder 
(Djurovic et al., 2010).
 Of the mentioned findings, CNTNAP2 
points in particularly to a pivotal role in 
the development of the human central 
nervous system and provides strong 
evidence for contribution to ASD and other 
neuropsychiatric disorders. However, a 
number of other studies have failed to 
confirm these associations. GWAS studies 
have failed to demonstrate significant 
evidence for previously identified single 
nucleotide polymorphisms that are 
associated with ASD and language 
impairments (Anney et al., 2010; Toma et al., 
2013; Wang et al., 2009; Whitehouse et al., 
2011), while other GWAS studies find only 
modest associations of CNTNAP2 variants 
with ASD (Anney et al., 2012; Sampath et 
al., 2013). Notably, the CNTNAP2 variant 
I869T was previously identified in four 
affected individuals from three unrelated 
families with ASD, which was not present in 
the control cohort (Bakkaloglu et al., 2008). 
However, this variant was pinpointed in a 
recent study without association with ASD, 
by the same research group (Murdoch et al., 
2015). Using next-generation sequencing 
an evaluation of existing sequence data of 
large ASD case and control cohorts, this 
study has found no evidence for statistically 



161

6

significant associations of rare heterozygous 
mutations in any of the CNTN or CNTNAP 
genes (Murdoch et al., 2015). However, this 
study focused on simplex families from the 
Simons simplex collection (SSC). We aimed 
to investigate whether SNVs in members of 
CNTNs and CNTNAPs contribute to ASD in 
multiplex families. In our ASD cohort with 
cases from multiplex families, rare SNVs 
were identified in the CNTN and CNTNAP 
genes by next generation sequencing. We 
were able to perform segregation analysis 
in pedigrees in which the SNVs were 
identified. These results further strengthen 
the conclusion that rare heterozygous 
SNVs in these genes do not significantly 
contribute to ASD pathogenesis. 

Materials and Methods

Study subjects 
The cohort in this study was comprised of 
188 individuals, including 22 unaffected 
individuals and 166 patients with an ASD 
diagnosis, based on the criteria of the DSM-
IV-TR (American Psychiatric Association, 

2000). 123 individuals from 50 multiplex 
families were included, while the remaining 
individuals were unrelated. The probands 
were phenotyped at the Department of 
Child- and Adolescent Psychiatry of the 
University Medical Center of Utrecht 
according to the AGRE (Autism Genetic 
Resource Exchange) criteria, using the 
ADI-R (the Autism Diagnostic Interview-
Revised) (Lord et al., 1994). In addition, 
other standardized diagnostic instruments 
were used for phenotyping, including the 
Social Responsiveness Scale (SRS), and 
the Autism Diagnostic Observation Scale-
Generic (ADOS-G). Patients were diagnosed 
with ASD if they scored accordingly on both 
the ADOS-G and ADI-R. 36 probands reached 
criteria for ASD on the DSM-IV-TR and the 
ADI-R, but not on the ADOS-G. Considering 
they reached AGRE criteria, these individuals 
were still included in the genetic analysis.
 
DNA isolation and Raindance 
sequencing
Genomic DNA was isolated from peripheral 
blood with a salting out procedure and 
was used for next-generation sequencing 

Primer pair Exon Primer sequence Target gene Amplicon length (bp)

1 7 F: 5' GTTTGTCTTGGCTTTCTCCTAAC 3' CNTN1 385

R: 5' GTTACACTCTGTTTTCGCAAGGT 3'

2 11 F: 5' TTGTTCCATTTAGCATCTGACCTG 3' CNTN4 457

R: 5' CCAAAGATGCTACTCAAGAAACAAG 3'

3 20 F: 5' AAGAGTTTCAGAATGGGGAAGGC 3' CNTN5 525

R: 5' GTATTCCTTTCTCTGGGTGGACATT 3'

4 13 F: 5' CCTTTACCTGTAGATCCCATATTGT 3' CNTN5 380

R: 5' CAGAGCAGTTAGAGAAAACAAAAGG 3'

5 13 F: 5' TCATACTGGACATTGTAGAACTCC 3' CNTN6 411

R: 5' CTCTCTCCATCTTTATTTGCATGGA 3'

6 17 F: 5' TTTTCTGCATCGCCGTCATTATC 3' CNTNAP3 456

R: 5' GCCAACAACAACTACTGCTTATTG 3'

Table I. Primers for PCR and sequencing.
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(NGS). The next step was to pinpoint the 
individuals carrying SNVs in this cohort. 
DNA samples were batched in 24 sets of 8 
individuals. Each batch underwent micro-
droplet amplification of all separate coding 
sequences using Raindance sequencing 
enrichment and aligning and variant calling 
was performed as described in detail by 
Murdoch et al, 2015 (Murdoch et al., 2015). 
Briefly, the used Raindance probe-set 
contained primers targeting specifically 
candidate genes for ASD, including the 
CNTN and CNTNAP genes. The runs on all 
batches were successful, with on average 
180 SNVs identified in each batch. 

Sanger sequencing
Polymerase Chain Reaction (PCR) primers 
were designed using the Primer3 v4.0.0 
program (http://bioinfo.ut.ee/primer3/) from 
genomic DNA to amplify and sequence each 
resulting variant (Table 1). A sequence region 
of about 220bp flanked the target nucleotide 
variant. PCR was performed using 2 μM 
dNTPs, 0,1 μM primers, 1U BioTaq (Bioline, 
GC-Biotech) and approximately 100 ng of 
genomic DNA in a total volume of 10 μl. 
PCR conditions: 96°C for 2 min, 35 cycles 
of 96°C for 30 sec, 60°C for 45 sec, 72°C 
for 1 min, and 72°C for 5 min. Traditional 
Sanger sequencing was performed using 
the BigDye Terminator 3.1 sequencing 
kit (Applied Biosystems, Foster City, CA, 
USA), DNA Analyzer 3730XL. The resulting 
chromatograms were analyzed by manually 
aligning raw sequence data to reference 
sequences using Codon Code.

Variant annotation and 
interpretation
Variant annotation and filtering was 
performed using the Cartagenia BENCHlab 
NGS platform. VCF files were uploaded 
to the BENCHlab platform and variants 

were compared to publically available 
human genetic variation databases. A 
very relaxed filtering strategy was used, to 
ensure sufficient downsizing of the variant 
list, but not to lose potential deleterious 
variants. Variants with a minor-allele-
frequency (MAF) over >5% in dbSNP (build 
137) and/or the 1000Genomes (release 
v3.20101123) databases were classified as 
benign and excluded for further analysis. 
Additionally, variants with a MAF of >5% 
in the exome sequencing project database 
(ESP6500SI-V2) and Genome of the 
Netherlands (GoNL, http://www.nlgenome.
nl) were deemed benign and discarded for 
further investigation. The potential effects 
of the remaining variants were determined 
by analysis of DNA conservation, protein 
conservation and changes of the protein 
product using the following mutation 
interpretation/prediction tools and 
databases: PROVEAN (Choi et al., 2012), 
SIFT (Ng and Henikoff, 2001), PolyPhen2 
(Adzhubei et al., 2010), MutationTaster 
(Schwarz et al., 2010), Align GVGD (Tavtigian 
et al., 2006), SpliceSiteFinder-like (Zhang, 
1998), MaxEntScan (Yeo and Burge, 2004), 
Human Splicing Finder (Desmet et al., 2009), 
and Human Genome Mutation Database 
(HGMD Professional Database 2013.2). This 
resulted in 13 candidate SNVs that were 
classified possibly or probably damaging, 
which were searched in the ExAC database 
(Exome Aggregation Consortium, 2015). 

Results

The CNTN and CNTNAP genes were 
sequenced batchwise in one hundred and 
eighty-eight DNA samples from affected 
ASD patients and non-affected siblings 
from 50 multiplex ASD families. The 
identified sequence variants were filtered 
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and labeled as unlikely to contribute to 
ASD pathogenesis if the allele frequency 
exceeded 0,1% and/or when homozygote 
carriers were identified in control cohorts. 
Three SNVs that were identified in the ExAC 
database demonstrated an allele frequency 
of <0.1% and homozygotes were not 
identified. Three other SNVs did not appear 
in the ExAC database demonstrating novel 
gene variants not found in the general 
population. These six identified variants 
were all characterized as heterozygous 
nonsynonymous nucleotide substitutions 
resulting in possibly or probably damaging 
effects to protein structure and function 
(Table II). One identified SNV was located in 
the splice acceptor site of the intron in front 
of exon 13 of the CNTN5 gene. Prediction 
tools point to a marked change in the splice 
site consensus score, and to the creation 
of a potential novel splice site consensus 
sequence three nucleotides before the 
regular splice acceptor site. This may in 
turn lead to a three basepair intron retention 
and the subsequent insertion of one amino 
acid in the mutated protein product. This 
would result in an in-frame mutation altering 
the structure and possibly the function of 
the resulting protein. The remaining five 
SNVs were nonsynonymous mutations that 
lead to single amino acid substitutions. 
The applied computational prediction 
tools demonstrated that these SNVs have 
potentially damaging or deleterious effects 
on the respective proteins. These variants 
were listed in the pedigrees (Table II; Fig. 1).
 To independently confirm the variants 
identified by NGS and to pinpoint the 
specific individuals in a batch carrying the 
variants, Sanger sequencing was performed. 
Subsequently, to determine whether the 
variants were inherited or had arisen de 
novo, segregation-analysis in patient family 
members was performed. All variants were Fa
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inherited from a parent and in several cases 
also observed in siblings. Unfortunately in 
two pedigrees, the DNA of one sibling was 
of insufficient quantity/quality for Sanger 
sequencing, leaving these pedigrees with 
incomplete segregation ascertainment.
 Finally, within each pedigree renewed 
neuropsychiatric analysis using the 
diagnostic tools ADI-R and ADOS-G was 

performed on the children. This resulted in a 
certain diagnosis of ASD in 11 of 17 cases. 
 The children in which the SNVs were 
first identified in pedigrees 15-0074, 15-
1003, 15-0086, and 15-0053 did not 
receive the diagnosis ASD after renewed 
neuropsychiatric analysis. In addition, in 
these pedigrees, siblings were present 
that did not carry the variants but that 

Fig. 1. Identified CNTN and CNTNAP SNVs in multiplex ASD families. The SNVs identified in these 
pedigrees could potentially contribute to ASD pathology. However, the children in which the SNVs were 
first identified in pedigrees 15-0074, 15-1003, 15-0086, 15-0053, and 15-0029 did not have an ASD 
diagnosis after reanalysis. Pedigree 15-0035 contains monozygotic twins that are diagnosed with ASD 
and carry the CNTN5 SNV, however their sibling does not carry the SNV while also having an ASD 
diagnosis.
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did receive a definitive diagnosis ASD. In 
pedigree 15-0029, both siblings carried the 
CNTNAP3 variant, while only one sibling 
was diagnosed with ASD. Additionally, in 
pedigree 15-0035 monozygotic twins were 
found to carry the CNTN5: c.2557G>A 
variant and were diagnosed with ASD. 
However, the female sibling did not carry this 
SNV, even though ASD and an intellectual 
disability were diagnosed. These results 
suggest that the aforementioned identified 
SNVs do not significantly contribute to ASD 
pathogenesis in these families. 

Discussion

In this study we analyzed single nucleotide 
variants in all CNTN and CNTNAP genes in 
multiplex families with a clinical diagnosis of 
ASD, in order to establish if SNVs in these 
genes can contribute to ASD. This study 
extends a recent study on the same gene 
families in simplex ASD families (Murdoch 
et al., 2015). 
 The frequency of de novo mutations is 
significantly higher in simplex ASD families 
than in multiplex ASD families (Gerdts et 
al., 2013). However, a greater number of 
ASD affected children within one pedigree 
increases the likelihood of pinpointing 
transmitted variants compared to simplex 
families (Bakkaloglu et al., 2008). Siblings 
diagnosed with ASD from multiplex families 
demonstrate decreased social interest 
and an increase in repetitive behavior, 
compared to siblings from simplex families 
(Gerdts et al., 2013). This suggests that 
causal variants in multiplex families can 
be identified more readily. Therefore, 
we performed DNA sequencing of the 
ASD-associated gene families of CNTNs 
and CNTNAPs in an ASD cohort from 
multiplex families in order to assess the 

segregation of identified variants with ASD, 
allowing estimations of inheritance. Six 
resulting SNVs with an allele frequency of 
<0.1% in controls and predicted deleterious 
effect were selected for segregation analysis. 
However, our results do not demonstrate a 
cosegregation with ASD, possibly because 
heterozygous point mutations in these 
genes are insufficient to contribute to ASD 
development.
 The evidence of single nucleotide 
variations in members of CNTNs and 
CNTNAPs contributing to ASD pathogenesis 
was inconsistent in past studies. A bulk of 
evidence exists that associate CNTNAP2 
variants to ASDs (Alarcón et al., 2008; 
Arking et al., 2008; Bakkaloglu et al., 2008; 
Chiocchetti et al., 2015; Koshimizu et al., 
2013). However, the evidence for association 
of heterozygous variants in GWAS studies 
of SNPs mapping near CNTNAP2 have 
failed to confirm previous results and 
in several studies disproved associated 
variants (Anney et al., 2010; Toma et al., 
2013; Wang et al., 2009; Whitehouse et 
al., 2011). The other members of CNTN 
and CNTNAP families have only been 
subjected to a recent study in which large-
scale DNA sequencing was performed in 
a cohort of more than 1000 affected ASD 
cases to identify rare point mutations in any 
members of CNTNs and CNTNAPs. This 
study was performed in simplex families 
and did not reveal significant association 
of the identified variants to autism in cases 
when compared to controls (Murdoch et 
al., 2015). Our study strengthens the notion 
that heterozygous SNVs in any of the CNTN 
and CNTNAP genes do not significantly 
associate with ASD. 



166

SNVs in CNTN and CNTNAP Genes do not Contribute to ASD Pathogenesis

Acknowledgements

We would like to thank Raymond Schellevis 
for performing the PCRs and Sanger 
sequencing. This study was supported by a 
Fellowship from the Dutch Brain Foundation 
nr. F2008(1)-08 (B.V.D.Z.). 



167

6

References

Adzhubei, I.A., Schmidt, S., Peshkin, L., Ramensky, 
V.E., Gerasimova, A., Bork, P., Kondrashov, A.S., 
and Sunyaev, S.R. (2010). A method and server 
for predicting damaging missense mutations. Nat 
Meth 7, 248–249.

Alarcón, M., Abrahams, B.S., Stone, J.L., Duvall, 
J.A., Perederiy, J.V., Bomar, J.M., Sebat, J., 
Wigler, M., Martin, C.L., Ledbetter, D.H., et al. 
(2008). Linkage, association, and gene-expression 
analyses identify CNTNAP2 as an autism-
susceptibility gene. Am. J. Hum. Genet. 82, 150–
159.

American Psychiatric Association. (2000). 
Diagnostic and Statistical Manual of Mental 
Disorders. DSM-IV-TR.

Anney, R., Klei, L., Pinto, D., Almeida, J., Bacchelli, 
E., Baird, G., Bolshakova, N., Bölte, S., Bolton, P.F., 
Bourgeron, T., et al. (2012). Individual common 
variants exert weak effects on the risk for autism 
spectrum disorderspi. Hum. Mol. Genet. 21, 4781–
4792.

Anney, R., Klei, L., Pinto, D., Regan, R., Conroy, 
J., Magalhaes, T.R., Correia, C., Abrahams, B.S., 
Sykes, N., Pagnamenta, A.T., et al. (2010). A 
genome-wide scan for common alleles affecting 
risk for autism. Hum. Mol. Genet. 19, 4072–4082.

Arking, D.E., Cutler, D.J., Brune, C.W., Teslovich, 
T.M., West, K., Ikeda, M., Rea, A., Guy, M., Lin, 
S., cook, E.H., et al. (2008). A common genetic 
variant in the neurexin superfamily member 
CNTNAP2 increases familial risk of autism. Am. J. 
Hum. Genet. 82, 160–164.

Bakkaloglu, B., O’Roak, B.J., Louvi, A., Gupta, 
A.R., Abelson, J.F., Morgan, T.M., Chawarska, 
K., Klin, A., Ercan-Sencicek, A.G., Stillman, A.A., 
et al. (2008). Molecular cytogenetic analysis and 
resequencing of contactin associated protein-
like 2 in autism spectrum disorders. Am. J. Hum. 
Genet. 82, 165–173.

Basu, S.N., Kollu, R., and Banerjee-Basu, S. 
(2009). AutDB: a gene reference resource for 
autism research. Nucleic Acids Res. 37, D832–
D836.

Chiocchetti, A.G., Kopp, M., Waltes, R., Haslinger, 
D., Duketis, E., Jarczok, T.A., Poustka, F., Voran, A., 
Graab, U., Meyer, J., et al. (2015). Variants of the 
CNTNAP2 5’ promoter as risk factors for autism 
spectrum disorders: a genetic and functional 
approach. Molecular Psychiatry 20, 839–849.

Choi, Y., Sims, G.E., Murphy, S., Miller, J.R., and 
Chan, A.P. (2012). Predicting the functional effect 
of amino acid substitutions and indels. PLoS ONE 
7, e46688.

Cottrell, C.E., Bir, N., Varga, E., Alvarez, C.E., 
Bouyain, S., Zernzach, R., Thrush, D.L., Evans, J., 
Trimarchi, M., Butter, E.M., et al. (2011). Contactin 
4 as an autism susceptibility locus. Autism Res 4, 
189–199.

Desmet, F.-O., Hamroun, D., Lalande, M., Collod-
Béroud, G., Claustres, M., and Béroud, C. (2009). 
Human Splicing Finder: an online bioinformatics 
tool to predict splicing signals. Nucleic Acids Res. 
37, e67.

Devlin, B., and Scherer, S.W. (2012). Genetic 
architecture in autism spectrum disorder. Curr. 
Opin. Genet. Dev. 22, 229–237.



168

SNVs in CNTN and CNTNAP Genes do not Contribute to ASD Pathogenesis

Dijkhuizen, T., van Essen, T., van der Vlies, P., Verheij, 
J.B.G.M., Sikkema-Raddatz, B., van der Veen, A.Y., 
Gerssen-Schoorl, K.B.J., Buys, C.H.C.M., and Kok,  
K. (2006). FISH and array-CGH analysis of a 
complex chromosome 3 aberration suggests that 
loss of CNTN4 and CRBN contributes to mental 
retardation in 3pter deletions. Am. J. Med. Genet. 
140, 2482–2487.

Djurovic, S., Gustafsson, O., Mattingsdal, M., 
Athanasiu, L., Bjella, T., Tesli, M., Agartz, I., 
Lorentzen, S., Melle, I., Morken, G., et al. (2010). A 
genome-wide association study of bipolar disorder 
in Norwegian individuals, followed by replication in 
Icelandic sample. J Affect Disord 126, 312–316.

Egger, G., Roetzer, K.M., Noor, A., Lionel, A.C., 
Mahmood, H., Schwarzbraun, T., Boright, O., 
Mikhailov, A., Marshall, C.R., Windpassinger, C., 
et al. (2014). Identification of risk genes for autism 
spectrum disorder through copy number variation 
analysis in Austrian families. Neurogenetics 15, 
117–127.

Exome Aggregation Consortium (ExAC), 
Cambridge, MA (URL: http://exac.broadinstitute.
org) (2015).

Fernandez, T.V., García-González, I.J., Mason, 
C.E., Hernández-Zaragoza, G., Ledezma-
Rodríguez, V.C., Anguiano-Alvarez, V.M., 
E’Vega, R., Gutiérrez-Angulo, M., Maya, M.L., 
García-Bejarano, H.E., et al. (2008). Molecular 
characterization of a patient with 3p deletion 
syndrome and a review of the literature. Am. J. 
Med. Genet. 146A, 2746–2752.

Fernandez, T., Morgan, T., Davis, N., Klin, A., 
Morris, A., Farhi, A., Lifton, R.P., and State, M.W. 
(2004). Disruption of contactin 4 (CNTN4) results 
in developmental delay and other features of 
3p deletion syndrome. Am. J. Hum. Genet. 74, 
1286–1293.

Gerdts, J.A., Bernier, R., Dawson, G., and Estes, A. 
(2013). The broader autism phenotype in simplex 
and multiplex families. J Autism Dev Disord 43, 
1597–1605.

Glessner, J.T., Wang, K., Cai, G., Korvatska, O., 
Kim, C.E., Wood, S., Zhang, H., Estes, A., Brune, 
C.W., Bradfield, J.P., et al. (2009). Autism genome-
wide copy number variation reveals ubiquitin and 
neuronal genes. Nature 459, 569–573.

Gregor, A., Albrecht, B., Bader, I., Bijlsma, E.K., 
Ekici, A.B., Engels, H., Hackmann, K., Horn, D., 
Hoyer, J., Klapecki, J., et al. (2011). Expanding 
the clinical spectrum associated with defects in 
CNTNAP2 and NRXN1. BMC Med. Genet. 12, 106.

Guo, H., Xun, G., Peng, Y., Xiang, X., Xiong, Z., 
Zhang, L., He, Y., Xu, X., Liu, Y., Lu, L., et al. (2012). 
Disruption of Contactin 4 in two subjects with 
autism in Chinese population. Gene 505, 201–205.

Jackman, C., Horn, N.D., Molleston, J.P., and 
Sokol, D.K. (2009). Gene associated with seizures, 
autism, and hepatomegaly in an Amish girl. 
Pediatr. Neurol. 40, 310–313.

Ji, W., Li, T., Pan, Y., Tao, H., Ju, K., Wen, Z., Fu, Y., 
An, Z., Zhao, Q., Wang, T., et al. (2013). CNTNAP2 
is significantly associated with schizophrenia and 
major depression in the Han Chinese population. 
Psychiatry Res 207, 225–228.

Jorde, L.B., Hasstedt, S.J., Ritvo, E.R., Mason-
Brothers, A., Freeman, B.J., Pingree, C., 
McMahon, W.M., Petersen, B., Jenson, W.R., and 
Mo, A. (1991). Complex segregation analysis of 
autism. The American Journal of Human Genetics 
49, 932–938.



169

6

Karayannis, T., Au, E., Patel, J.C., Kruglikov, I., 
Markx, S., Delorme, R., Heron, D., Salomon, D., 
Glessner, J., Restituito, S., et al. (2014). Cntnap4 
differentially contributes to GABAergic and 
dopaminergic synaptic transmission. Nature 511, 
236–240.

Kerner, B., Lambert, C.G., and Muthén, B.O. 
(2011). Genome-wide association study in bipolar 
patients stratified by co-morbidity. PLoS ONE 6, 
e28477.

Koshimizu, E., Miyatake, S., Okamoto, N., 
Nakashima, M., Tsurusaki, Y., Miyake, N., Saitsu, 
H., and Matsumoto, N. (2013). Performance 
comparison of bench-top next generation 
sequencers using microdroplet PCR-based 
enrichment for targeted sequencing in patients with 
autism spectrum disorder. PLoS ONE 8, e74167.

Labasque, M., and Faivre-Sarrailh, C. (2010). GPI-
anchored proteins at the node of Ranvier. FEBS 
Lett. 584, 1787–1792.

Lord, C., Rutter, M., and Le Couteur, A. (1994). 
Autism Diagnostic Interview-Revised: a revised 
version of a diagnostic interview for caregivers of 
individuals with possible pervasive developmental 
disorders. J Autism Dev Disord 24, 659–685.

Morrow, E.M., Yoo, S.-Y., Flavell, S.W., Kim, T.-
K., Lin, Y., Hill, R.S., Mukaddes, N.M., Balkhy, S., 
Gascon, G., Hashmi, A., et al. (2008). Identifying 
autism loci and genes by tracing recent shared 
ancestry. Science 321, 218–223.

Murdoch, J.D., Gupta, A.R., Sanders, S.J., Walker, 
M.F., Keaney, J., Fernandez, T.V., Murtha, M.T., 
Anyanwu, S., Ober, G.T., Raubeson, M.J., et al. 
(2015). No evidence for association of autism with 
rare heterozygous point mutations in Contactin-
Associated Protein-Like 2 (CNTNAP2), or in Other 
Contactin-Associated Proteins or Contactins. 
PLoS Genet. 11, e1004852.

Nakabayashi, K., Komaki, G., Tajima, A., Ando, 
T., Ishikawa, M., Nomoto, J., Hata, K., Oka, A., 
Inoko, H., Sasazuki, T., et al. (2009). Identification 
of novel candidate loci for anorexia nervosa at 
1q41 and 11q22 in Japanese by a genome-wide 
association analysis with microsatellite markers. J. 
Hum. Genet. 54, 531–537.

Nava, C., Keren, B., Mignot, C., Rastetter, A., 
Chantot-Bastaraud, S., Faudet, A., Fonteneau, E., 
Amiet, C., Laurent, C., Jacquette, A., et al. (2014). 
Prospective diagnostic analysis of copy number 
variants using SNP microarrays in individuals with 
autism spectrum disorders. Eur J Hum Genet 22, 
71–78.

Newbury, D.F., Paracchini, S., Scerri, T.S., 
Winchester, L., Addis, L., Richardson, A.J., 
Walter, J., Stein, J.F., Talcott, J.B., and Monaco, 
A.P. (2011). Investigation of dyslexia and SLI 
risk variants in reading- and language-impaired 
subjects. Behav. Genet. 41, 90–104.

Newschaffer, C.J., Croen, L.A., Daniels, J., Giarelli, 
E., Grether, J.K., Levy, S.E., Mandell, D.S., Miller, 
L.A., Pinto-Martin, J., Reaven, J., et al. (2007). The 
epidemiology of autism spectrum disorders. Annu 
Rev Public Health 28, 235–258.

Ng, P.C., and Henikoff, S. (2001). Predicting 
deleterious amino acid substitutions. Genome 
Res. 11, 863–874.

Nord, A.S., Roeb, W., Dickel, D.E., Walsh, T., 
Kusenda, M., O’Connor, K.L., Malhotra, D., 
McCarthy, S.E., Stray, S.M., Taylor, S.M., et al. 
(2011). Reduced transcript expression of genes 
affected by inherited and de novo CNVs in autism. 
Eur J Hum Genet 19, 727–731.



170

SNVs in CNTN and CNTNAP Genes do not Contribute to ASD Pathogenesis

O’Roak, B.J., Deriziotis, P., Lee, C., Vives, 
L., Schwartz, J.J., Girirajan, S., Karakoc, E., 
Mackenzie, A.P., Ng, S.B., Baker, C., et al. (2011). 
Exome sequencing in sporadic autism spectrum 
disorders identifies severe de novo mutations. 
Nat. Genet. 43, 585–589.

O’Roak, B.J., Vives, L., Girirajan, S., Karakoc, E., 
Krumm, N., Coe, B.P., Levy, R., Ko, A., Lee, C., 
Smith, J.D., et al. (2012). Sporadic autism exomes 
reveal a highly interconnected protein network of 
de novo mutations. Nature 485, 246–250.

Ozonoff, S., Young, G.S., Carter, A., Messinger, D., 
Yirmiya, N., Zwaigenbaum, L., Bryson, S., Carver, 
L.J., Constantino, J.N., Dobkins, K., et al. (2011). 
Recurrence risk for autism spectrum disorders: 
a Baby Siblings Research Consortium study. 
Pediatrics 128, e488–e495.

Pagnamenta, A.T., Bacchelli, E., de Jonge, M.V., 
Mirza, G., Scerri, T.S., Minopoli, F., Chiocchetti, 
A., Ludwig, K.U., Hoffmann, P., Paracchini, S., et 
al. (2010). Characterization of a family with rare 
deletions in CNTNAP5 and DOCK4 suggests novel 
risk loci for autism and dyslexia. Biol. Psychiatry 
68, 320–328.

Peles, E., and Salzer, J.L. (2000). Molecular 
domains of myelinated axons. Current Opinion in 
Neurobiology 10, 558–565.

Peñagarikano, O., and Geschwind, D.H. (2012). 
What does CNTNAP2 reveal about autism 
spectrum disorder? Trends in Molecular Medicine 
18, 156–163.

Poliak, S., and Peles, E. (2003). The local 
differentiation of myelinated axons at nodes of 
Ranvier. Nat. Rev. Neurosci. 4, 968–980.

Poot, M. (2014). A candidate gene association 
study further corroborates involvement of contactin 
genes in autism. Mol Syndromol 5, 229–235.

Poot, M., Beyer, V., Schwaab, I., Damatova, 
N., van’t Slot, R., Prothero, J., Holder, S.E., and 
Haaf, T. (2010). Disruption of CNTNAP2 and 
additional structural genome changes in a boy 
with speech delay and autism spectrum disorder. 
Neurogenetics 11, 81–89.

Prasad, A., Merico, D., Thiruvahindrapuram, B., 
Wei, J., Lionel, A.C., Sato, D., Rickaby, J., Lu, C., 
Szatmari, P., Roberts, W., et al. (2012). A discovery 
resource of rare copy number variations in individuals 
with autism spectrum disorder. G3 (Bethesda) 2, 
1665–1685.

Roohi, J., Montagna, C., Tegay, D.H., Palmer, 
L.E., DeVincent, C., Pomeroy, J.C., Christian, S.L., 
Nowak, N., and Hatchwell, E. (2009). Disruption of 
contactin 4 in three subjects with autism spectrum 
disorder. Journal of Medical Genetics 46, 176–182.

Rossi, E., Verri, A.P., Patricelli, M.G., Destefani, V., 
Ricca, I., Vetro, A., Ciccone, R., Giorda, R., Toniolo, 
D., Maraschio, P., et al. (2008). A 12Mb deletion 
at 7q33-q35 associated with autism spectrum 
disorders and primary amenorrhea. European 
Journal of Medical Genetics 51, 631–638.

Sampath, S., Bhat, S., Gupta, S., O’Connor, 
A., West, A.B., Arking, D.E., and Chakravarti, A. 
(2013). Defining the contribution of CNTNAP2 to 
autism susceptibility. PLoS ONE 8, e77906.

Scherer, S.S., and Arroyo, E.J. (2002). Recent 
progress on the molecular organization of 
myelinated axons. J. Peripher. Nerv. Syst. 7, 1–12.

Schwarz, J.M., Rödelsperger, C., Schuelke, M., 
and Seelow, D. (2010). MutationTaster evaluates 
disease-causing potential of sequence alterations. 
Nat Meth 7, 575–576.

Shimoda, Y., and Watanabe, K. (2009). Contactins: 
emerging key roles in the development and function 
of the nervous system. Cell Adh Migr 3, 64–70.



171

6

Shuib, S., McMullan, D., Rattenberry, E., Barber, 
R.M., Rahman, F., Zatyka, M., Chapman, C., 
Macdonald, F., Latif, F., Davison, V., et al. (2009). 
Microarray based analysis of 3p25-p26 deletions 
(3p- syndrome). Am. J. Med. Genet. 149A, 2099–
2105.

Strauss, K.A., Puffenberger, E.G., Huentelman, 
M.J., Gottlieb, S., Dobrin, S.E., Parod, J.M., 
Stephan, D.A., and Morton, D.H. (2006). Recessive 
symptomatic focal epilepsy and mutant contactin-
associated protein-like 2. N. Engl. J. Med. 354, 
1370–1377.

 
Tavtigian, S.V., Deffenbaugh, A.M., Yin, L., 
Judkins, T., Scholl, T., Samollow, P.B., de 
Silva, D., Zharkikh, A., and Thomas, A. (2006). 
Comprehensive statistical study of 452 BRCA1 
missense substitutions with classification of eight 
recurrent substitutions as neutral. Journal of 
Medical Genetics 43, 295–305.

Toma, C., Hervás, A., Torrico, B., Balmaña, N., 
Salgado, M., Maristany, M., Vilella, E., Martínez-
Leal, R., Planelles, M.I., Cuscó, I., et al. (2013). 
Analysis of two language-related genes in autism: 
a case-control association study of FOXP2 and 
CNTNAP2. Psychiatr. Genet. 23, 82–85.

Vaags, A.K., Lionel, A.C., Sato, D., Goodenberger, 
M., Stein, Q.P., Curran, S., Ogilvie, C., Ahn, J.W., 
Drmic, I., Senman, L., et al. (2012). Rare deletions 
at the neurexin 3 locus in autism spectrum 
disorder. Am. J. Hum. Genet. 90, 133–141.

van Daalen, E., Kemner, C., Verbeek, N.E., van 
der Zwaag, B., Dijkhuizen, T., Rump, P., Houben, 
R., van ‘t Slot, R., de Jonge, M.V., Staal, W.G., 
et al. (2011). Social Responsiveness Scale-aided 
analysis of the clinical impact of copy number 
variations in autism. Neurogenetics 12, 315–323.

Vardarajan, B.N., Eran, A., Jung, J.-Y., Kunkel, L.M., 
and Wall, D.P. (2013). Haplotype structure enables 
prioritization of common markers and candidate 
genes in autism spectrum disorder. Transl Psychiatry 
3, e262.

Vernes, S.C., Newbury, D.F., Abrahams, B.S., 
Winchester, L., Nicod, J., Groszer, M., Alarcón, M., 
Oliver, P.L., Davies, K.E., Geschwind, D.H., et al. 
(2008). A functional genetic link between distinct 
developmental language disorders. N. Engl. J. 
Med. 359, 2337–2345.

Wang, K., Zhang, H., Ma, D., Bucan, M., Glessner, 
J.T., Abrahams, B.S., Salyakina, D., Imielinski, 
M., Bradfield, J.P., Sleiman, P.M.A., et al. (2009). 
Common genetic variants on 5p14.1 associate 
with autism spectrum disorders. Nature 459, 528–
533.

Wang, K.-S., Liu, X.-F., and Aragam, N. (2010). 
A genome-wide meta-analysis identifies novel 
loci associated with schizophrenia and bipolar 
disorder. Schizophr. Res. 124, 192–199.

Whitehouse, A.J.O., Bishop, D.V.M., Ang, Q.W., 
Pennell, C.E., and Fisher, S.E. (2011). CNTNAP2 
variants affect early language development in the 
general population. Genes Brain Behav. 10, 451–
456.

Worthey, E.A., Raca, G., Laffin, J.J., Wilk, B.M., 
Harris, J.M., Jakielski, K.J., Dimmock, D.P., Strand, 
E.A., and Shriberg, L.D. (2013). Whole-exome 
sequencing supports genetic heterogeneity in 
childhood apraxia of speech. J Neurodev Disord 
5, 29.

Yeo, G., and Burge, C.B. (2004). Maximum 
entropy modeling of short sequence motifs with 
applications to RNA splicing signals. J. Comput. 
Biol. 11, 377–394.



172

SNVs in CNTN and CNTNAP Genes do not Contribute to ASD Pathogenesis

Zhang, M.Q. (1998). Statistical features of human 
exons and their flanking regions. Hum. Mol. Genet. 
7, 919–932.

Zuko, A., Kleijer, K.T.E., Oguro-Ando, A., Kas, 
M.J.H., van Daalen, E., van der Zwaag, B., 
and Burbach, J.P.H. (2013). Contactins in the 
neurobiology of autism. Eur. J. Pharmacol. 719, 
63–74.

Zweier, C. (2012). Severe Intellectual Disability 
Associated with Recessive Defects in CNTNAP2 
and NRXN1. Mol Syndromol 2, 181–185.

Zweier, C., de Jong, E.K., Zweier, M., Orrico, 
A., Ousager, L.B., Collins, A.L., Bijlsma, E.K., 
Oortveld, M.A.W., Ekici, A.B., Reis, A., et al. (2009). 
CNTNAP2 and NRXN1 are mutated in autosomal-
recessive Pitt-Hopkins-like mental retardation and 
determine the level of a common synaptic protein 
in Drosophila. Am. J. Hum. Genet. 85, 655–666.



173

6



174



175

7

CHAPTER 7

General Discussion



176

General Discussion

The development of the central nervous 
system is dependent on the highly 
coordinated interplay of diverse cells in 
transition. Neural cell adhesion molecules 
(CAMs) are indispensable for allowing such 
neural interconnectivity and provide support 
in multiple neuro-developmental processes, 
including cell survival, neuronal migration, 
axon guidance, and synaptogenesis 
(Geschwind and Levitt, 2007; Pardo and 
Eberhart, 2007; Rubenstein, 2011). Such 
developmental roles of CAMs have been 
implicated in the development of highly 
organized brain structures like the cerebral 
cortex. The immunoglobulin (Ig) superfamily 
(IgCAMs) contains many important neural 
CAMs. The contactins (Cntns) are a particular 
family of neural IgCAMs that consist of six 
members, which are linked to the cell surface 
by a glyophosphatidylinositol (GFP)-anchor. 
Pivotal research on the neurobiological 
mechanisms of contactin (Cntn1) and 
contactin-2 (Cntn2) has revealed roles in the 
formation and architecture of the paranodal 
and juxtaparanodal junctions of the nodes 
of Ranvier. These functions are mediated 
by cis- and trans-interactions of Cntn1 and 
Cntn2 with their protein partners, including 
the contactin-associated proteins (Cntnaps, 
Casprs) (Peles and Salzer, 2000; Peles et al., 
1995; Poliak et al., 1999; Poliak and Peles, 
2003). The protein networks that explain 
the molecular mechanisms underlying the 
functions of Cntn1 and Cntn2 are likely 
prototypic for the Cntn family.
 In this thesis, I directed my focus on 
contactin-4 (Cntn4), contactin-5 (Cntn5), 
and contactin-6 (Cntn6) based on previous 
research which demonstrated that copy 
number variations (CNVs) in the respective 
genes contribute to ASD (Guo et al., 2012; 
Nava et al., 2014; Peles and Salzer, 2000; 
Peles et al., 1995; Poliak et al., 1999; 
Poliak and Peles, 2003; van Daalen et al., 

2011). This indicates that the absence or 
dysfunction of these proteins may disrupt 
normal brain development. However, gross 
neuroanatomy of mice deficient in these 
Cntn genes was not affected (Kaneko-
Goto et al., 2008; Li et al., 2003; Takeda 
et al., 2003). A more detailed analyses in 
specific processes in neurodevelopment 
did demonstrate impairments in several 
neurobiological processes, including axonal 
guidance and outgrowth, the orientation of 
elongating dendrites, and synaptogenesis 
(Huang et al., 2012; Kaneko-Goto et al., 
2008; Osterhout et al., 2015; Toyoshima et 
al., 2009; Yamagata and Sanes, 2012; Ye 
et al., 2008). However, the mechanisms in 
which Cntn4, Cntn5 and Cntn6 function have 
largely remained unclear. I have reasoned 
that similarly to Cntn1 and Cntn2, the 
molecular basis of the neurodevelopmental 
mechanisms of Cntn4, Cntn5 and Cntn6 is 
likely mediated by heterophilic interactions 
with transmembrane proteins. My argument 
was that the formation of such protein 
complexes is required for the activation of 
intracellular signal transduction pathways. A 
few interacting partners have been identified 
to bind these Cntns. However, most 
interactions were not placed into context 
of the mechanistic processes in which 
these Cntns function. Therefore, I aimed 
in this thesis to unravel neurobiological 
mechanisms of the three aforementioned 
Cntns, with emphasis on Cntn6. Here I 
briefly summarize the flow of studies, the 
content of chapters and the significance of 
the main findings.
 I initiated my studies by investigating 
the cell adhesion functions of Cntn6 in 
the visual cortex and hippocampus of 
adult Cntn6-deficient mice (Chapter 1). 
Immunostaining with several cortical layer 
markers revealed a significant change in 
the number of subtype-specific projection 



177

7

neurons and parvalbumin+ interneurons in 
Cntn6-deficient mice compared to wild-
type littermates. Secondly, the length 
and area occupied by the suprapyramidal 
bundle in the hippocampus was increased 
in Cntn6-deficient mice. These results point 
to specific cell adhesion functions of Cntn6 
employed as survival and apoptosis signals, 
as migration signals and for the fasciculation 
of axons. These results provide arguments 
for a biological mechanism involving 
interactions with other proteins. 
 Next I applied proteomics in search 
of the elusive binding partners that 
interact with Cntn6 (Chapter 3). In vitro 
pull-down experiments were performed 
using a Cntn6 fusion protein as bait. 
The coimmunoprecipitated partners 
were identified by mass spectrometry. 
Simultaneously, a similar approach was 
used for the identification of Cntn4 and 
Cntn5 binding partners (Chapter 3), mainly 
to determine the level of redundancy of 
these structurally similar Cntns. These 
data unexpectedly suggested very different 
putative interactomes for the Cntns, of which 
we validated a few candidate proteins. 
 Firstly, the adhesion GPCR latrophilin-1 
(Lphn1) was pinpointed as a novel binding 
partner to be engaged in the mode of action 
of Cntn6. Secondly, APP was identified and 
validated as an interactor for Cntn4, as was 
already demonstrated in previous reports. 
Thirdly, all members of the exocyst family 
were coimmunoprecipitated with Cntn5. 
This result was supported by confirming the 
interaction with one exocyst subunit.
 Cntnap2 is an essential partner of Cntn2 
in the architecture of the node of Ranvier 
in myelinated axons. Since mutations in 
CNTNAP2 were reported to contribute 
to ASD without apparent effects on 
myelination (Egger et al., 2014; Friedman 
et al., 2008; Nord et al., 2011; Petrin et al., 

2010; Sehested et al., 2010), I attempted to 
construct a Cntnap2 interactome in order to 
understand protein networks related to its 
neurobiological functions (Chapter 4). Pull-
down experiments were performed using a 
Cntnap2 fusion protein as bait to identify 
binding partners. The identified putative 
interactors of Cntnap2 were compared with 
an in vivo Cntnap2 pull-down dataset. No 
obvious relationships were found with the 
interactomes of Cntn4, Cntn5 and Cntn6. 
However, the results indicated previously 
known and novel interactors, of which 
several were identified as interactors before 
with proteins containing a certain degree of 
homology with Cntnap2. The data suggested 
a link of Cntnap2 with the cytoskeleton.
 The identification of Lphn1 as an 
interactor of Cntn6 incited the search for the 
functional relevance of this protein complex 
(Chapter 5). Coimmunoprecipitation expe-
riments and cell biological assays indicated 
that Cntn6 and Lphn1 interact endogenously 
in a cis-complex at the postsynapse. This 
was supported by the colocalization of the 
mRNAs and coexpression of proteins in 
the cortex, thalamus and cerebellum. More 
importantly, expression of these proteins 
in cortical primary neurons revealed that 
Lphn1 acts as a dependence receptor. 
This means that in the absence of Cntn6, 
Lphn1 is active and is rendered inactive 
by association with Cntn6. Lphn1 by itself 
decreases neurite outgrowth and increases 
apoptosis, as I demonstrated in vitro 
and in vivo. Silencing of Lphn1 in primary 
cultures derived from Cntn6-deficient mice 
resulted in reduction of apoptosis, while 
Lphn1 silencing in wild-type cultures had 
no effect. Apoptosis was also increased in 
the visual cortex of Cntn6-deficient animals, 
suggesting that the interaction between 
Cntn6 and Lphn1 plays important roles 
during neurodevelopment. In this respect, 
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Cntn6 can be considered as an endogenous 
ligand of Lphn1 with inhibiting properties 
that affect neurobiological mechanisms 
important in neurodevelopment. 
 Finally, I directed my focus on clarifying 
if single nucleotide variants (SNVs) in 
CNTN and CNTNAP genes contribute 
to ASD pathogenesis (Chapter 6). While 
the involvement of CNTNs and CNTNAP 
members in ASD have been based on 
CNV studies, more recent studies reported 
conflicting results concerning the association 
of single nucleotide variants in the CNTN 
and CNTNAP genes with ASD. To clarify 
this important issue I searched for point 
mutations by next-generation sequencing 
in DNA of affected and unaffected patients 
from multiplex families. Segregation 
analysis of potentially deleterious mutations 
did not reveal an association between 
the mutations and disease inheritance. 
This suggests that loss-of-function due 
to deletions is likely the most prominent 
type of gene defect engaging CNTNs and 
CNTNAPs in neurodevelopmental disorders.
 In the following paragraphs, I will 
discuss important issues concerning the 
neurobiological roles of Cntn6 that arise 
from the findings of the studies in this thesis. 
These particularly concern the interaction 
of Cntn6 and Lphn1 and its biological 
consequences. 

Differentiation in binding 
partners for Cntns
Knowing whether Cntn4, Cntn5, and Cntn6 
share protein networks is necessary to 
understand the specificity of their binding 
partners, and it predicts the extent of 
redundant functions these Cntns might have 
in vivo. Proteomics is a powerful approach 
that can use a specific protein as bait 
and can thereby reveal protein networks. 
The comparison of each putative Cntn 

interactome demonstrated a certain degree 
of overlap depending on the cutoff of the 
statistical scoring that was attributed to 
each protein. The SAINT cutoff score of 0.65 
left only a couple of proteins that overlapped 
between the Cntns. However, lowering the 
SAINT cutoff score to 0.3 revealed a much 
more informative dataset of the overlapping 
Cntn interactomes. These results suggested 
that the protein interactions of Cntn4 bear 
similarities with both Cntn5 and Cntn6, while 
the protein interactions of Cntn5 and Cntn6 
were substantially distinct. Phylogenetic 
analysis of human CNTN proteins showed 
that CNTN4 and CNTN6 were the closest 
members (Chapter 1, Fig. 1). This was 
corroborated by the degree of homology 
of the individual protein domains of these 
Cntns, which demonstrate a higher similarity 
between Cntn6 and Cntn4, compared to 
the similarity between Cntn6 and Cntn5. 
In addition, Cntn4 and Cntn6 are both 
expressed at the postsynapse, while Cntn5 
is localized at the presynapse (Shimoda et 
al., 2012). Further data suggest that Cntn4 
and Cntn6 may serve redundant functions. 
Loss of the tip of chromosome 3, including 
CNTN4, CNTN6 and CHL1, results in the 
3p deletion mental retardation syndrome 
in which ASD is a prominent comorbidity 
(Dijkhuizen et al., 2006; Fernandez et al., 
2008; 2004; Shuib et al., 2009). Whether the 
redundant functions of CNTN4 and CNTN6 
contribute to a more severe phenotype is 
difficult to determine, since CHL1 is also 
absent. A mouse model that is deficient in 
both Cntn4 and Cntn6 might provide insight 
into this matter.

Cntn6 as a ligand for the 
dependence receptor Lphn1
I identified Lphn1 (ADGRL1, according to a 
recently proposed nomenclature, (Hamann 
et al., 2015)) as a primary binding protein 
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candidate of Cntn6, which is an adhesion 
G protein-coupled receptor (aGPCR). Cntns 
are extracellular proteins that are anchored 
to the membrane and do not contain any 
transmembrane or intracellular domains. 
Therefore, they require interaction with 
other extracellular proteins that contain 
transmembrane and intracellular domains 
for signal transduction. I characterized 
Lphn1 as a dependence receptor that is 
regulated by the interaction with Cntn6 
(Fig. 1). Dependence receptors trigger two 
opposite signaling pathways by interaction 
with their ligands. Typical dependence 
receptors are the neurotrophin receptor 
p75NTR, deleted in colorectal carcinoma 
(DCC), neogenin, and uncoordinated 5 
homologs (Unc5’s) (Goldschneider and 
Mehlen, 2010). When bound to their ligand, 

these receptors activate classic signaling 
pathways and promote cell survival, 
migration and differentiation. In the absence 
of their ligand, they elicit an apoptotic signal 
(Goldschneider and Mehlen, 2010). Such a 
molecular mechanism was demonstrated 
for the endogenous Cntn6-Lphn1 protein 
complex, which interacts in cis at the 
postsynapse. When Lphn1 was expressed 
alone in primary cultures neurite outgrowth 
was decreased and neuronal apoptosis 
was increased. These effects by Lphn1 
were inhibited by coexpression with Cntn6. 
In the visual cortex of Cntn6-/- mice or in 
primary cultures derived from these mice, 
an increase in apoptosis was observed. 
Apoptosis was reported before in primary 
cultures and cerebellum from Cntn6-/- mice 
(Huang et al., 2011; Sakurai et al., 2009). 

Fig. 1. Model of the functional Cntn6-Lphn1 complex. (A) Unliganded Lphn1 in neurons facilitates 
an increase of apoptosis and a reduction in neurite outgrowth. (B) This activity is silenced when Cntn6 
interacts with Lphn1. Lphn1 is cleaved into two subunits, either by autoproteolysis catalyzed by the GAIN 
domain or by an extracellular protease. Both the GAIN domain and the cleavage site are indicated in A.

A) B)
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Lphn1 silencing in primary cultures from 
Cntn6-/- mice reduced the level of apoptosis 
to the typical level as seen in wild-type 
mice. As mentioned before, dependence 
receptors are characterized by dual 
functionality when bound to their ligand. 
However, the Cntn6-Lphn1 interaction 
has only been demonstrated to inhibit 
Lphn1 pro-apoptotic signaling. I have not 
investigated if the Cntn6-Lphn1 interaction 
activates the typical signal transduction 
routes that dependence receptors normally 
do. These investigations are important 
future challenges. 
 The interaction of Cntn6 and Lphn1 bears 
similarities to the cis-interaction of the GPI-
anchored repulsive guidance molecule 
(RGMa) with the dependence receptor 
neogenin (Goldschneider and Mehlen, 
2010; Shabanzadeh et al., 2015; Tassew 
et al., 2014). Neogenin induces apoptosis 
in cell culture and in the developing chick 
brain in the absence of RGMa, which can 
be rescued either by addition of exogenous 
RGMa or by neogenin silencing (Matsunaga 
et al., 2004). Neogenin pro-apoptotic 
activity is induced after cleavage of its 
cytoplasmic tail (Goldschneider and Mehlen, 
2010). The initial cleavage is inhibited after 
interaction with RGMa, allowing neuronal 
survival. While an unknown protease is 
able to cleave Lphn1 at the extracellular 
domain (Krasnoperov et al., 2009), cleavage 
of Lphn1 intracellular domains have not 
been reported. The interaction of RGMa 
with neogenin simultaneously triggers an 
opposite signaling pathway, which is typical 
for dependence receptors. It was observed 
that the binding of RGMa to neogenin 
facilitates chemorepulsive targeting of 
temporal retinal axons to the anterior tectum 
(Matsunaga et al., 2006; Rajagopalan et al., 
2004). 

Not only is Cntn6 responsible for inhibiting 
the pro-apoptotic activity of Lphn1, it also 
prevents neurite outgrowth inhibition by 
Lphn1. Primary cultures overexpressing 
Lphn1 demonstrated shorter neurites 
and coexpression with Cntn6 rescued 
this effect. It is likely that the reduction 
in neurite length is a indirect effect of the 
pro-apoptotic activity of Lphn1, which 
compromises neuronal health. A reduction 
of neurite outgrowth was also observed in 
neurons from primary cultures derived from 
Cntn6-/- mice (Huang et al., 2011). Axonal 
outgrowth is impaired in Cntn6-/- mice, which 
was reflected in the delayed projection 
and terminal branching of the developing 
corticospinal tract axons in Cntn6-/- mice 
(Huang et al., 2012). The neurite outgrowth 
promoting activity of Cntn6 was previously 
demonstrated by primary cultured neurons 
in coculture with Cntn6 overexpressing 
HEK293 cells (Mercati et al., 2013). 

Lphn1 inhibition by other binding 
partners
Accordingly, neurons that express both 
Cntn6 and Lphn1 do not undergo Lphn1-
induced apoptosis. This indicates that 
normally these neurons survive, unless 
Cntn6 is absent or unable to bind Lphn1, 
as is the case in the Cntn6-/- mice. Humans 
suffering from loss-of-function mutations 
of CNTN6 may similarly be affected, 
and display ASD symptoms. Notably, 
comparison of the mRNA expression 
profiles of Lphn1 and Cntn6 indicates that 
Lphn1 is far broader expressed in the brain 
than Cntn6. So what happens in regions 
where Cntn6 is not expressed? Soluble 
Cntn6, which is Cntn6 that has lost its GPI-
anchor, could still reach and bind Lphn1 
and regulate apoptosis in neurons that do 
not express Cntn6. Alternatively, other 
Lphn1 binding partners might similarly 
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prevent Lphn1-induced apoptosis. Multiple 
interactions have emerged for Lphn1 with 
other CAMs (Fig. 2). I consider the model 
in which Lphn1 is expressed on both sides 
of the synapse, since evidence indicates 
that Lphn1 localizes at the postsynapse 
(Chapter 5, Fig. 4E; (Kreienkamp et al., 
2000)), and at the presynapse (Silva et al., 
2011). Postsynaptic Lphn1 forms a trans-
synaptic receptor pair with the presynaptic 
neurexin-1 (Nrxn1) (Boucard et al., 2012). 

The postsynaptic teneurin-2 (Tenm2) and 
FLRT3 are able to interact with presynaptic 
Lphn1 (O’Sullivan et al., 2012; Silva et al., 
2011). Additionally, I demonstrated by 
coimmunoprecipitation experiments that 
Nlgn1 and Lphn1 interact, most likely in cis 
at the postsynapse (Ichtchenko et al., 1995). 
This suggests that Nlgn1 could regulate 
Lphn1 pro-apoptotic activity similarly to 
Cntn6. The mentioned Lphn1 interactors 
are expressed in the brain regions that lack 

Fig. 2. The landscape of extracellular protein networks from the viewpoints of Cntn6 and Lphn1. 
A schematic illustration of pre- and postsynaptic proteins that center on Cntn6 and Lphn1. Cntn6 
interacts directly with Nlgn1 and Lphn1. This protein complex might be extended by Nrxn1, which in 
turn, interacts with LRRTM2. Presynaptic Lphn1 interacts with both FLRT3 and Temn2. The red arrows 
indicate interactions that were reported in this thesis. Black arrows are interactions that were previously 
reported in literature.
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Cntn6 expression. These results indicate 
that other Lphn1 interactors might indeed 
serve as ligands that inhibit Lphn1-induced 
apoptosis, either in cis or trans. In view of the 
important neurobiological consequences of 
such a mechanism, the examination of such 
a potential interaction network is a priority. 
It can be addressed in in vitro assays and 
validated in vivo in the null-mutants of the 
respective binding partners. 

The mechanism of Cntn6-Lphn1 
signaling
The mechanism by which Cntn6 inhibits the 
apoptotic activity of Lphn1 has remained 
obscure. Contradictory reports on the cell 
biology of Lphn1 indicate a few manners 
in which Lphn1 might facilitate signal 
transduction, and in which Cntn6 interaction 
could interfere. Autoproteolysis at the GAIN 
domain (Fig. 1A) is considered a common 
feature among aGPCRs, which dissociates 
the protein into two subunits: the ecto- and 
the GPCR-domain (Hamann et al., 2015). 
This is necessary for maturation, stability, 
trafficking, and function of aGPCRs (Yona 
et al., 2008). Autoproteolysis of the aGPCRs 
GPR126 and GPR133 dissociates the 
GPCR-domain and activates it through a 
tethered peptide agonist from the GPCR-
domain itself (Liebscher et al., 2014). 
Although previous reports indicate that 
Lphn1 also undergoes autoproteolysis 
(Araç et al., 2012; Krasnoperov et al., 1997; 
Ponting et al., 1999), it is unclear whether 
the pro-apoptotic activity of Lphn1 that is 
described in this thesis, is exerted by the 
GPCR-domain alone after autoproteolysis. 

I tested a potential mechanism by which 
Cntn6 interferes with the autoproteolysis 
of Lphn1 activity. When expressed in 
HEK293 cells, I observed uncleaved Lphn1 
as well as the two subunits in cell lysates. 

Mass spectrometry and coIP experiments 
indicated that both domains of Lphn1 are 
represented in the coimmunoprecipitate 
with Cntn6. This indicates that Cntn6 
associates with uncleaved Lphn1 or with the 
complex of the two subunits, and suggests 
that Cntn6 might regulate autoproteolysis of 
Lphn1. However, I have found no evidence 
that the (auto)proteolysis of Lphn1 into its 
two subunits is altered by coexpression with 
Cntn6 (Chapter 5, Supplementary Fig. 5C). 
This rules against a mechanism that Cntn6 
is able to influence the autoproteolysis of 
Lphn1. Another model is possible in which 
Cntn6 regulates the reassociation of Lphn1 
domains. Lphn1 subunit reassociation was 
previously reported upon binding to latrotoxin, 
which induced signaling (Volynski et al., 
2004). Cntn6 may induce reassociation of 
Lphn1 into a protein complex that lacks pro-
apoptotic activity and redirect it to a different 
signaling pathway. Alternatively, Cntn6 
inhibition of Lphn1 pro-apoptotic activity 
might simultaneously prevent reassociation 
of the subunits and subsequent signaling. 
Future research is necessary to elucidate 
the underlying mechanism on the effects of 
Cntn6 on Lphn1 signaling and structure.

The biological significance of 
Cntn6 protein networks
Cntn6 regulates synaptogenesis by 
interacting with synaptic protein networks. In 
Cntn6-/- mice, fewer glutamateric synapses 
were observed in the hippocampus and 
cerebellum (Sakurai et al., 2009; 2010). 
However, through which protein networks 
Cntn6 regulates synaptogenesis remains 
speculative. Currently, Lphn1 and Nlgn1 
are the only known interactors that bind 
Cntn6 directly in the postsynapse (Fig. 
2). Additional binding partners of Lphn1 
and Nlgn1 may extend the Cntn6 synaptic 
protein network to presynaptic Nrxn1 
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(Boucard et al., 2012; 2005; Chih et al., 
2006). In its turn, presynaptic Nrxn1 
interacts in trans with postsynaptic LRRTM2 
and regulates excitatory synapse formation 
(de Wit et al., 2009; Ko et al., 2009; Siddiqui 
et al., 2010). It would be interesting to 
understand if the interaction of Cntn6 
with these proteins facilitates synaptic 
development and function. In addition, 
presynaptic Lphn1 interacts with the 
postsynaptic Temn2 and FLRT3 and thereby 
regulates synaptic development and function 
(O’Sullivan et al., 2012; Silva et al., 2011). It 
seems unlikely that Cntn6 might participate 
in the protein complex that would require a 
trans-synaptic interaction with Lphn1, since 
I have not observed that Cntn6 can bind 
Lphn1 in trans. However, the possibility that 
Cntn6 might directly interact in cis with the 
postsynaptic proteins Temn2 and FLRT3, 
should not be overlooked. Although all the 
aforementioned proteins are expressed in 
the synapse, it seems unlikely that Cntn6 
forms a major synaptic protein network that 
includes all mentioned proteins at the same 
time. It is probable that Cntn6 engages 
different protein networks depending on its 
anatomical and cellular location, since not 
all putative synaptic binding partners of 
Cntn6 are expressed by the same neurons. 
 A different protein network that includes 
Cntn6 is necessary for the orientation of 
apical dendrites. Misorientation of apical 
dendrites in layer V pyramidal neurons was 
observed in the visual cortex of Cntn6-/- mice 
(Ye et al., 2008). Close homolog of L1 (Chl1) 
and receptor protein tyrosine phosphatase 
alpha (Ptpra) are involved in this 
phenomenon. These CAMs directly interact 
with Cntn6 and facilitate the cell surface 
expression of Cntn6, which is compromised 
in Ptpra-/- and Chl1-/- mice (Ye et al., 2008; 
2011). Therefore, Ptpra-/- and Chl1-/- mice 
have additionally a decreased level of Cntn6 

at the cell surface, which might be the 
reason why these mice demonstrated a more 
severe loss-of-function phenotype than 
Cntn6-/- mice. When either Cntn6 or Chl1 
were clustered at the cell surface, Ptpra was 
recruited and together formed a complex. 
This lead to increased dephosphorylation of 
p59fyn, which mediates Sema3A signaling 
in microtubule reorganization and actin 
dynamics in developing neurons (Sasaki 
et al., 2002). In Ptpra-/- and Fyn-/- mice, 
the apical dendrites of pyramidal neurons 

Fig. 3. Phenotypes identified in the Cntn6-
deficient visual cortex. This schematic overview 
shows Cntn6 expression (green) in the wild-type 
(left) cortex, but not in the Cntn6-/- mouse cortex 
(right). A decreased number of Cux1+ neurons 
was observed in layers II-IV in the Cntn6-/- mice. 
Additionally, an increased number of FoxP2+ 
neurons was identified in layers VI. The total 
neuron (NeuN) and cell numbers (DAPI) remained 
unchanged. PV+ interneurons were decreased in 
the Cntn6-/- mice, while NPY+ interneurons were 
unchanged. In layer V the misoriented apical 
dendrites of the pyramidal neurons is visualized in 
the Cntn6-/- mouse cortex.



184

General Discussion

in layer V of the cortex were significantly 
misoriented and inverted compared to 
control littermates (Sasaki et al., 2002; Ye 
et al., 2008). These results, together with 
impaired dephosphorylation p59fyn in 
Cntn6-/- and Chl1-/- mice (Ye et al., 2008), 
suggest that Cntn6 and Chl1 act upstream 
of Ptpra and p59fyn. This protein network 
may explain the mechanism in which 
Cntn6 directs apical dendrite orientation of 
pyramidal neurons. 

Implications for cerebral cortex 
organization 
By examining the neuronal organization 
of the Cntn6-/- cortex (Fig. 3), I observed 
morphological phenotypes that are in line 
with the role of Cntn6 as a ligand for the 
dependence receptor Lphn1. The decrease 
of Cux1+ projection neurons in layers II-IV 
of the Cntn6-/- mouse visual cortex indicated 
a decrease in neuronal survival. This was 
corroborated by the increase in caspase-3+ 
cells in the visual cortex of Cntn6-/- mice. 
The decrease of neuronal survival was not 
significantly visible when quantifying the 
total number of neurons, although a slight 
decrease in layers II-IV was visible in these 
mice. Simultaneously, a significant increase 
of FoxP2+ projection neurons and a slight 
increase of total neuronal number were 
observed in the layer VI cortex of Cntn6-/- 
mice. The decrease of neuronal survival in 
layers II-IV might give way for an increase of 
neurons in the lower layers. 
 I observed signs for a role of Cntn6 in the 
migration or survival of cortical interneurons, 
which suggest that Cntn6 also engages in 
trans-interactions with ligands presented 
on interneurons. Approximately 20% of 
the neurons in the cortex are GABAergic 
interneurons which generally form local 
networks and establish synapses on nearby 
neurons (Rubenstein, 2011). The number of 

parvalbumin+ (PV) interneurons in the visual 
cortex of Cntn6-/- mice was decreased, 
while the number of NPY+ interneurons 
remained unchanged. This shift in the 
numbers of subtype-specific neurons and 
interneurons might disrupt the excitation/
inhibition balance in the cortex, which 
can lead to deficits in social behavior and 
information processing (Yizhar et al., 2011). 
An altered distribution of projection neurons 
and interneurons was observed before in 
Cntnap2-/-mice, which resulted in a highly 
asynchronous cortical neuronal activity 
(Peñagarikano et al., 2011). Abnormal 
neuronal synchrony is an ASD phenotype 
(Sohal et al., 2009; Uhlhaas and Singer, 
2006), and concurrently, mutations in 
Cntnap2 were associated with this disorder 
(Alarcón et al., 2008; Egger et al., 2014; 
Nord et al., 2011; Rossi et al., 2008). ASD 
phenotypes correlate with the behavioral 
phenotypes Cntnap2-/- mice demonstrate, 
including repetitive behavior, impaired 
communication and social behavior 
(Peñagarikano et al., 2015). 

Final words
In this thesis novel and known interactors 
of Cntn4, Cntn5, and Cntn6 were identified 
through proteomics. Particularly, I focused 
on the interaction of Cntn6 with Lphn1 and 
demonstrated that Cntn6 inhibits Lphn1-
mediated apoptosis. These results indicate 
that Lphn1 functions as a dependence 
receptor, which induces neuronal apoptosis 
only when Cntn6 is absent. Furthermore, 
it provides a novel look into modes of 
action of contactin proteins and into the 
consequences for brain development. 
Indeed, neuroanatomical analysis of the 
visual cortex of Cntn6-/- mice displayed 
an increase in apoptosis, showing that 
there are significant consequences in 
vivo. The identification of cell adhesion 
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properties of Cntn6 in the cerebral cortex 
points to a broader function for Cntn6 in 
neurodevelopment than previously shown. 
This was further emphasized by the 
ability of Cntn6 to interact with multiple 
transmembrane proteins which have several 
interactions of their own, including the well-
known and ASD-implicated Nrxn1-Nlgn1 
pathway. This may represent the tip of the 
iceberg that stands for integrated protein 
networks important for brain development, 
maturation and plasticity. It may provide 
valuable starting points for future studies 
to unravel how absence of Cntn6 impairs 
neurobiological processes, and ultimately 
leads to ASD pathophysiology. 
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addendum

De ontwikkeling van het zenuwstelsel is afhankelijk van het gecoördineerde samenspel van 
neuronen. Na hun ontstaan migreren deze neuronen naar hun eindbestemming en vormen 
uitlopers en contacten met elkaar (synapsen). De ontwikkeling van elk neuron en elke synaps 
gebeurt op een zeer strikte manier en deze zorgen uiteindelijk voor de plasticiteit van de 
hersenen. Wanneer er een molecuul wegvalt dat normaal gesproken hiervoor van belang is, 
dan kunnen er afwijkingen in de ontwikkeling en het functioneren van de hersenen ontstaan. 
Deze kunnen tot uiting komen als neuropsychiatrische ziekten. Autisme is hiervan een 
voorbeeld. 

Celadhsiemoleculen (CAMs) spelen een rol bij de contacten die cellen in het zenuwstelsel 
met elkaar maken, doordat zij buiten op de cel zitten en andere eiwitten herkennen en 
binden. Vele daarvan behoren tot de immunoglobuline superfamilie. De contactines 
(Cntns) vormen daarbinnen een kleine familie van zes leden die sterk op elkaar lijken. 
Onlangs zijn er bij autistische patiënten in enkele van de Cntns genetische mutaties 
ontdekt. Met name deleties in de CNTN4-, CNTN5-, en CNTN6-genen zijn gerapporteerd, 
waarvan de respectievelijke eiwitten sterk in hoeveelheid verminderen. Hierdoor 
zijn de neurobiologische functies van deze Cntns sterk in de belangstelling komen te staan 
(Hoofdstuk 1). Het is bekend dat de Cntn4-, Cntn5- en Cntn6-genen met onderlinge overlap 
tot expressie komen in de neocortex, de thalamus en het cerebellum. Ze zijn betrokken bij 
cellulaire processen, zoals bij de begeleiding van uitgroeiende axonen (de uitlopers van 
neuronen), de oriëntatie van uitgroeiende dendrieten (de ‘antennes’ van neuronen) en bij het 
vormen van synapsen. De onderliggende moleculaire mechanismen van deze Cntn functies 
zijn echter grotendeels onbekend. Het doel van het onderzoek beschreven in dit proefschrift 
is dan ook om de neurobiologische mechanismen van deze Cntns te vinden die van belang 
zijn voor de ontwikkeling van de hersenen. De nadruk ligt hierbij op Cntn6. Met deze kennis 
kunnen we beter begrijpen hoe en waarom er verstoring van hersenfuncties ontstaan bij 
mutaties in deze genen, zoals gevonden zijn bij autisme.
 Het is waarschijnlijk dat Cntns verschillende functies vervullen in hun rol als 
adhesiemoleculen. We hebben de ontwikkeling van de neocortex en hippocampus van 
Cntn6-deficiënte muizen en gezonde controle muizen onderzocht. De gevolgen van de 
afwezigheid van Cntn6 voor de cellulaire organisatie in deze hersengebieden gaven inzicht in 
de celadhesie-functies van Cntn6 tijdens de ontwikkeling van het brein (Hoofdstuk 2). Eerst 
werd er gekeken naar de expressie van het Cntn6-eiwit en van Cntn6-mRNA in de cortex, de 
thalamus en in de hippocampus van twee weken oude muizen. Op deze leeftijd is de Cntn6 
eiwit en mRNA expressie het hoogst. In volwassen muizenbreinen was de expressie hiervan 
sterk afgenomen. 

We hebben gebruik gemaakt van muizen waarin het Cntn6-gen uitgeschakeld is door middel 
van genetische modificatie. Daardoor ontwikkelt het brein zich in afwezigheid van het Cntn6-
eiwit en zijn de gevolgen toe te schrijven aan Cntn6. In volwassen Cntn6-deficiënte muizen 
hebben we vervolgens de visuele cortex en hippocampus neuroanatomisch onderzocht. We 
vonden een significante afname van het aantal Cux1+ neuronen in de bovenste lagen van de 
visuele cortex en een significante toename van het aantal FoxP2+ neuronen in de onderste 
lagen van Cntn6-deficiënte muizen in vergelijking met controle muizen. Dit duidde op een 
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gestoorde migratie van neuronen tijdens de ontwikkeling van de cortex en daarmee op een 
rol van Cntn6 bij de neuronale migratie.
 Daarnaast werd er gekeken naar de distributie en aantallen van twee verschillende typen 
interneuronen over de gehele visuele cortex. Hoewel er geen verschil was in het aantal NPY+ 
interneuronen, vonden we een significante afname in het aantal parvalbumine+ interneuronen 
in Cntn6-deficiënte muizen in vergelijking met controle muizen. Tenslotte werden de lengte 
en grootte van de suprapyramidale mossy fiberbundel in de hippocampus gemeten: die 
waren toegenomen ten gevolgen van de afwezigheid van Cntn6. Deze afwijkingen zijn een 
gevolg van de afwezigheid van celadhesiefuncties van Cntn6 en zijn daarmee een aanwijzing 
dat Cntn6 betrokken is bij het reguleren van celdood, migratie en fasciculatie van mossy 
fibers. 

Doorgaans gaan CAMs interacties aan met andere eiwitten om essentiële functies te verrichten. 
Cntns zijn gebonden aan het cellulaire oppervlakte via een glycosylphosphatidylinositol-staart 
en hebben zelf geen intracellulaire domeinen, waardoor ze zelf geen intracellulaire signaal- 
transductie kunnen verzorgen. De Cntns interacteren waarschijnlijk met andere membraan-
gebonden eiwitten of met liganden die gesecreteerd worden. De veronderstelde adhesie-
functies van Cntn6 uit Hoofdstuk 2 duiden er sterk op dat Cntn6 trans- en cis-interacties met 
andere membraaneiwitten aangaat en een onderdeel kan zijn van grotere eiwitcomplexen. 
Door middel van proteomics (massaspectrometrie gespecialiseerd in eiwitdetectie) hebben 
we meer inzicht verkregen in de netwerken waarvan Cntn4-, Cntn5, en Cntn6 deel uit maken 
(Hoofdstuk 3). Om dat technisch mogelijk te maken werden er fusie-eiwitten van deze 
contactines ontworpen en gebruikt in de proteomicsexperimenten. 
 Het meest opvallende resultaat van deze experimenten was het grote verschil in eiwit- 
partners tussen deze drie contactines. Allereerst identificeerden we amyloid precursor 
protein (APP) als een bindingspartner voor het Cntn4-fusie eiwit. Deze interactie was al 
eerder gerapporteerd en door ons bevestigd door coimmunoprecipitatie van APP met 
het native Cntn4 eiwit. Met behulp van immunocytochemie vonden we dat APP en Cntn4 
colocaliseren aan het membraan van HEK293-cellen en in primaire neuronen. In het 
precipitaat van Cntn5 vonden we alle subunits van het exocystcomplex terug. Dit is een 
multi-subunit eiwitcomplex dat betrokken is bij de transportatie van vesicles (celblaasjes). 
Cntn5 had met EXOC1-5 de hoogste interactie-scores. Hoewel we de interactie tussen 
Cntn5 en EXOC1 konden bevestigen door coimmunoprecipitatie van het native Cntn5 eiwit, 
was het niet mogelijk om de interactie van Cntn5 met de andere exocyst complex subunits 
aan te tonen. De colocalisatie van Cntn5 en verscheidene exocyst complex subunits werd 
wel waargenomen door immunocytochemie in HEK293-cellen en in primaire neuronen. In 
HEK293-cellen was de colocalisatie zichtbaar over de gehele cellulaire morfologie, maar 
in primaire neuronen voornamelijk in vesicles. Het is niet bekend dat de subunits van 
het exocystcomplex transmembraandomeinen hebben, waardoor het waarschijnlijk 
is dat Cntn5 en ExoC1 interacteren middels een gemeenschappelijke eiwitpartner. 
In het eiwitnetwerk van Cntn5 waren er een beperkt aantal eiwitten aanwezig met 
een transmembraandomain, zoals APP, APLP, VAMP3 en VAMP8. Deze eiwitten zouden 
mogelijk de interactie van Cntn5 en Exoc1 kunnen mediëren. De meest interessante 
geïdentificeerde bindingspartner in het precipitaat van het Cntn6-fusie eiwit was 
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latrophilin-1 (Lphn1). De interactie tussen Cntn6 en Lphn1 en de functie hiervan werd 
uitvoerig onderzocht en is beschreven in Hoofdstuk 5.

Mutaties in het Cntn-gerelateerde contactin-associated protein 2 (CNTNAP2) gen zijn 
veelvuldig in associatie gebracht met autisme en andere neuropsychiatrische ziekten. 
Het Cntnap2-eiwit, waar dit gen voor codeert, interacteert met Cntn2 en deze interactie 
is essentieel voor de structuur van de knopen van Ranvier in gemyeliniseerde axonen. 
Hoewel myelinisatie van axonen normaal verloopt in Cntnap2-deficiënte muizen, zijn er wel 
fenotypen waargenomen in gedragsexperimenten waarbij de dieren autisme-gerelateerd 
gedrag vertonen, zoals gestoorde communicatie en sociale interactie, stereotypische 
bewegingen en inflexibiliteit in gedrag. Recentelijk is het bekend geworden dat Cntnap2 
een rol speelt bij de organisatie van de cortex en in de stabiliteit van ‘spines’ op dendrieten. 
Hierbij zijn onbekende bindingspartners betrokken die met Cntnap2 deze neurobiologische 
processen uitvoeren. Om deze eiwitten te identificeren hebben we Cntnap2-eiwitcomplexen 
geanalyseerd in cellen en vergeleken met een interactoom van Cntnap2 bepaald in 
hersenweefsel (Hoofdstuk 4). We konden reeds bekende en nieuwe bindingspartners van 
Cntnap2 identificeren via proteomics, zoals FERM-eiwitten, en verscheidene scaffolding- en 
cytoskelet-eiwitten. Deze eiwitten zijn allen betrokken bij het reguleren het actinecytoskelet, 
welke essentieel is voor cellulaire mobiliteit, uitgroei van neurieten en dynamiek van spines. 
Deze geïdentificeerde bindingspartners van Cntnap2 kunnen het beginpunt zijn voor het 
verder ontleden van de neurobiologische processen waarvoor Cntnap2 nodig is, en verstoord 
raken als Cntnap2 afwezig is.

De identificatie van Lphn1 als mogelijke bindingspartner van Cntn6 uit Hoofdstuk 3 trok 
mijn bijzondere aandacht, omdat deze interactie hoog scoorde in de massa spectrometrie 
analyse en Lphn1 een vrij onbekend eiwit is dat onlangs in verband is gebracht met 
belangrijke neurobiologische processen en met de neuropsychiatrische aandoening ADHD. 
Lphn1 is een zogenaamde “cell adhesion G protein-coupled receptor (aGPCR)’ en bestaat 
uit extracellulaire, transmembraan en intracellulaire domeinen. aGPCRs zijn verwant aan 
een grote groep van receptoren die reageren op allerlei signaalstoffen, maar hebben ook 
adhesieeigenschappen dankzij een groot extracellulair domein. In het Cntn6-precipitaat uit 
cellijnen en breinweefsel kon Lphn1 ook geïdentificeerd worden, wat de interactie bevestigde 
(Hoofdstuk 5). Door biochemische experimenten was het mogelijk om deze binding 
te karakteriseren als een cis-interactie. Tevens kwamen de mRNAs van Cntn6 en Lphn1 
samen tot coexpressie in verscheidene hersengebieden, zoals in delen van de thalamus, de 
cortex en de hippocampus. Ook colokaliseerden de Cntn6- en Lphn1-eiwitten in neuronen 
van de genoemde gebieden en bevonden beide eiwitten zich in gezuiverde fracties die de 
postsynaps bevatten.

Bovendien konden we functie koppelen aan het Cntn6-Lphn1complex. Expressie van Lphn1 
in primaire neuronen leidde tot een significante reductie in de uitgroei van neurieten en 
tot een significante toename van apoptose (geprogrammeerde celdood). Dit effect was 
omkeerbaar wanneer Cntn6 tot coexpressie werd gebracht met Lphn1 in primaire neuronen. 
Deze resultaten suggereren dat Lphn1 een mogelijke ‘dependance receptor’ zou kunnen 
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zijn. Dependence receptoren veroorzaken celdood, wanneer zij geen stoffen kunnen 
binden die voor de overleving van de cel moeten zorgen. Lphn1 veroorzaakte celdood in 
afwezigheid van Cntn6. Dependence receptoren kunnen tevens na binding met ligand, 
net zoals conventionele receptoren, klassieke signaleringsroutes activeren en hiermee 
cellulaire overleving, migratie en differentiatie stimuleren. In lijn met deze data vonden we 
ook significant meer apoptotische cellen in de visuele cortex van Cntn6-deficiënte muizen. 
Om te bevestigen dat deze toename in apoptose het gevolg is van Lphn1-activiteit in 
afwezigheid van Cntn6, werden er ‘short-hairpin-RNA-constructen’ tegen Lphn1 toegepast 
in primaire neuronen afkomstig van Cntn6-deficiënte en controle muizen. In primaire 
neuronen van Cntn6-deficiënte muizen was er een toename van apoptose zichtbaar, welke 
significant gereduceerd kon worden na expressie met de Lphn1-gerichte short-hairpin-RNA-
constructen. In de controle primaire neuronen hadden deze constructen geen effect. Uit 
deze data kunnen we concluderen dat Lphn1 een dependance receptor is, die in afwezigheid 
van Cntn6 tot apoptose leidt. Dus Cntn6 remt de pro-apoptotische activiteit van Lphn1 in 
primaire neuronen en dit heeft een functionele impact op neuronale ontwikkeling. Deze data 
leiden tot een nieuw model voor de werking van Cntn-eiwitten dat meer inzicht verschaft in 
de manier waarop ze betrokken zijn bij hersenontwikkeling. 

Hoofdstuk 6 beschrijft een genetische studie waarin we de nucleotide veranderingen (single 
nucleotide variations; SNVs) onderzochten in alle zes CNTN- en vijf CNTNAP-genen in DNA 
afkomstig van autisme patiënten uit multiplexfamilies. Eerdere studies hebben copy number 
variations (CNVs) in deze genen geassocieerd met de neuropathogenese van autisme. CNVs 
zorgen voor grote genetische deleties en duplicaties, waardoor de gecodeerde eiwitten 
sterk verminderd of vermeerderd worden geproduceerd. SNVs zijn subtiele mutaties waarin 
een enkele nucleotide veranderd is. Afhankelijk van de mutatie kunnen SNVs ook een grote 
impact hebben op de structuur en functie van het gecodeerde eiwit. Er is tegenstrijdige 
informatie over de associaties van SNVs in de CNTN- en CNTNAP-genen met het ontwikkelen 
van autisme. Wij hebben onderzocht of SNVs in deze genen zich vaker voordoen bij mensen 
met autisme in multiplex families. We identificeerden in het cohort door next generation 
sequencing een zestal zeldzame heterozygote mutaties in de CNTN- en CNTNAP-genen die 
schadelijk zijn voor het eiwit. Gebaseerd op de cosegregatie analyse in de families konden 
we echter geen bewijs vinden dat de SNVs in de CNTN- en CNTNAP-genen bijdragen aan 
de neuropathogenese van autisme. 

De studies beschreven in dit proefschrift hadden als doel neurobiologische mechanismen 
te vinden waarmee Cntns, met nadruk op Cntn6, de ontwikkeling van de hersenen 
beïnvloeden. Door de eiwitnetwerken van deze Cntns te onderzoeken hebben we 
meer inzicht verkregen in de onderliggende mechanismen waarmee Cntn4, Cntn5, 
en Cntn6 hun (celadhesie)functies vervullen gedurende de hersenontwikkeling. Dit 
onderzoek heeft geleid tot een functioneel Cntn6-Lphn1 model, dat als voorbeeld 
kan dienen voor de andere Cntns. Met deze kennis kunnen we beter begrijpen hoe 
en waarom er verstoring van hersenfuncties ontstaan bij mutaties in deze genen, zoals 
gevonden zijn bij autisme.
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