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Abstract
Congenital rare neurodevelopmental disorders (NDDs) facilitate great insight into the development
and functioning of the central nervous system (CNS), as genes critical to the CNS can be identified.
Through international collaborations, we identified variants of unknown significance in the gene
FIBCD1 in two unrelated patients with a severe, idiopathic NDD. FIBCD1 had previously been
demonstrated as a pattern recognition receptor of the innate immune system and had no known
function in the CNS.
We first profiled the expression of FIBCD1 in human and mouse tissues, finding high expression
in the hippocampus of the brain, in line with the neurodevelopmental phenotypes observed in our
patients. We next perturbed a putative FIBCD1 orthologue (dFIBCD1) in Drosophila melanogaster,
finding that shRNA-mediated neuronal knockdown of dFIBCD1 resulted in developmental neurological
disturbances in the larvae and neurological behavioural disturbances in adults. These findings
suggested a previously unknown neuronal function of FIBCD1 and motivated us to further study its
function in higher organisms. We obtained a FIBCD1 KO mouse model, which we found to have
impaired performance in hippocampal-dependent learning tasks compared to WT littermates.
Having confirmed an in vivo neurological role of FIBCD1, we next sought to determine its
function. A previous study which reported a partial crystal structure for FIBCD1 identified a potential
binding pocket for glycosaminoglycans (GAGs), which are polysaccharide structures found in
extracellular matrices. We hypothesised FIBCD1 to be receptor of the brain extracellular matrix (ECM).
To this end, we surveyed the hippocampal glycome content of KO and WT mice by HPLC. We observed
a relative increase in a particular GAG, chondroitin sulphate 4S (CS-4S; CS-A), which we confirmed to
be elevated by Western blot. Next, we determined FIBCD1 to facilitate the endocytosis of GAGs,
preferentially CS-A, which is consistent with the hippocampal glycome disturbances in the KO mouse.
We developed a cellular assay to experimentally test the patient variants’ effects on FIBCD1 function
and determined them all to be loss of function.
To understand FIBCD1’s signalling function, we isolated mouse primary hippocampal neurons,
stimulated FIBCD1, and performed RNA-sequencing. By comparing transcriptomes of stimulated and
unstimulated WT vs KO conditions, we identify the transcriptional fingerprint of FIBCD1 stimulation,
which includes a number of ECM structural components. Finally, we performed electrophysiological
recordings in acute hippocampal slices and found impaired pre- and post-synaptic remodelling in the
KO slices compared to WT, which reflects the deficient learning behaviours.
In summary, we report FIBCD1 as a novel receptor for the brain ECM which, when disrupted,
is associated to a complex NDD.
vi

Zusammenfassung
Angeborene seltene neurologische Entwicklungsstörungen (NDD) ermöglichen einen umfassenden
Einblick in die Entwicklung und Funktionsweise des zentralen Nervensystems (ZNS), da hierbei für das
ZNS wichtige Gene identifiziert werden können. In internationaler Zusammenarbeit haben wir bei zwei
nicht verwandten Patienten mit einer schweren, idiopathischen NDD, Varianten von unbekannter
Bedeutung im Gen FIBCD1 identifiziert. FIBCD1 war zuvor als Mustererkennungsrezeptor des
angeborenen Immunsystems nachgewiesen worden und hatte keine bekannte Funktion im ZNS.
Wir erstellten zunächst ein Profil der Ausprägung von FIBCD1 in menschlichem und
Mausgewebe und stellten eine hohe Ausprägung im Hippokampus des Gehirns fest, die mit den bei
unseren Patienten beobachteten neurologische Phänotypen übereinstimmt. Daraufhin haben wir ein
mutmaßliches FIBCD1-Ortholog (dFIBCD1) in Drosophila melanogaster beeinträchtigt und festgestellt,
dass

die

shRNA-vermittelte

neuronale

Ausschaltung

von

dFIBCD1

zu

neurologischen

Entwicklungsstörungen bei den Larven und zu neurologischen Verhaltensstörungen bei den
Erwachsenen führte. Diese Ergebnisse ließen auf eine bisher unbekannte neuronale Funktion von
FIBCD1 schließen und motivierten uns, seine Funktion in höheren Organismen weiter zu untersuchen.
Wir erhielten ein FIBCD1-KO-Mausmodell, bei dem wir im Vergleich zu WT-Wurfgeschwistern
Leistungseinbußen bei hippocampusabhängigen Lernaufgaben feststellten.
Nachdem wir die neurologische Rolle von FIBCD1 in vivo bestätigt hatten, versuchten wir als
nächstes, seine Funktion zu bestimmen. In einer früheren Studie, in der eine partielle Kristallstruktur
von FIBCD1 beschrieben wurde, wurde eine potenzielle Bindungstasche für Glykosaminoglykane
(GAGs) identifiziert, bei denen es sich um Polysaccharidstrukturen handelt, die in extrazellulären
Matrizen vorkommen. Wir stellten die Hypothese auf, dass FIBCD1 ein Rezeptor für die extrazelluläre
Matrix (ECM) des Gehirns ist. Zu diesem Zweck untersuchten wir den Glykogengehalt im Hippokampus
von KO- und WT-Mäusen mittels HPLC. Wir beobachteten einen relativen Anstieg eines bestimmten
GAG, Chondroitinsulfat 4S (CS-4S; CS-A), dessen erhöhte Konzentration wir durch Western Blot
nachweisen konnten. Als nächstes stellten wir fest, dass FIBCD1 die Endozytose von GAGs,
vorzugsweise CS-A, erleichtert, was mit den Störungen des Glykogens im Hippokampus der KO-Maus
übereinstimmt. Wir entwickelten einen Zellexperiment, um die Auswirkungen der Patientenvarianten
auf die FIBCD1-Funktion experimentell zu testen, und stellten fest, dass sie alle einen Funktionsverlust
aufweisen.
Um die Signalfunktion von FIBCD1 zu verstehen, isolierten wir primäre HippokampusNeuronen der Maus, stimulierten FIBCD1 und führten RNA-Sequenzierung durch. Durch den Vergleich
der Transkriptome von stimulierten und nicht-stimulierten WT- und KO-Bedingungen konnten wir den
transkriptionellen Fingerabdruck der FIBCD1-Stimulation identifizieren, der eine Reihe von ECMvii

Strukturkomponenten umfasst. Schließlich führten wir elektrophysiologische Ableitungen in akuten
Hippocampusschnitten durch und stellten fest, dass der prä- und postsynaptische Umbau in den KOScheiben im Vergleich zu den WT-Scheiben beeinträchtigt ist, was das mangelhafte Lernverhalten
widerspiegelt.
Zusammenfassend stellen wir fest, dass FIBCD1 ein neuartiger Rezeptor für die ECM des
Gehirns ist, der, bei einer gestörten Funktion, mit einer komplexen NDD verbunden ist.
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1. Introduction
Human genetic diseases
The human genome consists of approximately 3 billion nucleotides (Lander et al, 2001; Venter et al,
2001) separated into 23 pairs of chromosomes, of which 22 pairs are autosomes and 1 pair are
allosomes (or “sex chromosomes,” X and Y). Only about 3% of the genome encodes proteins, consisting
of approximately 21,000 genes (Dunham et al, 2012). Errors in the DNA code can cause disease which
are heritable.
Genetic diseases caused by mutations in a single gene are referred to as “monogenic” and
diseases caused by a combined effect of many genes are “polygenic.” Monogenic diseases are usually
rare. The European Union defines a rare disease as one that affects less than 1 in 2000 people, though
85% of the approximately 6000 identified rare diseases affect less than 1 in 1,000,000 people
(Nguengang Wakap et al, 2020). Considering that rare diseases affect a collective 30,000,000 people
in Europe, identifying, understanding and treating rare diseases is a public health issue (Valdez et al,
2016). Furthermore, identification of rare (monogenic) diseases highlight which of our 21,000 genes
are particularly important to the development and function of the human body. The study of rare
inherited diseases is therefore to the benefit of the wider public and not just those directly affected by
such diseases.

Mendelian Modes of Inheritance
Humans are diploid, which means that the vast majority of our cells contain two sister copies of each
autosome each inherited from either our mother or father. The corresponding genes between each
sister autosome, which are called “alleles,” code for the same proteins but can differ in genetic
sequence.
Severe, monogenic disorders are often inherited in four basic modes: autosomal recessive
(AR), autosomal dominant (AD), X-linked recessive (XLR) and X-linked dominant (XLD). A disease allele
with a recessive mode of inheritance can be compensated for by a healthy sister allele. Therefore,
patients with an AR disorder must harbour two diseased alleles each inherited from their mother and
father, who are usually healthy and unaware that they each carry a single diseased allele. This is known
as being a heterozygote, or “carrier”. Diseases caused by mutation in genes on the X chromosome are
referred to as “X-linked.” XLR disorders primarily affect males (XY) as they do not have the possibility
of a healthy sister X-linked allele to compensate for a diseased allele. XLR disorders are therefore
usually transmitted from carrier mother to her son. For alleles that exhibit dominant modes of
inheritance, only a single diseased allele is required for disease to manifest. For AD inheritance, usually
1

one of the parents is affected by the disease and passes on the diseased allele. XLD disorders are quite
rare but can be transmitted from either parents with an equal chance of affecting sons or daughters.

Errors of chromosomal inheritance
While the majority of human cells are diploid, our gametes (the sperm and egg) are haploid, meaning
they contain 1 copy of each chromosome. During fertilisation, a sperm and an egg fuse together to
produce a diploid cell which is then able to divide, mature and form a foetus. However, there can be
errors in the formation of the gametes which results in the gamete having an improper number of
chromosomes, known as “aneuploidy”. If one of the fertilising gametes is aneuploid, the resulting
zygote will also be aneuploid. Aneuploidy of the autosomes is usually embryonically lethal, resulting in
a spontaneous abortion, and accounts for over half of miscarriages during the first trimester (Ljunger
et al, 2005). However, there are some occasions where foetal aneuploidy does not result in termination
of the pregnancy. Gain of an autosome can be tolerated at chromosome 13 (causing Patau Syndrome),
chromosome 18 (Edwards Syndrome) and chromosome 21 (Down’s Syndrome) (Potapova & Gorbsky,
2017). Loss of any autosome is not viable. For the allosomes, aneuploidy is deleterious but is usually
not lethal. The most common example is Turner Syndrome, caused by a missing X chromosome in
females (45, XO). Another example is Kleinfelters Syndrome, where males have an extra X chromosome
(47, XXY).
Uniparental disomy (UPD) is a phenomenon of inheritance of both copies of a paternal or
maternal chromosome, with no contribution from the other parent. This can occur as a resolution of
aneuploidy after fertilisation, where an extra chromosome is randomly eliminated (Fig. 1a) or
duplication of a chromosome to replace a missing one (Fig. 1b). Alternatively, early mitotic crossing
over can result in large arms of a chromosome being swapped, resulting in mosaic UPD (Fig. 1c). UPD
is often not noticed throughout life, however, some chromosomes contain imprinted genes where it
is critical to receive both maternal and paternally inherited alleles (del Gaudio et al, 2020), which can
resort in imprinting disorders such as Prader-Willi Syndrome. Alternatively, UPD of a chromosome
carrying a diseased AR allele can occur, which may lead to uncovering of the disorder in the offspring.
This causes rare cases of a child inheriting an AR disorder despite only one of their parents being
carrier.

2

Figure 1: Examples of common mechanisms by which uniparental disomy arises. Image reprinted with permission from del
Gaudio et al., 2020.

Genetics of neurodevelopmental disorders
Neurodevelopmental disorders (NDDs) are a group of disorders including intellectual disability (ID) and
autism spectrum disorders (ASDs), characterised by early onset symptoms such as communication
deficits, stereotypical and repetitive movements and impairments to communication and social
interaction skills (Thapar et al, 2017). NDDs are often classified as syndromic, meaning there are
associated co-morbidities other than the primary developmental symptom, or non-syndromic. NDDs
can be caused by genetic or environmental factors (or a combination of both). Environmental risk
factors include pre- or post-natal infection, maternal alcohol abuse and malnutrition. Many genetic
NDDs are highly polygenic, meaning there are number of contributory genetic risk factors which have
an individually small effect size. There are also a number of rare, monogenic NDDs caused by highly
penetrant and deleterious genetic variants, usually AR inherited, which are the focus of the present
thesis.
Identification of monogenic causes of NDDs reveals genes key to correct neurological
development, thus facilitating a ‘top-down’ approach to studying CNS development. Thousands of
genes have been identified thus far and the exponential rate of increase each year implies that NDD
gene identification has not plateaued (Vissers et al, 2016; Kochinke et al, 2016). It has been estimated
that there are over 1000 NDD genes still to be identified (Kaplanis et al, 2020). The most common
monogenic NDD is Fragile-X Syndrome (FXS), an XLD disorder, which affects approximately 1 in 4000
males and 1 in 8000 females. FXS is characterised by developmental delay, autistic-like behaviours (e.g.
avoidance of eye contact, flapping hand movements) and intellectual disability. Additionally, physical
features such an elongated, narrow face, flexible fingers, large ears and macroorchidism are typical.
FXS is caused by a CGG repeat expansion in the 5’ untranslated region (5’-UTR) of the gene FMR1,
3

leading to hypermethylation and silencing of the gene. Symptoms occur on a spectrum of severity,
with longer repeat expansions correlated with greater severity of symptoms (Garber et al, 2008). The
FMR1 protein product, FMRP, is involved in the regulation of protein synthesis at neuronal dendrites,
regulating synaptic transmission and cognition (Garber et al, 2008). Another relatively common and
well-studied monogenic NDD is Rett syndrome, which is XLD, caused by loss of function of the gene
MECP2. Rett syndrome is a progressive disease primarily observed in females at a rate of 1 in 10,000,
as males who inherit the deleterious allele are usually not viable. Clinically, patients with Rett disorder
develop normally up to 6-18 months after birth, after which development stagnates and there is a
rapid loss of language, motoric and cognitive skills (Chahrour & Zoghbi, 2007).

The brain extracellular matrix
The extracellular matrix (ECM) of the brain is a structurally dynamic microenvironment that has
important roles in the development and function of the CNS. Human genetic disorders of ECM
composition, synthesis, metabolism and signalling affect different systems, but most include the CNS,
and can cause an NDD (Freeze et al, 2012).
The ECM is composed of glycans and glycoconjugates, including glycoproteins, proteoglycans
and glycosphingolipids. The ECM of the brain shares many components with the ECM of other tissues.
However, there are some features distinctive to the brain, including relatively low amounts of fibrous
proteins (e.g. collagen) and high levels of glycosaminoglycans (GAGs) (Novak & Kaye, 2000). The ECM
can be broadly classified by location into: 1) the pial basement membrane, which contains mostly
fibrillary proteins and is located on the outer surface of the brain (Fig. 2A), 2) the interstitial neural
ECM, which resides between cells and contains mostly GAGs, proteoglycans and hyaluronan (Fig. 2B)
and 3) the cell-surface glycocalyx, which are membrane-localised glycoproteins, proteoglycans and
glycolipids (Fig. 2C). Signalling from the interstitial and cell-surface ECM is essential for many
neurodevelopmental processes including axon outgrowth, axon guidance, synaptogenesis, neuronal
migration and remodelling of the synapse.
The brain ECM is composed of a vast array of different components. The present thesis will
focus largely on a principal GAG, chondroitin sulphate (CS), and its conjugates, chondroitin sulphate
proteoglycans (CSPGs).

4

Figure 2: Organisation of the brain extracellular matrix. Brain extracellular structures are organised at (A) the pial basement
membrane encapsulating the brain, (B) the interstitial space between brain cells and (C) the cell surface glycocalyx.
Reproduced with permission from Dwyer and Esko 2016.

Components of the ECM: glycosaminoglycans
GAGs are polysaccharide structures consisting of variable repeating disaccharide subunits, which
consist of an amino sugar and either a uronic acid or galactose. There are 5 types of GAGs: heparin,
heparan sulphate (HS), chondroitin sulphate (CS), dermatan sulphate (DS), keratan sulphate (KS) and
hyaluronic acid (HA). HS and HA both consist of N-acetylglucosamine (GlcNAc) and glucuronic acid
(GlcA) but differ in that HS forms a proteoglycan and HA does not. CS consists of N-acetylgalactosamine
(GalNAc) and GlcA, DS of GalNAc and iduronic acid (IdoA) and lastly KS of GalNAc and galactose. HS,
CS, DS and KS all are conjugated to a core protein to form a proteoglycan, which are themselves
classified based on the composition of their GAG side chains.
All GAGs are negatively charged, which is key to their function, and often associated with the
presence of sulphate modifications. The exception is the unsulphated HA, where the negative charge
arises from the GlcA subunits. Sulphation of the GAG chains is a complex and dynamic process
regulated by sulfonyltransferases which catalyse the transfer of a sulfonyl group from an activated
sulphate donor to the GAG amino group. In eukaryotic cells, the sulphate donor is the highly conserved
3’-phosphoadenosine-5’-phosphosulfate (PAPS). Sulphate modifications to the GAG chains is a tightly
regulated process and contributes significantly to the functional diversity of the structures. For CS,
sulfonyltransferases catalyse the 4-O- and 6-O- sulphation of the GalNAc units in variable degrees and
5

patterns. CS GalNAc units can be 4-sulphated (CS-4S, CS-A), 6-sulphated (CS-6S, CS-C) or both (CS-4,6S,
CS-E). Additionally, the GlcA unit can be 2-O-sulphated by the enzyme uronosyl 2-O-sulfotransferase
(2OST) (Kobayashi et al, 1999), in combination with 4-O-sulphated GalNAc (CS-B) or 6-O-sulphated
GalNAc (CS-D) (Fig. 3).
Multiple lines of evidence suggest CS sulphation to be under tight spatiotemporal regulation
during development. HPLC analysis of CS disaccharides showed CS-A to be expressed in the mouse
cortex and cerebellum during prenatal development, which gradually increased during development
(Miller & Hsieh-Wilson, 2015). Conversely, CS-C was also shown to be expressed in development but
gradually decreases with time, though it still remained the second highest expressed CS in adulthood.
CS-E was expressed highest in prenatal mouse cortex and decreased into adulthood, where it is
expressed higher in the cortex than cerebellum; CS-D was seen highest in the cerebellum. The
expression of the enzymes that catalyse the addition of the sulphate groups, which is also under tight
regulation, generally correlates with the expression levels of the respective CS motifs (Purushothaman
et al, 2007; Miller & Hsieh-Wilson, 2015).

Figure 3: The structure of common sulphated chondroitin sulphates. Shown are the number and position of sulphate groups
added to GalNAc (square) and/or GlcA (diamond) subunits of chondroitin sulphate. Reproduced and modified with permission
from Miller and Hsieh-Wilson 2015.

Components of the ECM: chondroitin sulphate proteoglycans
GAGs are often conjugated to proteins to form proteoglycans. The core protein determines where a
proteoglycan is localised (e.g. within a vesicle or extracellular); the GAGs normally mediate the function
of a proteoglycan. CS chains conjugated to core proteins form chondroitin sulphate proteoglycans
6

(CSPGs), of which the most prominent are the lectican family (also known as hyalectans), which
constitute the most abundant proteins in the brain ECM and the largest family of proteoglycan. In
mammals there are four lectican genes coding for neurocan, brevican, versican and aggrecan (Smith
et al, 2015). These CSPGs differ in the length of the core protein as well as the number, position and
composition of the GAG side chains. Some lecticans (such as versican) can also be alternatively spliced,
leading to structural isoforms. Structurally, lecticans contain globular C- and N-terminal domains
interspersed by structurally heterogenous central domains, onto which the CS chains are covalently
attached (Yamaguchi, 2000). The central domain is highly variable in length, sequence and the number
of GAG binding sites. Versican has the longest central domain (c. 1700 amino acids); brevican the
shortest (c. 300 amino acids). Aggrecan has the most potential CS binding sites in the central domain
(c. 120); brevican the fewest (c. 3) (Yamaguchi, 2000). Lecticans associate with hyaluronan via their
highly homologous N-terminal hyaluronan-binding domain, which is stabilised and strengthened by
link-proteins. The lecticans also differ based on their localisation and cell type of origin. Brevican and
neurocan expression is largely restricted to the nervous system; aggrecan and versican are found in
other tissues as well (Yamaguchi, 2000). Neurocan is expressed by astrocytes and neurons, brevican
mainly by neurons, versican by neurons and oligodendrocytes and aggrecan mainly by neurons
(Zimmermann & Dours-Zimmermann, 2008). The expression of the lecticans is regulated during
development. Neurocan and versican (splice variant GAGβ) comprise the ‘immature ECM’ and are
highly expressed during development before a sharp reduction in expression shortly before birth.
Aggrecan, brevican and versican (splice variant GAGα) make up the ‘mature ECM,’ as their expression
gradually rises from development into adulthood, peaking at about P150 (Fig. 3) (Zimmermann &
Dours-Zimmermann, 2008).
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Figure 4: Immunohistochemical staining of lectin family members in the head of E18.5 mice. Reproduced with permission
from Zimmermann and Dours-Zimmermann 2008.

In addition to the lectican family, prominent CSPGs in the CNS include neuron-glial antigen 2
(NG2), also called CSPG4, a cell-surface transmembrane protein expressed by non-neuronal cells such
as microglia, macrophages and oligodendrocyte progenitor cells (OPCs) (Wang & He, 2009; Jones et al,
2002). NG2 inhibits neuronal attachment and neurite outgrowth in vitro (Dou & Levine, 1994) and
congenital mutations have been associated with familial schizophrenia (de Vrij et al, 2019).
Phosphacan is a proteoglycan that can contain either CS or KS side chains, expressed in the CNS, and
derived by cleaving of receptor-type protein-tyrosine phosphatase (PTPζ/RPTPβ), a transmembrane
receptor that is synthesised as a CSPG (Krishnaswamy et al, 2019). Phosphacan is expressed in regions
of the brain including the hippocampus, cerebellum and olfactory bulb and, in the cerebellum, shown
to localise around axonal parallel fibres but not synapses (Hayashi et al, 2005). In vitro, phosphacan
inhibited adhesion and axonal outgrowth in cultured CGNs (Hayashi et al, 2005). Using a phosphacan
KO mouse, researches demonstrated a disruption to the structure of perineuronal nets (PNNs) though
the total number and distribution was unchanged (Eill et al, 2020). Decorin is a small proteoglycan
sometimes associated with CS in the CNS and has been shown to be expressed by neurons and
astrocytes in the postnatal rat neocortex, thalamus and hippocampus (Kappler et al, 1998). Decorin’s
function in the CNS is unknown and mice with knocked out Dcn, coding for decorin, were not reported
to have neurological phenotypes (Danielson et al, 1997). Neuroglycan C (NGC) is a poorly studied
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transmembrane CSPG that is expressed only in the CNS (Nakanishi et al, 2006). NGC is thought to have
a role in promoting synaptogenesis and/or neurite outgrowth, as it was shown to be stimulatory to
neurite outgrowth in primary rat cortical cultures, which was blocked by inhibitors of protein kinase C
(PKC) and phosphoinositide 3-kinase (PI3K) (Nakanishi et al, 2006, 2010). Of note, studies in the mouse
cerebellum showed that NGC was associated to CS chains in the developing but not the mature
cerebellum, the reasons for which are unclear (Aono et al, 2000).

The role of CS and CSPGs in neuronal development and function
Perineuronal nets
PNNs are pericellular ECM condensates that encapsulate the soma, dendrites and often axons of
neurons, mainly cortical parvalbumin (PV)-positive inhibitory interneurons. PNNs can also be observed
in the amygdala and hippocampal CA2 region, where they encapsulate excitatory and inhibitory
neurons (Fawcett et al, 2019). They are found also outside of the brain, such as at neurons in the dorsal
horn. Most PNNs can be identified by staining with the lectin Wisteria floribunda agglutinin (WFA),
which binds GalNAc residues of CSPGs within PNNs (Haji-Ghassemi et al, 2016) (Fig. 5). Many studies
in the literature use WFA as a tool for PNN visualisation, however, it is often overlooked that there are
also PNNs that are WFA-negative, such as those that encapsulate cortical output neurons.
PNNs are composed primarily of CSPGs of the lectican family joined to a hyaluronan backbone
and stabilised by link proteins and tenascin-R (Fig. 5). Conditional knockout of Acan, coding for
aggrecan, in a mouse model resulted in loss of PNN structures (Rowlands et al, 2018). This was not the
case for brevican, versican or neurocan, suggesting that aggrecan is the only essential lectican for PNN
formation or stability. KO of hyaluronan led to incomplete loss of PNNs and KO of the link proteins
HAPLN1 and HAPLN4 led to loss of PNN without decreases in overall CSPG levels, suggesting a failure
of the CSPGs to be incorporated into the PNNs. Formation of PNNs during development is also
influenced by CS sulphation, the gene Otx2 (both discussed in more detail later) and synaptic activity.
PNNs have been classically studied in the context of visual cortex synaptic plasticity (discussed
in more detail in a later section) but have also gained attention as regulators of learning and memory.
PNNs have been shown to restrict synaptic plasticity and protect fear memories from erasure. While
fear memories can be readily erased in juvenile rats by continued exposure to a non-reinforced
conditioned stimulus, in adult rats, fear memories are more persistent. Gogolla and colleagues showed
that the switch between juvenile and adult rats’ fear extinction phenotypes correlates with the
formation of PNNs. Destruction of PNNs by injection of the enzyme Chondroitinase ABC (ChABC) into
the basolateral amygdala of adult rats re-enabled the extinction of fear memories compared to vehicleinjected control rats, indicating that PNNs function in the protection of memories from erasure
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(Gogolla et al, 2009). However, it should be noted that ChABC acts by cleaving the GAG chain of CSPGs
and HSPGs into soluble di- and tetra-saccharides. Therefore, ChABC action is not restricted to PNNs,
which represent only 2% of the total CSPG content in the brain. A clearer association between PNNs
and restricting synaptic plasticity was made by deletion of the link protein HAPLN1 in mouse CNS,
which resulted in heightened plasticity into adulthood, normally restricted by PNNs during critical
period closure (discussed in more detail later) (Carulli et al, 2010).
The mechanisms by which PNNs regulate synapse plasticity are not fully understood. Evidence
suggests a complex relationship that appears to depend on neuronal type and brain region. Further,
interrogation of PNN function through disruption of its constituents has largely relied on KO mouse
models. Most PNN components also function outside of the PNNs, which makes observed phenotypes
in the KO mouse difficult to assign solely to PNN disruption.
Tenascin-R KO mice, a more targeted model of PNN disruption, exhibit perturbed LTP in the
hippocampus associated to alterations in GABAergic inhibition of pre-synaptic vesicle release and
current flow through voltage-gated Ca2+ channels (Saghatelyan et al, 2000; Bukalo et al, 2001).
Tenascin-R has also been shown to regulate action potential velocity through interactions with sodium
channel subunits (Srinivasan et al, 1998). Brevican has been demonstrated to regulate AMPA channel
motility, with KO mice exhibiting fewer innervations from excitatory neurons onto PV+ cells, reduced
frequency of synaptic potentials and alterations in the function of K+ channels (Favuzzi et al, 2017).
Brevican has also been shown to restrict AMPA receptor motility in primary hippocampal neuron
dendritic spines, and alleviation of this restriction restored short-term synaptic plasticity (Frischknecht
et al, 2009). Deletion of aggrecan in the mouse visual cortex resulted in loss of PNN structures and reinstated heightened synaptic plasticity reminiscent of juvenile stages of development, normally
restricted by PNNs (Rowlands et al, 2018). Neurocan deletion did not have a significant effect on PNN
formation but impairments in the maintenance of hippocampal LTP was observed (Zhou et al, 2001).
Disruption of CS synthesis by knockout of key synthesis enzyme CSGalNAcT1, resulted in persistent
cortical plasticity and immature PV+ cells, suggesting CS to be important to the maturation of inhibitory
circuits (Hou et al, 2017). Some studies have suggested that the protein Semaphorin 3a (Sema3a) is
an effector protein of PNNs, as it has been shown that Sema3a localises to PNNs, interacts with CS4,6S (CS-E) of the ECM, and inhibits synaptic plasticity (Dick et al, 2013). Finally, CSPGs have been
shown signal inhibitory cues through cell surface receptors, including PTPσ, which inhibits axonal
outgrowth in injury models, LAR and Nogo receptors NgR1 and NgR3 (Dickendesher et al, 2012; Lee et
al, 2008; Xu et al, 2015). However whether these receptors act on CSPGs in PNNs and have a role in
synaptic plasticity has not been shown.
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The late Roger Tsien proposed an additional function of PNNs as a stable means of storing very
long-term memories (Tsien, 2013). The idea was that the holes in the lattice-like PNN structure,
through which synapses form, are a metabolism-independent stable site for the return of synapses
after withdrawal, even after a very long time or after a traumatic injury or prolonged state of
unconsciousness (e.g. a coma). While an attractive idea, there is thus far little supportive evidence, in
part due to the lack of tools to answer this question. As discussed, most studies have used ChABC or
genetic means to perturb PNNs and it is often difficult to dissect the roles of PNNs on long term
memory and other effects of PNN disruption (Fawcett et al, 2019).

Figure 5: Perineuronal nets. (A) A drawing of a perineuronal net by Ramόn y Cajal. (B) WFA staining of PNNs around an
inhibitory interneuron. (C) WFA staining of a PNN after ChABC digestion. (D) Proposed structure of a PNN. Reproduced with
permission from Dityatev and Schachner, 2003.

Axonal outgrowth inhibition and stimulation
A relatively well studied function of CSPGs is in the regulation of neurite outgrowth by stimulation or
inhibition. The inhibitory effects of sulphated CSPGs on axonal outgrowth is perhaps best studied
outside of the brain. After axonal injury in the spine, CSPG lesions rich in brevican, neurocan and
versican (among others) are formed by reactive astrocytes, inhibiting the regeneration of the injured
axon (Davies et al, 1999). Treatment of nerve-crushed mice/rats with ChABC to digest the GAG chains
permits regeneration of the axon and recovery by the animal, presumably due to the alleviation of the
inhibitory cues signalled by the CSPGs (Bradbury et al, 2002). Therefore, alleviation of CSPG inhibitory
signalling represents a therapeutic avenue for nerve-crush injury (Bradbury & Burnside, 2019). In the
brain, CSPGs often also signal inhibitory cues, defining growth non-permissive boundaries and thus
aiding in neurite pathfinding (Katoh‐Semba et al, 1995). Concordantly, areas thought to delineate
boundaries to axonal outgrowth or cell migration often exhibit strong immunostaining for CS, such as
at the glomerulus of the olfactory bulb (Gonzalez & Silver, 1994). CSPG binding to neuronal receptors
leads to an intracellular signalling through RhoA and Rho kinase (ROCK) that inhibit cytoskeletal
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polymerisation, causing growth cone collapse and inhibition of neurite outgrowth (Fujita & Yamashita,
2014). Inhibition of ROCK signalling in the mouse visual cortex has been shown to abrogate CSPGdependent phenotypes (Ribot et al, 2021).
While CSPGs are usually considered as inhibitory, growth-blocking structures, they also play a
role in shaping and stimulating neurite outgrowth. Axonal outgrowths in vivo have been observed to
cross CSPG-rich regions, such as in the developing neocortical subplate (Bicknese et al, 1994). It is
thought that the different effects of CSPGs on axonal growth is due to differential sulphate patterning
on the GAG chains. In vitro, CS-D and CS-E have been shown to promote outgrowth of neural
extensions in primary hippocampal neurons. Plating of primary hippocampal neurons on primary CS-D
(sourced from shark cartilage) stimulated the outgrowth of multiple dendritic protrusions, whereas CSE (from squid cartilage) promoted the outgrowth of a single axon (Hikino et al, 2003). The
morphological differences induced by CS-D and CS-E stimulation imply distinct signalling mechanisms,
which are not understood. The mouse variant of phosphacan, DSD-1-PG, is expressed by glia cells and
has also been shown to be stimulatory to neurite outgrowth of primary mesencephalic and
hippocampal rat neurons in vitro (Garwood et al, 1999). This affect appears to be mediated by the CSD-rich GAG side chains of DSD-1-PG, as removal of these chains or blockage with an antibody (473HD)
attenuated their stimulatory affect (Clement et al, 1998; Faissner et al, 1994). Therefore, pathfinding
by neurites is regulated in part by the expression of certain GAG sulfonyltransferases which, through
GAG sulphation, delineate boundaries or growth permissive regions.
Mechanistically, it is likely that the stimulatory effects of CSs on neurite outgrowth arises from
their affinities to neuronal growth factors (Miller & Hsieh-Wilson, 2015). Midkine (MK) and brain
derived neurotrophic factor (BDNF) have been demonstrated to more strongly associate with synthetic
CS-E compared to CS-A and CS-C (Gama et al, 2006), and other studies have shown preferential
association of nerve growth factor (NGF), BDNF and neurotrophin-3 (NT-3) to CS-D and CS-E compared
to CS-A and CS-C (Gama et al, 2006; Rogers et al, 2011). It is thought that these CSs stimulate neuronal
growth by recruiting such growth factors and facilitating binding to their neuronal membrane
receptors (Rogers et al, 2011). Additionally, neuronal receptors for these specifically sulphated CSs
could mediate their effects on neuronal growth, such as contactin-1 (CNTN-1).
Some sulphated CSs can have opposite effects on neurite outgrowth of different types of
neurons (Miller & Hsieh-Wilson, 2015). CS-E, for example, has been shown to be stimulatory to primary
hippocampal and mesencephalic neurons in vitro, but is inhibitory to dorsal root ganglia (DRG) and
cerebellar granule neurons (CGN), suggesting that the role of CS-E in vivo is context specific. The
mechanisms underlying this seemingly contradictory function are not well understood but may be due
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cell type specific differences in CS surface receptors, which confer opposing effects on neurite
outgrowth by differing intracellular signalling pathways.

Critical period regulation
The most severe forms of amblyopia (also known as “lazy eye”), where the brain favours one eye over
the other, can be caused by monocular deprivation (MD) during development. This can be caused, for
example, by a dense cataract in one eye. Early experiments with cats and rhesus macaques showed
that MD during development lead to changes in the visual cortex that would persist into adulthood.
After prolonged MD, the visual cortex was shown to become less responsive to ocular stimulation of
the deprived eye, resulting in a stronger influence of one eye over the other. This is known as ocular
dominance (OD). Significantly, it was shown that changes in the visual cortex’s response to the
deprived eye would reverse if MD was alleviated during development but not if alleviated in adulthood.
Furthermore, induction of MD in adulthood rather than during development did not lead to changes
in the visual cortex’s responses. These findings suggested a window of postnatal plasticity, known as
the “critical period,” where the visual cortex could adjust based on optical stimulation. After closure
of the critical period, the visual cortex is ‘locked-in,’ and would have much reduced responses to
changes in ocular stimulation. These findings informed clinical practice of postnatal MD in children and
was the part of the work that won the 1981 Nobel Prize in Medicine (Wiesel, 1982).
Today, OD plasticity by MD is still used as a model to study the mechanisms of critical period
signalling, often in mice. While the visual cortex is often used to explain and contextualise the critical
period, this process occurs across regions of the brain (Hensch, 2004). A critical period of synaptic
plasticity has been observed in several species, including zebrafish, mouse and human (Hensch, 2004).
We now know that the critical period is characterised by heightened synaptic plasticity and experiencedriven formation and modification of functional microcircuits in the brain. The closure of the critical
period, at around 7 years of age in humans, stabilises and maintains the functional microcircuits
formed during this period, restricting the formation of new or modifications to existing microcircuits.
The changes during critical period closure are associated with a number of structural and
molecular alterations (Hensch, 2005). The ECM has a significant role in regulating the critical period.
The closure of the critical period is correlated with the formation of PNNs (Pizzorusso et al, 2002),
whose inhibitory function is thought to contribute to the restricted synaptic plasticity after critical
period closure. The injection of ChABC into the visual cortex to degrade CSPGs, such as those found in
PNNs, was shown to reactivate ocular dominance plasticity in adult rats (Pizzorusso et al, 2002) and,
to a lesser degree, in cats (Vorobyov et al, 2013). Further, PNNs were shown to protect fear memories
from erasure, which was ablated by ChABC injection (Gogolla et al, 2009). A recent study showed that
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astrocytes regulate closure of the critical period and formation of PNNs in the mouse visual cortex
through Connexin-30 (Cx30) signalling, which inhibits RhoA/ROCK signalling and expression of matrix
metalloproteinase-9 (MMP9) and is required for formation of mature PNNs (Ribot et al, 2021).
While CSPGs were thought to largely present as a physical barrier to synaptic plasticity, later
work showed that the sulphation pattern of CS side chains was key to critical period closure, suggesting
a signalling mechanism in addition to (or instead of) a physical barrier (Bradbury et al, 2002; Miyata et
al, 2012). Critical period closure was shown to correlate with a switch in CS sulphation from CS-Chigh/CSAlow to CS-Clow/CS-Ahigh in chickens (Kitagawa et al, 1997). Overexpression of the enzyme that catalyses
the -6S modification, C6ST-1, in the mouse brain led to the maintenance of CS-Chigh/CS-Alow into
adulthood, resulting in persistent OD plasticity and prevention of the formation of PNNs, directly
linking the ratio of CS-C to CS-A in the closure of the critical period (Miyata et al, 2012). The seeming
importance of CS-C and -A to brain development suggests the existence of receptors specific for CS-A
and -C, but none have been reported.

ECM receptors
Integrins
Integrins are the principal receptors for ECM substrates throughout the body. The integrin family is
very large with diverse functions, many of which are largely not relevant to the CNS, such as cell
invasion, metastasis, cytokine activation and cytokine release. The following section will focus on the
role of integrins as they relate to ECM signalling through integrins and CNS development and function.
Integrins are transmembrane, heterodimeric receptors and are one of the principal receptors
for ECM molecules throughout the body. Integrins are composed of an α and a β unit and 18x α and
8x β units and 24x unique combinations have been identified in mammals (Hynes, 2002). Different
subunit combinations are found throughout the body and the different combinations confer
functionality. The α-subunit confers specificity to the ligand; the β-subunit links the receptor to the
cytoskeleton and intracellular signalling mechanisms (Wu & Reddy, 2012). Integrins undergo
bidirectional allosteric conformational changes reflective of their functional state (Park & Goda, 2016).
When inactive, integrins have a closed conformation in both their extra- and intra-cellular domains.
Binding of an intracellular ligand to an integrin opens up the extracellular clasp domain to promote
binding to the ECM and, conversely, binding of a ligand of the ECM to the extracellular domain of an
integrin opens up the intracellular domain to facilitate intracellular ligand binding and signalling.
Integrins bind a wide range of extracellular ligands. Integrins containing α5, α8 and αV subunits
belong to the RGD family of integrins, as they recognise ECM molecules containing the peptide
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sequence Arg-Gly-Asp (R-G-D) such as fibronectin and thrombospondins. Collagen-binding integrins
contain α1 and α2 subunits. Of the β units, integrins containing β1 and β3 are the best studied in the
brain, though others are also expressed (Pinkstaff et al, 1999). β1 subunits promiscuously binds with
α subunits, including the aforementioned α5, α8, αV as well as α3 subunits; the β3 subunit is exclusive
to the αV subunit.
Integrins have roles in both the development and functioning of the CNS (Park & Goda, 2016).
During development, integrins have been demonstrated to be key to the migration and differentiation
of neural stem cells in the ventricular and subventricular zones and, in differentiating neurons,
integrins containing β1 subunits promote axon growth by binding to the axon guidance cues
semaphorin 7a (Sema7a). Sema3a has been shown to signal dendritic guide cues in hippocampal
neurons via integrin-dependent focal adhesion kinase (FAK) phosphorylation. Mice KO for Sema3a
exhibited defective dendritic arborisation in vivo and in vitro primary neurons (Schlomann et al, 2009).
Integrin-ECM interactions are also crucial to synaptogenesis. Various integrin heterodimers localise at
the synapse, particularly at the post-synaptic density (PSD). Glutamatergic synaptogenesis in the
hippocampus has been demonstrated to be dependent on α3/β1 and α5/β1 integrins. Inhibition of β1
integrins by antagonists and blocking antibodies were shown to lead to decreases in synaptogenesis in
CA1 pyramidal neurons (Nikonenko et al, 2003). Integrins are also key to the highly dynamic
morphological alterations observed in synapse. Activation of β1 and β3-containing integrins with RGDcontaining peptides was demonstrated to induce dendritic spine elongation in cultured primary
hippocampal neurons (Shi & Ethell, 2006). Addition of RGD peptide to acute hippocampal slices was
shown to disrupt LTP. Though initial potentiation was normal, it decayed over time faster in slices
treated with RGD peptides, suggesting a role of integrins in stabilising LTP (Staubli et al, 1990).
Subsequent studies using integrin blocking antibodies and KO mouse models have largely corroborated
these findings and shown that subunits β1, α3, α5 and α8 to be the key effectors (McGeachie et al,
2011). The consolidation of LTP by integrin signalling is thought to be through regulation of actin
polymerisation and AMPA channel insertion into the post-synaptic membrane (Kramár et al, 2006).
Integrins are also involved in the transition of synapses from an immature to a mature state
through Abl2/Arg nonreceptor tyrosine kinase (Arg) signalling, characterised by a reduction in presynaptic release probability and switch in post-synaptic NMDARs rich in GluN2B subunits to GluN2A
(Xiao et al, 2016). Loss of integrin-Arg signalling resulted in persisting levels of immature synapses
during postnatal development, dendritic spine loss, increase in NMDAR-dependent currents and
perturbed long term synaptic plasticity (Xiao et al, 2016). Reelin has also been demonstrated to
modulate NMDAR activity via integrin binding through a mechanism that converges on Src-dependent
phosphorylation of NMDARs. Integrins function in consolidating long-term synaptic plasticity by
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regulating actin polymerisation and stabilisation of actin neo-filaments through RhoA-ROCK and RAC1
signalling, respectively, as shown by antibody-mediated blockage of β1 integrin signalling, which
prevented filamentous actin polymerisation in hippocampal dendritic spines and perturbed LTP
(Kramár et al, 2006; Rex et al, 2009).

LAR and PTPσ
Two members of the LAR subfamily of PTP receptors have been demonstrated as CSPG receptors: LAR
and PTPσ. While studies of LAR and PTPσ have been mostly related to the spinal cord and peripheral
neurons, they have been linked to a role in development of the brain also. LAR is expressed in the adult
rat cortex, hippocampus, striatum, midbrain and cerebellum (Dunah et al, 2005). Mice that are
knockout for LAR are viable but exhibit reduced cholinergic innervation in the dentate gyrus and
smaller cholinergic neurons in the basal forebrain (Yeo et al, 1997) as well as deficiencies in spatial
learning tasks and hyperactivity (Kolkman et al, 2004). LAR has been demonstrated to bind CSPGs with
high affinity and to mediate transduction of CSPG signals within the cell in transfected cell lines,
abrogated by GAG digestion with ChABC (Fisher et al, 2011). Further, LAR has been shown to mediate
CSPG inhibitory signals to dorsal root ganglia (DRG) cells (Fisher et al, 2011). PTPσ is expressed during
mouse development, declining after birth, and restricted to the olfactory bulb, cerebellum and
hippocampus (Meathrel et al, 2002). PTPσ knockout mice exhibit high degrees of neonatal mortality,
with 60% of knockout mice dying within the first 48 hours after birth. The surviving knockout mice
exhibit neurological defects such as spastic movements, impaired proprioception, ataxia and a
reduction in forebrain cholinergic neurons (Wallace et al, 1999). PTPσ was demonstrated to bind
neurocan and aggrecan CSPGs with high affinity, partially abrogated by pre-treatment with ChABC. The
residual activity suggested that PTPσ may bind to other regions of CSPGs than the CS GAG chains. DRGs
deficient in PTPσ expression were resistant to CSPG-induced inhibition of neurite outgrowth. PTPσ
knockout mice showed improved regeneration of axons after spinal cord injury, likely due to the
neurons being resistant to the inhibitory signal of the glial CSPG lesion and identifying PTPσ as a
therapeutic target in spinal cord injury (Shen et al, 2009). This was followed up by identification of a
membrane-permeable PTPσ inhibitor that likewise improved axonal regeneration after injury (Lang et
al, 2015). While the regenerative capacities were improved by PTPσ perturbation, the regeneration
through the glial scar was incompletely rescued, possibly due to the presence of other CSPG receptors
signalling inhibitory cues (Lang et al, 2015; Shen et al, 2009). However, this improved but limited
regenerative capacity was consistent with data showing improved but incomplete axonal regeneration
after destruction of the CSPG scar by ChABC (Bradbury et al, 2002), suggesting that the presence of
other CSPG receptors does not fully explain the incomplete axonal regeneration in PTPσ knockout
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neurons. Intracellular mechanisms of CSPG inhibition on neurite outgrowth are incompletely
understood, but there have been studies implicating signalling by RhoA, Akt/protein kinase B (PKB),
protein kinase C (PKC), and glycogen synthase kinase 3β (GSK-3β) in neurons (Sharma et al, 2012). LAR
activation by CSPGs was shown to transduced intracellularly by reducing Akt phosphorylation and
activating RhoA in CGNs (Fisher et al, 2011).

NgR1 and NgR3
The Nogo receptors NgR1 and NgR3 are membrane-anchored proteins that were demonstrated as
receptors for CSPGs and myelin-associated inhibitors (MAIs) and mediate inhibitory cues to neurite
outgrowth in vitro (Dickendesher et al, 2012). NgR1 is expressed in multiple regions of the mouse brain
including the hippocampus, cortex and cerebellum and participates in synaptic plasticity in the visual
cortex, including closure of the critical period (McGee et al, 2005). NgR1 has been shown to participate
in hippocampal synaptic plasticity and to regulate dendritic spine morphology (Delekate et al, 2011;
Lee et al, 2008). NgR3 expression largely overlaps with NgR1, however its functional role is less
understood. A conditional double NgR1 and NgR3 knockout mouse had improved axonal regenerative
capacity through glial CSPG lesions, which was further enhanced by ablation of PTPσ, demonstrating a
NgR1 and NgR3 as function CSPG receptors and corroborating previous studies of a functional
redundancy with PTPσ. There is some evidence that intracellular signalling by the Nogo receptors
converges on similar mechanisms as PTPσ and LAR, namely RhoA and Akt, but these mechanisms
remain poorly understood (Sharma et al, 2012).

CNTN-1
Contactin-1 (CNTN-1) is a membrane-localised member of the immunoglobulin superfamily that has
been demonstrated as a receptor for CS-E (Mikami et al, 2009). The contactin family is known to be
expressed in the nervous system and to be involved in neural cell adhesion and neuritogenesis
(Karagogeos, 2003; Falk et al, 2002), but CNTN-1 is poorly understood. CNTN-1 has been shown to bind
CS-E and mediate neuritogenesis in primary hippocampal neurons (Mikami et al, 2009). Further, CNTN1 binds to neural growth factors such as MK and BDNF (Deepa et al, 2002). Taken together, CNTN-1 is
a receptor for CS-E and has a role in neurodevelopment in vitro, but the function of CS-E in
neurodevelopment in vivo is unclear.
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Additional binding partners of CSPGs
Semaphorins
The semaphorins are a family of guidance molecules that can be secreted or anchored to the
membrane. Semaphorins can have chemoattractive or chemorepulsive properties and there is some
evidence of interactions with CSPGs (Bagnard et al, 1998). Sema3a is a class III member of the
semaphorin family. Also known as Collapsin-1, it is a secreted protein that signals at synapses via the
receptors Neuropilin-1 (Nrp-1) and Plexin (Plxn) (Winberg et al, 1998; Bouzioukh et al, 2006). Sema3a
is expressed in cortical layers during development and acts to guide radial migration of cortical neurons
and, in addition, Sema3A is expressed in PNNs with a role in modulation of synapse morphology and
function (Bouzioukh et al, 2006; Vo et al, 2013), suggesting an interaction with CSPGs. Sema3a and CS
are further linked by the observation that Nrp-1 can be post-translationally modified with CS chains,
affecting its function, albeit in a non-neuronal setting (Shintani et al, 2006). Immunofluorescent studies
identified Sema3a localisation at PNNs of the mouse cortex and to co-localise with aggrecan, versican
and phosphacan and Sema3a localisation was abolished after ChABC treatment (Vo et al, 2013). A
follow up study showed that Sema3a binds specifically to CS-E in PNNs and that this interaction is
potent inhibitor of axonal outgrowth (Dick et al, 2013). Immunofluorescent staining of Sema3a
revealed a ‘honeycomb’ distribution of the protein at PNNs, with the gaps in staining localising around
presynaptic terminals, suggesting a role of Sema3a in synaptic plasticity (de Winter et al, 2016). In
support of this, mice reared in an enriched environment (an experimental model to promote synapse
plasticity) (Nithianantharajah & Hannan, 2006) exhibited lower PNN levels and reduced Sema3a
staining within PNNs (de Winter et al, 2016). Exogenous application of recombinant Sema3a to
cultured primary hippocampal neurons reduced the density of mature synapses, supporting a role of
secreted Sema3a in modulation of synapse formation and function (Bouzioukh et al, 2006).
Sema5a is expressed during development under tight regulation, including in developing
somites and limb buds of the mouse embryo (Adams et al, 1996) and in the telencephalon of
developing chick embryos (Pineda et al, 2005). Sema5a contains two thrombospondin repeats through
which it interacts with CSPGs and heparan sulphate proteoglycans (HSPGs) and through these
interactions Sema5a can act as growth permissive (HSPG-bound) or inhibitive (CSPG-bound) (Kantor et
al, 2004). Studies using a knockout mouse supported a role for Sema5a as a negative regulator of
synaptic density in neonatal and adult mouse ganglionic cells and the KO mice showed impaired social
interaction with stranger mice, a phenotype usually associated with ASD (Duan et al, 2014).
Interestingly, a GWAS identified reduced expression of SEMA5A as a risk factor in ASD (Weiss et al,
2009) and an ASD patient was identified with a de novo microdeletion in SEMA5A (Mosca-Boidron et
al, 2016).
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Cell adhesion molecules
Cell adhesion molecules (CAMs) are glycoproteins involved in cell-ECM and cell-cell interactions,
important to tissue integrity, cell migration and intercellular signalling (Djerbal et al, 2017). In the CNS,
neural cell adhesion molecule (NCAM) interacts with β1-containing integrins to regulate neurite
outgrowth and neuronal adhesion in vitro through interactions with phosphacan (Milev et al, 1994).
Similarly, neurocan has been demonstrated to bind NCAM and inhibit neurite outgrowth (Friedlander
et al, 1994). Pre-treatment with ChABC abolished NCAM-neurocan but not NCAM-phosphacan
interaction, suggesting the latter interaction is mediated by GAGs containing CS (Djerbal et al, 2017).
Taken together, it has been suggested that NCAM is the cell surface receptor for phosphacan and
neurocan (Djerbal et al, 2017).

Intracellular molecules
While CSPGs are largely considered as components of the ECM, an emerging body of evidence suggests
specific binding of CS-containing GAGs to molecules expressed within the cell. Collapsin response
mediator protein 4 (CRMP4) is one such molecule, which is expressed in the CNS throughout life.
CRMP4 KO mice exhibit abnormal orientation of pyramidal neurons in layer V of the cerebral cortex
which was suggested to be due to impaired CSPG signalling (Takaya et al, 2017). CRMP4 has been
shown to localise at hippocampal growth cones and to promote growth cone formation and spreading
as well as dendritic outgrowth through regulation of the actin cytoskeleton (Khazaei et al, 2014).
Finally, deletion of CRMP4 was shown to abrogate CSPG inhibitory signals after axonal injury (Nagai et
al, 2015). Surprisingly, despite being an intracellular molecule, CRMP4 was demonstrated to bind CS
with high affinity in vitro (Franken et al, 2003), though the functional consequences of this is not
understood.
Orthodenticle homeobox protein 2 (Otx2) is a homeoprotein demonstrated to bind CS-D and
CS-E moieties of PNNs through a GAG binding motif (Beurdeley et al, 2012) and to function in the
mouse critical period. During the critical period, Otx2 is transferred between cells from the choroid
plexus to the visual cortex, where it is accumulated in PV-positive interneurons (Sugiyama et al, 2008).
Otx2 transfer regulates both the initiation and termination of the cortical critical period (Sugiyama et
al, 2008; Miyata et al, 2012) and Otx2’s function in the critical period was disrupted by mutating its
GAG recognition motif (RK-peptide) (Lee et al, 2017). It is thought that PNNs at PV-positive
interneurons act to capture Otx2 for internalisation as injection of a synthetic peptide containing the
RK GAG binding motif competed with Otx2 for PNN binding and prevented Otx2 accumulation in PVpositive interneurons (Beurdeley et al, 2012). In addition, Otx2 is involved in assembly of PNNs during
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the critical period and in adult. Injection of Otx2 into the visual cortex was shown to induce premature
formation of PNNs and closure of the critical period and, conversely, Otx2 KO mice show delays in PNN
formation and critical period closure (Sugiyama et al, 2008). The Otx2-PNN interaction is considered a
positive feedforward loop, in which PNNs attract Otx2 for internalisation, which in turn promotes the
assembly of PNNs, attracting more Otx2 and so on, which serves to maintain PNNs in adult life and
inhibition of synapse plasticity (Bernard & Prochiantz, 2016).

The ECM and human disease
Autism
A link between dysregulated GAGs and ASD has been made. Immunofluorescent staining of postmortem brain tissues showed a reduction in HS signal in samples from young autistic individuals in the
subventricular zone of the lateral ventricles compared to healthy donor controls (Pearson et al, 2013).
These findings were consistent with immunofluorescent analysis of sections from an inbred mouse
strain used to model autism, known as the BTBR mouse, which displays several phenotypes often
associated to autistic features in humans (Meyza et al, 2012). Importantly, the antibody used in these
studies recognises N-sulphated HS, therefore, the reduction in IF staining described here may indicate
altered post-translational modifications of HS rather than a reduction in HS per se. Conditional
knockout of an enzyme critical to HS synthesis, Ext1, in excitatory neurons at 3 weeks after birth in a
mouse model resulted in phenotypes considered as autistic features, such as impaired social
interactions and impaired vocalisations (Irie et al, 2012). Additionally, patch-clamp experiments of
pyramidal cells in the amygdala indicated a reduction in postsynaptic AMPAR-mediated synaptic
strength which was attributed to a reduction in postsynaptic AMPAR surface expression (Irie et al,
2012). No morphological disturbances were noted, both in gross architecture of the brain and in
cellular morphologies, which suggests that HS has a role in the maintenance of the brain after
development, which is consistent with the phenotypes observed after postnatal ablation of HS
synthesis. Finally, alterations in urinary GAG levels has been noted in ASD patients, but the reasons for
this and whether changes in GAG levels relate to the brain are unknown (Endreffy et al, 2016). In
summary, alterations in HS has been noted in post-mortem samples of autistic brains and in two mouse
models exhibiting autistic features, though the exact mechanism linking HS to autism remains to be
elucidated.

Epilepsy
Dysregulation of proteoglycans and GAGs has been associated to epileptic seizures. Epilepsy is
observed in approximately 30% of mucopolysaccharidosis (MPS) cases, particularly MPS I, II and III,
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which are caused by defects in GAG metabolism (molecular details described below). The observed
seizures are mostly tonic-clonic, but other types of seizure such as focal, absence and myoclonic have
been described (Scarpa et al, 2017). Mesial temporal lobe epilepsy (MTLE), the most common form of
epilepsy, affects the amygdala and hippocampus. In post-mortem samples, patients with MTLE were
observed to have elevated HA and CS and unchanged HS compared to healthy controls (Perosa et al,
2002). Increased expression of RPTPβ was also noted in astrocytes within the hippocampus of epileptic
samples (Perosa et al, 2002). Mouse models in which epilepsy was induced have also described
alterations in CS content and brevican cleavage (Yuan et al, 2002) and changes in phosphacan and
neurocan expression (Okamoto et al, 2003).

Schizophrenia
Schizophrenia is a chronic condition characterised by positive symptoms (hallucinations, delusions)
and negative symptoms (thought decay, social withdrawal). There is a reasonably well-studied link
between disruptions to the ECM and schizophrenia. GWAS have made links between schizophrenia
and variants in several ECM components including the CSPGs neurocan and NGC, as well as several
MMPs and ADAMTS enzymes (Mühleisen et al, 2012; Pantazopoulos et al, 2021; Ripke et al, 2014).
Studies have investigated PNNs in the prefrontal cortex (PFC), an area of the brain associated with
higher order functions such as orchestration of thoughts relating to personality, sociability and decision
making, many of which are disrupted in schizophrenia. WFA-reactive PNNs have been shown to arise
in the PFC during postnatal development and continue until adolescence (Mauney et al, 2013), which
is often when schizophrenic symptoms arise. In post-mortem samples from aged schizophrenic
patients, a reduction (~75%) in PNNs were observed in the PFC. This appeared to be specific to the
brain region and to schizophrenia; alterations in PNNs were not observed in the visual cortex of
schizophrenic patients nor in the PFC of patients with bipolar disorder (Mauney et al, 2013). Another
study found no change in the number of PFC PNNs of schizophrenic patients, but a reduction in the
WFA-intensity and intensity off PNN-localised aggrecan (Enwright et al, 2016). Reductions in PNNs in
the entorhinal cortex and amygdala of schizophrenic patients have also been reported (Pantazopoulos
et al, 2010). Various studies have associated schizophrenia to gene expression dysregulation of
aggrecan, versican and neurocan (Pietersen et al, 2014), the ECM glycoprotein Reelin (Impagnatiello
et al, 1998), of which the KO mouse displays Schizophrenic phenotypes (Fang et al, 2019), HAPLN1,
MMPs 9, 16, 24 and 25 (Pietersen et al, 2014), integrins (Walsh et al, 2002), PTPβ/ζ (Takahashi et al,
2011) and Sema3a (Eastwood et al, 2003). Since most of these studies have used post-mortem tissue
samples, it is difficult to know whether these observations directly relate to the schizophrenic
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phenotypes or whether they are corollary changes to the ECM during schizophrenic dysfunction in the
brain.

Alzheimer’s disease
Alzheimer’s disease (AD) is a neurodegenerative disease characterised by progressive neuronal loss
with associated cognitive decline and loss of motor skills. While the mechanisms of AD remain poorly
understood, neuronal and synaptic loss occur in the hippocampus, entorhinal cortex, cerebellum and
motor and sensory cortices. Classic pathologies include plaques of aggregated amyloid-β protein (Aβ)
and hyperphosphorylation of tau protein and neurofibrillary tangles. Components of the ECM,
including CSPGs and HSPGs, have been linked to the pathology of AD. CSPGs and HSPGs have been
found within Aβ plaques (DeWitt et al, 1993) and AD progression was associated with loss of PNNs at
PV+-interneurons, though the interneurons themselves were unaffected (Baig et al, 2005). Further, it
was shown that cortical regions with high densities of PNNs were less likely to co-stain with
hyperphosphorylated tau and had reduced neurofibrillary bundles, suggesting a neuroprotective role
of PNNs (Brückner et al, 1999). CSPGs and HSPGs accumulate around the cores of fibrillated Aβ,
stabilising them and shielding them from proteolysis, thereby enhancing the fibrillization process (van
Horssen et al, 2003; Soares Da Costa et al, 2017). Aβ binds to HS at the same site as HS associates with
FGF-2, which may disrupt HS’s function (Lindahl et al, 1999). Treatment of AD with glycomimetics –
which mimic the action of polysaccharides such as GAGs – has been explored. The most studied of the
GAG mimetics is 3-aminopropylsulfonic acid (trade name AlzhemedTM) which was shown to bind to
soluble Aβ and prevent fibrilization. However Alzhemed failed Phase III clinical trials as it was not
shown to have any clinical benefit, possibly associated with other underlying pathologies of AD such
as Tau (Aisen et al, 2006; Santa-Maria et al, 2007).

Spinal cord injury and stroke
Injuries to the CNS are followed by the proliferation and localisation of astrocytes, glial precursors,
microglia and fibroblasts to the injury site and formation of CSPG-rich scar tissue. This is known as
reactive astrogliosis and is thought to have evolved as a defence mechanism upon CNS injury, as the
reactive astrocytes help to preserve existing tissue by maintaining a favourable microenvironment for
surviving neurons, restricting the spread of inflammation and preventing infection (Sofroniew, 2009).
Glial scars have been observed at sites of ischemic stroke, repeatedly demyelinated neurons in multiple
sclerosis, sites of traumatic brain injury and sites of axonal severance in spinal cord injury. Glial scars
are a double-edged sword. While initially beneficial to maintaining surviving neurons, the CSPG-rich
glial scars are inhibitory to neuronal outgrowth, precluding the neurons’ ability to regenerate and heal
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after the traumatic injury. For this reason, recovery rates after spinal cord injury are poor, and injury
after stroke is often permanent (James et al, 2019). The ablation of glial scars has received quite a lot
of attention as a potential therapeutic avenue for inducing axonal regeneration and healing, as local
administration of ChABC was shown to promote functional recovery after spinal cord injury in rats
(Bradbury et al, 2002; Sharma et al, 2012; Alilain et al, 2011). While ChABC injection alone does not
appear to be a viable therapeutic option for human patients, in part due to its poor enzymatic longevity
at 37oC, research into alternative methods of glial scar ablation is ongoing (Bradbury & Burnside, 2019).

Defects In glycosaminoglycan metabolism
MPS is a group of autosomal recessive inherited lysosomal storage disorders caused by deficiencies in
the enzymatic catalysis of GAGs including HS, CS and DS singly or in combination. MPS falls into seven
types: MPS I (Hurler syndrome, Scheie syndrome, Hurler-Scheie syndrome), MPS II (Hunter syndrome),
MPS III (Sanfilippo syndrome), MPS IV (Morquio syndrome), MPS VI (Maroteaux-Lamy syndrome), MPS
VII (Sly syndrome), MPS IX (Natowicz syndrome). MPS type V and VIII are no longer used as categories
of MPS, as they were re-classified as subtypes of other MPS once it was discovered they share
deficiencies in common enzymes. Depending on the MPS type, the breakdown of different GAGs fail
and accumulates into lesions affecting the functionality of various tissues and organs, including the
brain. Symptoms vary between the different forms of MPS, but common symptoms include distinctive
facial features described as “coarse,” heart abnormalities, hepatosplenomegaly, breathing problems
and neurological abnormalities. In most MPS cases, patients appear phenotypically normal at birth but
symptoms appear around the age of two years old.
Hurler syndrome (MPS I-H) is the most severe MPS caused by deficiencies of the enzyme α-Liduronidase (IDUA) which catalyses the breakdown of heparin and dermatan sulphates. Symptoms can
become apparent as early as 6 months after birth, and include developmental delay, macrocephaly,
delayed growth, recurrent infections of the urinary and upper respiratory tracts, cloudy corneas and
severe spinal deformities as well as regression in mental development at about two years old. Scheie
syndrome (MPS I-S) is also caused by deficient IDUA function, but symptoms are far less severe.
Patients typically have normal intelligence and life expectancy, but experience stiff joints, carpal tunnel
syndrome, aortic regurgitation and cloudy corneas. Hurler-Scheie syndrome (MPS I-H/S) is an
intermediate between Hurler and Scheie syndromes and is extremely rare.
Hunter syndrome (MPS II) is an X-linked recessive disorder caused by dysfunctional iduronate
2-sulphatase (IDS) which catalyses heparan and dermatan sulphates catabolism. Symptoms usually
appear between two and four years old and include progressive growth delay, stiff joints, coarse facial
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features, macrocephaly, hepatosplenomegaly and craniofacial dysmorphias. Intellectual disability can
occur in more severe forms.
Sanfilippo syndrome (MPS III) falls into four subclasses depending on the deficient enzyme:
type A (heparan-N-sulphatase), B (α-N-acetylglucosaminidase), C (heparan-α-glucosaminide Nacetyltransferase) and D (N-acetylglucosamine 6-sulphatase). All four enzymes are involved in the
catalysis of heparan sulphate. Sanfilippo syndrome primary affects the CNS, with symptoms including
intellectual disability, delayed developmental milestones, sleep disorder, seizures, loss of language
skills and seizures.
Morquio syndrome (MPS IV) exists in two subclasses depending on the deficient enzyme: type
A (N-acetyl-galactosamine-6-sulphatase) and B (β-galactosidase) which catalyse keratan sulphate and
CS-A, respectively. Symptoms include skeletal developmental defects, delayed growth and scoliosis.
The CNS is generally not affected.
Maroteaux-Lamy syndrome (MPS VI) is caused by deficient N-acetylgalactosamine-4sulphatase, which catalyses dermatan sulphate. Symptom severity can vary dramatically, but include
coarse facial features, cloudy corneas and hepatosplenomegaly. The CNS is generally not affected.
Sly syndrome (MPS VII) is caused by deficient β-glucoronidase and accumulation of dermatan,
heparan and CS-E. Symptom severity is also variable, but include intellectual disability, skeletal
abnormalities, cloudy corneas, hernias, short stature and coarse facial features.
Finally, Natowicz syndrome (MPS IX) is caused by deficient hyaluronidase and is very rare.
Symptoms include short stature, cysts and craniofacial dysmorphias.
The testing for accumulated GAGs is a useful biomarker in the diagnosis of MPS. GAG
accumulation can be tested for in the urine, blood, cerebrospinal fluid, amniotic fluid and
serum/plasma, but urine has been the most common due to the non-invasive sample collection. A
common analytical technique uses the dye dimethylmethylene blue (DMMB) which binds to sulphated
GAGs and precipitates, allowing quantification of GAG in a sample by spectrophotometric absorbance.
The advantage of DMMB is that is cheap and easy to run, however it does not distinguish between
different types of sulphated GAGs (e.g. heparan vs chondroitin sulphate) and cannot be used for blood
or tissue samples (Kubaski et al, 2017). A more common technique in the present day is to use mass
spectrometry (MS) to separate an ionized sample by mass/charge ratio, with the resulting spectra used
to infer the identity of the original compound. Multiple iterations of the technique have been
described, such as coupling with liquid chromatography and the use of differential isotope tagging, to
facilitate sensitive, quantitate analysis of the composition of GAG chains (Kubaski et al, 2017; Lawrence
et al, 2008). While relatively expensive, MS-based methods offer superiority in precision and sensitivity
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over other techniques including DMMB. If the biomarker test returns positive, test for catalytic enzyme
activity can be performed, which are the gold-standard for diagnosing MPS (Kubaski et al, 2020).

Technological advances
Sequencing
Advances in sequencing technologies, particularly the development of next generation sequencing
(NGS), has propelled forward the rate of NDD genetic diagnosis and identification of genes key to CNS
development. NGS facilitates high-throughput genomic assessment of a patient with suspected genetic
disease. There are three major classes of NGS used by diagnostic centres: panel sequencing, whole
exome sequencing (WES) and whole genome sequencing (WGS). Panel sequencing uses hybrid-capture
methodologies to target a pre-selected set of genes for sequencing. The screened gene set is chosen
is normally a set of known disease-causing genes based on the patients’ symptoms. This has been a
successful approach for diagnosing patients for which there is a large collection of potentially causative
genes and has the additional advantage that the data generated is relatively small and easy to parse.
However, a drawback is the highly targeted nature of this method, therefore the chance of incidental
finding is low. WES uses hybrid capture to isolate and sequence almost all exons of the genome (about
2-3% of the total), within which the majority of genetic disease variants are located. This approach
requires the researcher to comb through many detected variants, of which the vast majority are
inconsequential. The researcher will search for variants within genes known to cause disease matching
the patient’s phenotype. If none are identified, the researcher may identify variants within genes not
yet reported to cause disease but are a promising candidate. This may lead to a research project where
patient’s variant(s) are characterised and the function of the gene elucidated. WGS is an unbiased
sequencing of the entire genome, with the subsequent workflow being similar to WES. In addition to
variants located in exons, WGS identifies potentially disease-causing variants in non-exonic regions of
the genome, such as splice donor/acceptor sites, promoter and enhancer sequences and non-coding
RNAs (Zhang & Lupski, 2015). WGS generates a massive dataset and is also the costliest, as each
genome costs approximately 1000$ to sequence and generates approximately 100Gb of data. WGS is
not yet widely adopted in diagnostic centres due to the analytical burden, cost, storage resources, and
limited increase in diagnostic success compared to WES. A common strategy for diagnostic centres is
to begin with panel sequencing and potential follow-up with WES, which usually represents the highest
cost/benefit ratio (Warr et al, 2015).

25

2. Aim of the thesis
The aim of this thesis was to identify novel neurodevelopmental disorders associated with congenital
variants and to characterise the pathologies and underlying mechanisms of the disorder.
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3. Results
The following section contains a submitted manuscript titled ‘FIBCD1 is an endocytic GAG receptor
associated to a novel neurodevelopmental disorder’ intended for publication. The author of this thesis
is co-first author.
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ABSTRACT
Disruptions to brain extracellular matrix (ECM) composition and signalling have been
implicated in neurodevelopmental disorders (NDD), but pathophysiologies are poorly
understood. Through sequencing of two patients with idiopathic NDD, we identified biallelic
variants of unknown significance within FIBCD1 (p.G29S;R406C and p.P456L), which has no
known function in the central nervous system. We showed that FIBCD1 is expressed in discrete
brain regions of humans and mice. Behavioural studies in flies knocked-down for a putative
Fibcd1 orthologue, CG10359, and knock-out (KO) mice showed FIBCD1 is critical for nervous
system development and mouse hippocampal-dependent learning tasks. We found KO mice
hippocampi to have an accumulated glycosaminoglycan (GAG), chondroitin sulphate-4S,
which we determined FIBCD1 to bind and endocytose. We next demonstrated that patient
FIBCD1 variants disrupt FIBCD1-CS-4S association, therefore are loss-of-function. KO acute
hippocampal slices exhibited deficient synaptic remodelling that could be restored upon
enzymatic digestion of CSPGs. In summary, we identified FIBCD1 as an endocytic receptor
for the brain glycome and a novel gene associated to an NDD, revealing its critical, evolutionary
conserved function in the nervous system.
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INTRODUCTION

24

Neurodevelopmental disorders (NDDs) are a heterogeneous group of nervous system

25

diseases that include autism spectrum disorder (ASD), attention deficit hyperactivity disorder

26

(ADHD), intellectual disability (ID) and have shared molecular aetiology with psychiatric

27

disorders such as schizophrenia1. NDDs often manifest in association with neurological

28

symptoms such as structural brain anomalies, seizures, global developmental delays and/or

29

muscular impairments2. Large portions of NDDs have genetic origins, affecting various

30

developmental

31

synaptogenesis, migration and synapse function/plasticity2-5.

events

such

as

neurogenesis,

axon

outgrowth

and

guidance,

32

The brain extracellular matrix (ECM) is a dynamic microenvironment that plays a

33

critical role in developmental events as well as in the maintenance of CNS function in adults6,7.

34

The ECM is structurally heterogeneous and is composed primarily of glycans and

35

glycoconjugates (proteoglycans, glycoproteins and glycolipids). A seminal proteoglycan in the

36

brain is chondroitin sulphate proteoglycan (CSPG) which consists of chondroitin sulphate

37

(CS) glycosaminoglycan (GAG) chains conjugated to a core protein. Links between CSPGs

38

and psychiatric disorders such as schizophrenia has been made by GWAS and variants in

39

CSPG4 were recently linked to schizophrenia8,9. Additionally, dysregulation of the

40

glycoprotein Reelin has been implicated in schizophrenia and modelled in various Reeler

41

mice10,11.

42

Different spatiotemporal distribution of CSPGs with variable GAG sulphate

43

modifications correlate with specific and discrete developmental stages as part of the dramatic

44

ECM reorganisation that accompanies and regulates brain maturation7,12,13. CSPGs participate

45

in axonal outgrowth, synaptic remodelling, cellular migration and closure of the critical period

46

of development, where they condense into peri-neuronal nets (PNNs) which restrict synaptic

47

plasticity and participate in memory formation, retention and extinction6,14,15. Furthermore, the
4

48

formation of astroglial CSPG scars after nervous tissue injury, including stroke or spinal cord

49

injury, are inhibitory to axonal regeneration16. Modulation of cellular responses to CSPG

50

inhibitory signals, for example through cellular CSPG receptors, are a potential therapeutic

51

avenue for these adverse events17 18.

52

To date, few CSPG receptors have been identified. Receptor Protein Tyrosine

53

Phosphatase sigma (PTPσ) and its subfamily member Leukocyte Common Antigen-

54

Related (LAR), as well as the Nogo receptor family members, Nogo66 receptor–1 and 3 (NgR1

55

and 3) were demonstrated to bind to andmediate CSPG inhibition of axonal regeneration19-21.

56

Interestingly, modulation of PTPσ by a small peptide mimetic was shown to alleviate CSPG-

57

inhibition and promote axonal regeneration after injury17, highlighting the therapeutic potential

58

of targeting CSPG receptors. Less is known regarding recognition of specifically sulphated

59

GAGs on CSPGs. CS-4,6S (or CS-E) recognition was reported for Contactin-1 (CNTN1),

60

though its role in the brain is poorly understood, and in the lungs for Receptor for Advanced

61

Glycation End Products (RAGE)22,23. Variants in CSPG receptors have thus far not been

62

implicated in NDDs or psychiatric disorders.

63

Here, we report deleterious variants in Fibrinogen C Domain Containing 1

64

(FIBCD1) identified by whole exome sequencing (WES) of two unrelated patients diagnosed

65

with severe ASD and NDD. Symptoms noted in the patients include delayed social and

66

cognitive abilities, poor eye contact, attention deficit hyperactivity disorder (ADHD),

67

anxiety, facial dysmorphias and structural brain anomalies. FIBCD1 is a type 2 receptor with

68

high homology to ficolins and has been shown to act as a pattern recognition receptor for

69

chitin. FIBCD1 is expressed in mucosal epithelial tissues, with highest expression in the human

70

respiratory and gastrointestinal tracts, testes, placenta and brain. FIBCD1 consists of a short N-

71

terminal cytoplasmic tail, transmembrane domain, coiled-coil region through which FIBCD1

72

forms homotetramers, poly-cationic region and a C-terminal extracellular fibrinogen-related

73

domain (FReD) which participates in ligand interactions24. It was shown to limit fungal
5

74

outgrowth, regulate the gut fungal mycobiome and dampen intestinal inflammation25,26.

75

Molecularly, FIBCD1 was demonstrated to have an endocytic function with potential binding

76

sites for GAGs such as CS24,27. Despite its high expression in the brain, no function for FIBCD1

77

in the CNS has been reported thus far.

78

We show that FIBCD1 is expressed in discrete human and mouse brain regions and that

79

it is critical for various nervous system functions in genetic mouse and fly models. We show

80

that FIBCD1 is a receptor that binds and endocytoses GAGs of the brain ECM and

81

mediates neuronal responses to CSPG signalling. We then show that identified patient variants

82

are deleterious to FIBCD1 function by abrogating the affinity of the receptor to its ligand. Taken

83

together, our data characterise an evolutionarily conserved novel receptor for GAG chains

84

conjugated to CSPGs in the brain and identify a new complex NDD caused by loss-of-function

85

variants in the FIBCD1 gene, advancing our understanding of the interplay of neural cells and

86

the ECM.

87
88
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89

MATERIALS AND METHODS

90

Patients and Whole Exome Sequencing

91

All procedures were performed following informed consent and approval from patients and

92

relatives and obtained in accordance with the Declaration of Helsinki. The cohort was curated in

93

a collaborative effort and with the aid of GeneMatcher28.

94
95

Patient 1

96

gDNA from the proband and parents were captured using the IDT xGen Exome Research Panel

97

v1.0. NGS using an Illumina system with 100bp or greater paired-end reads. Aligned reads

98

(GRCh37) were analysed for sequence variants using a custom-developed analysis tool.

99

Additional details have been previously described29. The general assertion criteria for variant

100

classification

are

publicly

available

on

the

GeneDx

101

(http://www.ncbi.nlm.nih.gov/clinvar/submitters/26957/).

ClinVar

submission

page

102
103

Patient 2

104

Procedures were in accordance with the ethical standards and approval of the Medical Ethics

105

Committee of Peking University First Hospital. The IRB number is No. [2005]004. Patients

106

were sequenced and analysed as described previously30, with sequencing performed by Joy

107

Oriental Co. (Beijing, China).

108
109

Animals

110

Mus musculus

111

All mice were housed at the Comparative Medicine Mousehouse Vienna BioCenter, Vienna,

112

Austria. Fibcd1tm1Lex mice (MGI: 5007144)31 were bred on a C57BL/6J genetic background.

113

Only age- and sex-matched littermates from respective crosses were used. All mice were housed

114

at IMBA (Vienna, AT), in a 12-h light/dark cycle, food and water ad libitum. Experiments were
7

115

approved by the Bundesministerium für Wissenschaft, Forschung und Wirtschaft (BMWFW-

116

66.009/0048-WF/V/3b/2018) and carried out according to EU-directive 2010/63/EU. Only age-

117

and sex-matched littermates from respective crosses were used for experiments.

118
119

Drosophila melanogaster

120

Flies were age, light, sex and temperature matched. All crosses were raised at 25°C on standard

121

molasses food.

122
123

In situ hybridisation

124

Brains were dissected from two 8-10 weeks old C57B6J mice, fixed in 4% paraformaldehyde,

125

dehydrated and paraffin-embedded. 3.5-µm-thick frontal sections were in situ hybridised with

126

an enhanced RNAScope 2.5 high-definition procedure (310035, ACD Bioscience), described

127

previously32.

128
129

RT-qPCR

130

Mouse tissues/cells were collected into TRIzol (Invitrogen), reverse transcribed with iScript

131

cDNA synthesis kit (Bio-Rad) and amplified with GoTaq qPCR master mix (Promega) on a

132

CFX384 system (Bio-Rad). Data were normalised to Gapdh. Human cDNA panels were

133

obtained from Origene: TissueScan, Human Brain cDNA Array (#HBRT101), Human Normal

134

cDNA Array (#HMRT304).

135
136

In Silico Modelling of FIBCD1

137

Docking

138

In silico docking was performed using GOLD version 5.2.233 and the FReD X-ray structure

139

(PDB: 4M7F; aa 239-458)27. The post-rescoring of docking solutions (100 in total) was done

8

140

as described previously34. The binding free energy of CS-4S and CS-6S to FReD was estimated

141

using PRODIGY-LIGAND35 after complex refinement using HADDOCK2.2 web-server36.

142
143

Patient Variants

144

The initial protein configuration was taken from the FReD X-ray structure with R406C and

145

P456L variants introduced using PyMol37. The structures were subjected to all-atom molecular

146

dynamics (MD) simulations in the microsecond range using GROMACS 5.1.438 and

147

Amber99SB-ILDN force field39 as described previously40, with the following differences: box-

148

size=6x6x6 nm3, TIP3P water41, no position restraints during production run. Root-mean-

149

squared deviations (RMSD) from the starting configuration were calculated over backbone

150

atoms (GROMACS rms utility). Conformational clustering (GROMACS cluster utility) was

151

performed with the backbone RMSD cut-off for neighbouring structures of 0.9 Å – a minimum

152

value at which only a single dominant state was identified for WT. Electrostatic potential was

153

calculated and mapped onto the protein solvent.

154
155

Binding assays

156

Characterisation of FIBCD1 binding specificity to CS-4S and CS-6S was performed through

157

ELISA-based inhibition experiments as described previously24.

158
159

MRI

160

Anaesthetised male mice (12 months) were imaged in the Preclinical Imaging Facility at VBC

161

Facilities (pcPHENO, VBCF) as described previously42.

162
163

Behaviour assays

164

Drosophila negative geotaxis assay

9

165

Female Nsyb-Gal4 animals were crossed with UAS-RNAi lines targeting CG10359. Female

166

offspring were tested at 10d after eclosion. Flies were knocked-out with CO2, sorted into

167

batches of 3-7, recovered for 25h, flipped into empty vials and given 10-15m to recover. The

168

climbing index is the percentage of flies that pass the 5cm mark in 5s after gently tapping to the

169

bottom of a vial.

170
171

Mouse

172

Elevated Plus Maze were performed as described previously using an automated activity system

173

(TSE-Systems). Morris Water Maze, Y-Maze, Inhibitory Avoidance and foot shock scoring

174

was performed as described previously42

175

performed by placing the animal on a hot plate (Ugo Basile) at 50°C and next day at 52°C, and

176

manually observed for first reaction for a maximum of 60s. Counted reactions included:

177

jumping, licking, shaking or lifting of the hind paws. For reaction to capsaicin, 1 µg of capsaicin

178

(Sigma; M2028) diluted in 15 µl PBS was injected intraplantar in the hind paw and animal was

179

observed for 5 min and timed for duration of the reactions described above. Reaction to acetone

180

was recorded as duration of cumulative licking or biting of the hind paw following acetone

181

application three times at intervals of 30s.

43

at pcPHENO, VBCF. Hot plate assay was

182
183

HPLC

184

CS was extracted from defatted, pronase digested microdissected hippocampi (CA1) and

185

digested using ChABC (Sigma-Aldrich #C3667). The resulting GAGs were labelled with 2-

186

aminobenzamide by reductive amination and analysed as described previously44. Identity of

187

glycosaminoglycan-derived disaccharides was inferred from retention time alignment with the

188

major constituents of CS sodium salt from shark cartilage (Sigma-Aldrich, C4384), and bovine

189

trachea (Sigma-Aldrich #C9819).

190
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191

Tissue Culture

192

Primary Neurons

193

E18.5 pups were sacrificed and hippocampi dissected into Hank’s Buffered Saline Solution

194

(HBSS, Gibco #14185045). The tissue was minced, trypsinised (0.025%) and triturated with

195

heat-polished glass pipettes. Plating was in Neurobasal medium (ThermoFisher #21103049)

196

with 10% FCS, 2mM L-glutamine (Gibco #25030149), B27 (Gibco #17504001), 10mM Hepes

197

(Gibco #15630056), penicillin/streptomycin. 50% of media was exchanged to FCS-free

198

medium after 24 hours and then every 36 hours. CSPG (Merck #CC117) coatings were

199

performed as described previously20,45.

200
201

FIBCD1 overexpression

202

mFibcd1 cDNA with 3’ V5 tag G-blocks (IDT) was cloned with ΔFReD construct using XhoI-

203

EcoRI restriction enzymes into a custom pMSCV-IRES-mCherry plasmid. N2a cells were

204

lentivirus transduced and FACS-sorted for mCherry+ cells. hFIBCD1 cDNA (Origene

205

#RC206180) was sub-cloned by Gateway cloning into a custom plasmid (via pDONR201) with

206

3’ 3xFLAG tags and blasticidine resistance. Q5 site-directed mutagenesis kit (NEB #E0554)

207

was used to introduce point variants. HEK 293T cells were lentivirus transduced and selected

208

with 14µg/ml blasticidine.

209
210

Western blot

211

Hippocampi were homogenised in ChABC buffer (40 mM Tris-HCl pH 8.0, 40 mM sodium

212

acetate) containing Benzonase and Halt protease/phosphatase inhibitors (ThermoScientific),

213

pelleted and supernatant containing soluble protein fraction was separated from the pellet

214

(insoluble fraction), which was resuspended in ChABC buffer. One aliquot of each fraction was

215

incubated with ChABC for 12h at 37°C, then heated for 5 mins at 95oC, separated by SDS-

216

PAGE and transferred onto PVDF membranes. Blocking was for 1h with 5% milk in TBST
11

217

overnight at 4°C with primary antibodies (1:100, anti CS-0S, 1B5; anti CS-4S, 2B6, antiCs-6S,

218

3B3; Amsbio). Blots were washed 3x 5mins in TBST and incubated with HRP-conjugated

219

secondary anti-mouse-IgG-H&L chain or anti-rabbit-IgG-F(ab’)2 (GE Healthcare) antibody for

220

1h at RT, washed 3x 5mins in TBST and visualised.

221
222

Immunoprecipitation

223

N2a cells expressing mFIBCD1, FIBCD1ΔFReD or empty vector were washed twice with PBS

224

and lysed in Hunt buffer (20 mM Tris-HCl pH 8.0, 100 mM sodium chloride, 1 mM EDTA,

225

0.5% NP-40) with Halt protease/phosphatase inhibitors (Thermo) in 3 consecutive freeze and

226

thaw steps, pelleted, and the supernatant collected. Lysates were precleared for 1h with

227

magnetic Protein G Dynabeads (Invitrogen) and immunopurified with anti-V5 agarose beads

228

(Sigma) overnight at 4C. After 5 washing steps in Hunt buffer, input and immunoprecipitation

229

samples were separated by SDS-PAGE, blotted and stained with anti-V5 antibody (ab15828,

230

1:2000 dilution), and Western blotting was performed as described above.

231
232

Microscopy

233

At DIV2 and DIV14, primary neurons were PBS washed, fixed in 4% PFA (+4% glucose) for

234

10 minutes at RT, then quenched with 10mM glycine/PBS for 10 minutes at RT. After 2x 0.01%

235

Triton-X/PBS (PBST) washes, permeabilisation was with 0.25% Triton-X/PBS for 3 minutes

236

and blocked in 5% goat serum for 1h. Primary antibodies were incubated overnight at 4°C and

237

washed 3x in PBST. Secondary antibodies were incubated for 1h at RT and washed 3x with

238

PBST before mounting. Semi-random fields of the coverslips were acquired (Leica) and

239

quantified in ImageJ, experimenters blinded to condition and genotype.

240

HEK 293T were PBS rinsed and fixed in 4% PFA (4% glucose) for 10 minutes at RT,

241

then 10 minutes with PBS (10mM glycine). The cells were washed 2x with PBS, permeabalised

242

with 0.25% Triton-X/PBS, blocked for 1h with 5% goat serum and incubated with primary
12

243

antibodies (anti-FLAG, 1:1000) overnight at 4oC, washed 2x, then secondary antibodies added

244

(Alexa-Fluor 1:500) and DAPI (1:2000) for 1h at RT, washed again 2x then mounted and

245

imaged on a Zeiss LSM980.

246
247

HEK 293T cells – CS-4S internalisation

248

Cells were seeded in black CellCarrier-96 Ultra Microplates (Perkin Elmer) and, next day,

249

incubated with 100ug/ml tagged 4-O-sulfated CS (Amsbio #AMS.CSR-FACS-A1), diluted in

250

PBS (0.8mM CaCl2) and incubated at 37oC for 45 minutes. The cells were then fixed in 4%

251

PFA for 10 minutes, washed, and further stained with CellMask Orange Plasma Membrane

252

Stain (Invitrogen #C10045, 1:3000) and Hoechst (Invitrogen #H3570, 1:2000) for 10 minutes

253

at 37oC. The cells were washed again and imaged on an Opera Phenix (Perkin Elmer). Images

254

were analysed with a custom pipeline in Harmony analysis software (Perkin Elmer).

255
256

Flow cytometry

257

N2a cells expressing mFIBCD1-V5, mFIBCD1-V5ΔFReD or empty vector were washed once

258

with PBS and incubated for 4h with 100µg/ml labelled GAGs: 4-O-sulfated CS (AMS.CSR-

259

FACS-A1, AMSBIO), poly-sulphated CS (AMS.CSR-FACS-P1) or dermatan sulphate

260

(AMS.CSR-FADS-B1) in DMEM. Cells were collected and acquired on FACS LSR Fortessa

261

(BD). The experiment was performed in three independent replicates. HEK 293Ts expressing

262

3xFLAG-tagged

263

hFIBCD1_P456L were seeded and, next day, washed with PBS, trypsinised, pelleted and

264

resuspended in 10µg/ml 4-O-sulfated chondroitin sulphate (Amsbio) in fresh PBS (0.8mM

265

CaCl2) and incubated at 37oC for 45 minutes. Samples were washed in ice-cold PBS (0.8mM

266

CaCl2) and acquired on LSRFortessa Cell Analyzer (BD). The experiment was performed in

267

two independent replicates and analysed by FlowJo v10.6.1 (FlowJo LLC).

hFIBCD1,

hFIBCD1_W6*,

268
13

hFIBCD1_G29S,

hFIBCD1_R406C,

269

RNA-sequencing

270

RNA was isolated using RNeasy Mini kit (Qiagen #74104). Library prep, sequencing and

271

alignment were done at the VBC NGS Facility (Austria), with poly-a enrichment and

272

sequencing on an Illumina HiSeq 3000/4000, 50bp single-read. DESeq2 package46 was used to

273

identify DEGs, excluding pseudogenes and allosome-located DEGs. Galaxy web platform47

274

and WebGestalt48, over-representation analysis method, were used for data analysis.

275
276

Acute hippocampal slice preparation and electrophysiological recordings

277

Memory-related synaptic plasticity and electrophysiological recordings were studied ex vivo in

278

hippocampal slices as previously described49-54.

279
280
281
282
283
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284

RESULTS

285

Identification of potentially deleterious human germline FIBCD1 variants

286

Two unrelated patients presented to the clinics with severe complex NDD of suspected genetic

287

origin. Patient 1 (P1) is a 12 year old nonverbal male from a Caucasian non-consanguineous

288

family, diagnosed with severe ASD, delayed verbal cognition, anxiety and ADHD. He has high

289

pain tolerance, fine motor coordination deficits and mild facial dysmorphia. Additionally, he

290

experiences frequent allergic rhinitis and sinusitis (Table 1). There is no history of neurological

291

disease in the family, however, several members of the maternal family have learning

292

disabilities. As part of his clinical diagnostic evaluation, WES was performed at GeneDx, USA

293

(www.genedx.com) and the following rare variants (with minimal allele frequency of <0.01)

294

were prioritised: compound heterozygous FIBCD1 Chr9:133805421 C>T; c.85 G>A; p.(G29S)

295

and Chr9:133779621 G>A; c.1216C>T; p.(R406C) (Fig. 1A), with CADD scores of 6.832 and

296

25.1, respectively, and a de novo variant in CSMD3 Chr8: 113933925 T>C; c.1564 A>G;

297

p.(K522E) with a CADD score of 24.7. While CSMD3 variants have been reported in

298

association with NDDs, most published missense variants have population data in gnomAD55

299

or internal data at GeneDx, reducing the likelihood that this variant is related to the phenotype

300

(56; GeneDx, Inc. personal communication). Therefore, the FIBCD1 variants were prioritised

301

for further analysis. Sanger sequencing determined one FIBCD1 variant was inherited from

302

each of the parents (Fig. 1A). There were no other variants with confirmed association to human

303

disease identified that would match the phenotype or inheritance pattern in the patient. Patient

304

2 (P2) is a nonverbal 3 year old Chinese female from a non-consanguineous family with no

305

history of genetic neurological disease, that presented with severe NDD, delayed social and

306

cognitive abilities and delayed sitting and walking. Magnetic resonance imaging (MRI)

307

revealed thickened cortex, decreased white/grey matter ratio, bilateral enlarged frontal gyri and

308

ventriculomegaly (Fig. 1B). The patient also has microcephaly and dysmorphic facial features
15

309

(Table 1). Additionally, recurrent pneumonia was noted. Clinical genetic testing was performed

310

and revealed inheritance by uniparental disomy (UPD) with mosaicism. Homozygous variants

311

of unknown significance were found in: FIBCD1 Chr9:133779470 G>A; c.1367C>T;

312

p.(P456L) (Fig. 1A) with a CADD score of 29, UNC13B Chr9:35376187; c.1531T>C;

313

p.(C511R) with a CADD score of 28.4, and RIC1 Chr9:5765523; c.2951C>T; p.(A984V) with

314

a CADD score of 28.6. Variants within UNC13B and RIC1 were dismissed from consideration

315

due to a lack of clinical similarities with published cases57-59 and FIBCD1 variants were

316

prioritised for further functional validation. All the FIBCD1 variants named above are located

317

in highly conserved regions (Fig. 1C).

318
319
320

FIBCD1 is expressed in neurons of human and mouse brain

321

As the function of FIBCD1 in the CNS has not been explored, we first examined its expression

322

pattern in the brain. We profiled human FIBCD1 expression using a cDNA array from 48

323

different tissues and determined the brain to be the third highest FIBCD1 expressing tissue (Fig.

324

1D). The Human Protein Atlas60, reports FIBCD1 expression to be largely restricted to the

325

hippocampus. Indeed, a further FIBCD1 gene expression analysis with a cDNA array of 24

326

human brain regions determined that FIBCD1 expression is highest in the hippocampus,

327

followed by the hypothalamus and cortex (Fig. 1D, inset). In mice, in situ hybridisation (ISH)

328

using complementary DNA probe pairs against mouse Fibcd1 mRNA in adult coronal brain

329

sections revealed strong localisation of Fibcd1 in the pyramidal cell layer of the hippocampus,

330

granule cells of the dentate gyrus, dispersed cells of the cortex, the medial habenula and

331

hypothalamus (Fig. 1E). While RT-qPCR of 6 different mouse brain regions determined that

332

some Fibcd1 transcripts can be observed in the olfactory bulb as well, again expression was

333

highest in the hippocampus (Fig. 1F and Fig. S1A-B). In a publicly available dataset of bulk

334

RNA seq of sorted mouse brain cell populations, brainrnaseq.org61, we noted Fibcd1 expression
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335

to be highest in neurons and virtually absent from all other cell types sequenced (Fig. S1C).

336

Fibcd1 transcript levels were high in embryonic mouse brain and dropped to their lowest levels

337

at postnatal day (P) 7 and again increased during postnatal brain development to return to their

338

high embryonic levels at P25 (Fig. 1G and Fig. S1A, D).

339
340
341

FIBCD1-deficiency leads to neurological defects in mice and flies

342

To investigate the physiological role of FIBCD1 in vivo, we studied phenotypic outcomes of

343

FIBCD1-deficiency in D. melanogaster and M. musculus. CG10359, with no assigned function,

344

is a putative FIBCD1 orthologue in D. melanogaster, with a high degree of FReD amino acid

345

sequence homology with human and mouse Fibcd1, hereafter referred to as dFibcd1 (Fig. S2A).

346

To assess the function of dFibcd1, we performed RNA interference (RNAi)-mediated dFibcd1

347

knock-down. We crossed three independent RNAi constructs targeting dFibcd1 (downstream

348

of UAS promoter sequence, hereafter as lines #1, #2 and #3) with lines expressing GAL4 under

349

the control of either the tubulin (tub) promoter for whole body RNAi expression or the neuronal

350

Synaptobrevin promoter (Nsyb) for neuronal expression of RNAi. As full body knockdown of

351

dFibcd1 was lethal or semi-lethal in 2 of 3 lines (Fig. S2B), we proceeded only with neuronal

352

knock-down of dFibcd1 flies. Neuronal (Nsyb) knock-down of dFibcd1 affected neuronal

353

development, visualised by abnormal morphology at the larva neuromuscular junction (NMJ)

354

(Fig. 2A). All 3 Nsyb>RNAi lines exhibited reduced number of pre-synaptic boutons (Fig. 2B)

355

and line #3 further exhibited reduced degree of neuronal branching (Fig. 2C). To assess if these

356

developmental defects led to neurological phenotypes in adults, we assessed fly climbing

357

behaviour by negative geotaxis assay. We found that Nsyb>RNAi line knockdown of dFibcd1

358

resulted in reduced climbing ability when compared to flies expressing control RNAi targeting

359

luciferase (Fig. 2D and Fig. S2C).
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360

To investigate FIBCD1’s function in mammals, we obtained Fibcd1 KO mice

361

(MGI:500714431), which were healthy, viable and exhibited no obvious abnormalities (Fig.

362

S3A-C). We validated the absence of Fibcd1 expression in KO hippocampi (Fig. S3A). 15T

363

MRI volumetric analysis revealed no significant differences in total brain volume or 11 isolated

364

brain regions as compared to control littermates, determining no overt structural abnormalities

365

in the brains of mice with FIBCD1-deficiency (Fig. S3D). We then subjected Fibcd1 WT and

366

KO adult mice to a series of hippocampal-dependent learning tasks. We first established that

367

there is no difference in baseline anxiety levels between the two cohorts of mice as assessed by

368

the Elevated Plus Maze (EPM) (Fig. S3E). Morris Water Maze (MWM) revealed no difference

369

in the acquisition and retention of spatial learning between Fibcd1 WT and KO mice (Fig. S3F-

370

G). Nociceptive responses to noxious chemicals, heat stimulation or mild foot shock in sensory

371

nervous system processing of acute pain were indistinguishable between KOs and control

372

littermates (Fig. S3H-I). However, we found that Fibcd1 KO mice were significantly impaired

373

in spatial working memory as assessed by spontaneous alternation in the Y-Maze (Fig. 2E).

374

Further, we found that in comparison to WT and heterozygous controls, Fibcd1 KO animals

375

were significantly impaired in fear-associated learning in the inhibitory avoidance (IA) task

376

(Fig. 2F). Taken together, these data establish FIBCD1 as an evolutionary conserved

377

component of different aspects of neuronal development and adult function.

378
379
380

FIBCD1 binds to glycosaminoglycans

381

A previous study that determined the crystal structure of FIBCD1 extracellular, ligand-binding

382

FReD, hypothesised that FIBCD1 could also bind GAGs such as chondroitin and dermatan

383

sulphate in addition to its known ligand, chitin27. Further, FIBCD1 has been shown to bind and

384

endocytose acetylated structures such as acetylated BSA24. CS, a major component of the brain
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385

ECM, consists of subunits N-acetylgalactosamine (GalNAc) and a glucuronic acid (GlcA)

386

which can be modified by the addition of sulphate groups. Sulphation of CS is catalysed by

387

sulfonyl transferases and designated according to the position of the sulphate group on the

388

GalNAc unit, such as unsulphated (CS-0S), 4-O-sulphated (CS-4S, CS-A) and/or 6-O-

389

sulphated (CS-6S, CS-C or CS-4,6S, CS-E), comprising an instructive signature for various

390

cellular and developmental functions referred to as the ‘sulphation code’62. Therefore, we

391

posited FIBCD1 to be an endocytic receptor for GAGs, such as CS, and investigated whether

392

FIBCD1 preferentially binds to certain sulphated GAGs over others.

393

To determine if FIBCD1 interacts with components of the ECM in vivo, we analysed

394

the composition of the ECM in the absence of FIBCD1. We surveyed the hippocampal glycome

395

by high performance liquid chromatography (HPLC) of WT and KO mice and noted alterations

396

in various GAG moieties in the KO hippocampi, most notably a relative increase of CS-4S and

397

decrease of CS-6S compared to controls (Fig. 3A). As HPLC determines relative rather than

398

quantitative differences, we next treated hippocampal protein lysates with ChABC, which

399

reveals CS ‘stub’ epitopes to be detectable by antibodies raised against CSs and immunoblotted

400

for differently sulphated CS GAGs. We observed an increase in CS-4S stub abundance, whereas

401

the CS-0S and -6S stubs were unchanged (Fig. 3B). To further investigate the relationship of

402

FIBCD1 to CS-4S and CS-6S, top binding poses for GAGs including CS-4S and CS-6S were

403

identified using in silico molecular docking and an X-ray structure of the extracellular FReD

404

(PDB 4M7F), followed by post-rescoring of docking solutions as described previously34.

405

According to the scoring function, CS-4S exhibits a better fit to the FReD as compared to CS-

406

6S (45.3 vs 43.3), with the orientations of the two ligands on the FReD surface being nearly

407

orthogonal to each other (Fig. 3C and Fig. S4A). Importantly, the orientation of CS-4S, with its

408

sulphate group packing tightly into a pocket formed by Y405, H415, and Y431 residues of the

409

FReD, leads to a more favourable electrostatic interaction and subsequently lower binding free

410

energy (ΔΔG value of -1.3 kJ mol-1) as predicted by a linear model, published elsewhere35. To
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411

characterise binding affinities of FIBCD1 to CS-4S and CS-6S we performed competitive

412

ELISA experiments as described previously24. Using a previously reported FIBCD1 ligand,

413

acetylated BSA, and increasing concentrations of CS-4S or CS-6S, we determined a preference

414

of FIBCD1 to bind CS-4S over CS-6S, with an approximately 10-fold lower IC50 concentration

415

of CS-4S compared to CS-6S (Fig. 3D).

416

To assess FIBCD1 binding to GAGs in a cellular context, we cloned V5-tagged full-

417

length mouse WT Fibcd1 cDNA and a truncated version without the FReD (Fibcd1ΔFReD) (Fig.

418

S4B). We overexpressed the two mFIBCD1 constructs in the mouse N2a cell line and by RT-

419

qPCR and immunoblot analyses confirmed overexpression of FIBCD1 and V5-reactive bands

420

at predicted molecular weights (Fig. S4C-E). We then incubated the cells with fluoresceinamine

421

(FITC)-tagged CS-4S, polysulphated CS (CS-PS) and dermatan sulphate (DS) and acquired the

422

cells by flow cytometry. We determined that cells expressing full length WT Fibcd1 showed

423

increased V5+/FITC+ fluorescence intensity in comparison to cells expressing empty vector or

424

Fibcd1ΔFReD, but this was not the case for cells incubated with CS-PS or DS, confirming

425

preferred binding of FIBCD1-expressing cells to CS-4S, dependent on the FReD (Fig. 3E). To

426

investigate if FIBCD1 facilitates internalisation of GAGs, we incubated HEK 293T cells stably

427

overexpressing full length human FIBCD1 with FITC-tagged CS-4S and observed an increased

428

uptake of CS-4S in FIBCD1-expressing cells compared to untransduced controls (Fig. 3F and

429

S4F), confirming that FIBCD1 facilitates endocytosis of GAGs such as CS-4S. In summary,

430

we conclude that FIBCD1 is a neuronally expressed receptor for GAGs of the ECM, with a

431

preference for CS-4S, and that the absence of FIBCD1 leads to hippocampal ECM composition

432

dysregulation.

433
434
435

Identified patient FIBCD1 variants are loss-of-function
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436

To determine whether the germline FIBCD1 variants identified in P1 and P2 affect protein

437

folding or function we performed all-atom MD simulations in the microsecond range of the two

438

FIBCD1 variants contained within the FReD (p.R406C and p.P456L) and the WT as control.

439

Both WT and patient variant conformations stayed relatively close to the initial structure, with

440

the backbone root-mean-square deviation (RMSD) being the highest for R406C, intermediate

441

for P456L and the lowest for WT (Fig. S5A), but never exceeding 2.5 Å. In order to compare

442

WT and the two mutant structures, the dominant MD conformations were identified using

443

structural clustering. The dominant P456L and R406C structures deviated from the dominant

444

WT structure by 1.6 Å and 1.5 Å backbone RMSD, respectively, while being relatively more

445

similar to each other (1.2 Å). The largest structural rearrangements induced by the variants took

446

place in the 389-399 and 423-448 loop regions, which surround the ligand binding site (Fig.

447

3G). Here, the R406C variant had a direct effect due to a disruption of the salt bridge between

448

R406 and D433, which in the WT likely stabilised the mutual arrangement of the two loop

449

regions. In the case of the P456L variant, the effect was allosteric, whereby perturbation of the

450

conformational dynamics of the C-terminus, likely due to the removal of the sterically restricted

451

P456, was transmitted towards the upstream 423-448 loop region. Importantly, a similar

452

structural effect of both variants was connected to a similar perturbation of the electrostatic

453

properties on the protein surface in the vicinity of the ligand binding site. In particular, both

454

variants significantly increased the negative charge density of the surface patch surrounding the

455

ligand binding site (especially R406C), in contrast with the WT where the corresponding

456

surface was positively charged (Fig. 3G). We expect that this perturbation significantly

457

weakens the binding of negatively charged ligands such as GAGs by the mutated FReDs.

458

To substantiate these observations, we generated human HEK293T cell lines stably

459

overexpressing FLAG-tagged human WT FIBCD1 cDNA and each of the variants G29S,

460

R406C and P456L, as well as a W6* variant located in gnomAD database (Fig. S5B) which

461

generates a premature STOP codon at the 6th amino acid residue of FIBCD1. This truncated
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462

isoform is presumably loss-of-function and served as a negative control. We confirmed

463

expression in each overexpressing cell line, barring W6*, by immunofluorescence (Fig. S5C).

464

We asked if the variants identified in our patients functionally perturbed FIBCD1:GAG

465

binding, as indicated by the MD study. We incubated the FIBCD1 overexpressing cells

466

with FITC-tagged CS-4S and acquired by flow cytometry. As with mouse WT FIBCD1 (Fig.

467

3E), we determined that cells expressing full length human WT FIBCD1 showed increased

468

percentage of FITC+ cells relative to unstained controls or cells expressing FIBCD1_W6* (Fig.

469

3H). This was not the case for cells expressing any of the patient variants, which exhibited a

470

similar percentage of FITC+ cells as the untransduced control and cells expressing

471

FIBCD1_W6* (Fig. 3H). Together these data suggest that while the FIBCD1 variants identified

472

in patients did not affect protein expression, they disrupted the binding of FIBCD1 to GAGs

473

such as CS-4S. Further, the molecular docking experiments suggest that the disturbed binding

474

of the R406C and P456L variants may be due to a disruption of the surface electrostatic charge

475

of the CS binding pocket of FIBCD1’s FReD. Taken together, we conclude that P1 and P2

476

harbour variants deleterious to FIBCD1 function.

477
478
479

FIBCD1 mediates GAG signalling in neurons

480

In vivo, GAG chains, including CSs, are often conjugated to a proteoglycan (CSPG) in variable

481

sulphated forms. In vitro studies have demonstrated primary CSPGs to be inhibitory to neuronal

482

adhesion, neurite outgrown, growth cone formation, axonal regeneration and neurogenesis,

483

mediated by CSPG receptors45. Based on our findings that FIBCD1 binds GAGs, we

484

hypothesised FIBCD1 to be a receptor for proteoglycans such as CSPGs.

485

To test this, we harvested and cultured primary neurons from embryonic (E)18.5 WT

486

and KO mouse hippocampi plated on a coating of primary CSPGs, which contains a mixture of

487

sulphated GAGs. We assessed neuronal morphologies after 2 and 14 days in vitro (DIV) by
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488

analysing cells that stain positive for the neuronal-specific marker Microtubule-associated

489

protein 2 (MAP2). At DIV2, we found the adherence of Fibcd1 WT neurons was partially

490

abrogated by the presence of CSPG coating but not in cultures plated on CSPGs after treatment

491

with the enzyme ChABC, which cleaves the GAG chains into soluble disaccharides and

492

tetrasaccharides, leaving the core protein intact (Fig. 4A)45,63. At DIV14, we found a dramatic

493

increase in neuronal somata aggregation in cultures plated on CSPGs, also prevented by

494

ChABC pre-digestion, again in agreement with previous literature (Fig. 4B)45. In contrast,

495

neurons cultured from Fibcd1 KO hippocampi showed slight, but not significant, DIV2

496

adherence impairment and slight, but also not significant, DIV14 somata aggregations,

497

indicating that Fibcd1 KO neurons are resistant to CSPG coating-induced phenotypes (Fig. 4A-

498

B). Likely, the residual detection of CSPGs in Fibcd1 KOs was due to the presence of other

499

CSPG receptors, such as PTPσ20. These data confirm FIBCD1 as a CSPG hippocampal

500

receptor, mediating neuronal responses to CSPG signalling, dependent on the GAG chains.

501

To investigate neuronal, FIBCD1-dependent transcriptional responses to CSPGs, we

502

isolated RNA from primary hippocampal neurons plated on coverslips coated with CSPGs

503

(Fibcd1 WTCSPG, Fibcd1 KOCSPG) and without (Fibcd1 WT, Fibcd1 KO) at DIV3. We

504

performed bulk RNA-sequencing with poly-A enrichment using 4 to 5 biological replicates per

505

condition. We reasoned an early time point after plating transcriptional changes would more

506

likely reflect cellular developmental effects of FIBCD1-CSPG binding as opposed to secondary

507

effects such as increased cell stress, soma aggregation or dendritic fasciculation. Hierarchical

508

clustering showed small intra-group differences and distinct separation between groups by

509

genotype (WT or KO) and treatment (+/- CSPG) (Fig. S6A). Comparison of differentially

510

expressed genes (DEGs, FDR<0.05) between Fibcd1 KO and WT cells (without CSPG)

511

revealed 462 significant DEGs with Fibcd1 being the most downregulated DEG, as expected

512

(Fig. S6B). We noted that a number of the top enriched DEGs in the Fibcd1 KO vs. WT

513

condition to be genes specifically expressed in non-neuronal cells (e.g. Pdgfra, Olig2),
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514

suggesting that DEGs may be reflecting differences between WT and KO cultures in glia

515

numbers, which are technically challenging to control for. We therefore explored our data

516

further comparing only between conditions within the same genotype, i.e. Fibcd1 WTCSPG vs

517

WT and Fibcd1 KOCSPG vs KO, which allowed us to isolate the DEGs dependent on FIBCD1

518

activity.

519

Comparison between WTCSPG vs WT revealed 462 significant DEGs, of which the

520

majority (396) were downregulated. Comparison between KOCSPG vs KO revealed 345

521

significant DEGs, of which again the majority (301) were downregulated (Fig. 4C). We cross-

522

referenced DEGs identified in the WT and KO datasets to reveal a set of genes that are

523

responding to CSPGs in both genotypes and those that are dependent on Fibcd1 expression

524

(Fig. 4D). Among the top dysregulated genes common to both genotypes, independent of

525

Fibcd1 expression, was Thbs1, recently shown to be necessary and sufficient for axon

526

regeneration after injury64, normally inhibited by the formation of glial CSPG scars20,

527

suggesting that the effects of CSPGs may be mediated by Thbs1 gene regulation in hippocampal

528

neurons. Many of the remaining genes are involved in binding or remodelling of the actin

529

cytoskeleton (Acta2, Tagln, Shroom3, Nes, Actin, Palld, Ajuba, Flnb) which reflect the

530

morphological perturbations induced by plating the cells on CSPGs. Gene ontology (GO) term

531

enrichment analysis for downregulated genes revealed terms such as “extracellular matrix

532

binding” and “extracellular matrix structural component” in Fibcd1 WT cells upon CSPG

533

treatment (Fig. 4E), which suggests that FIBCD1 engages with the components of the ECM and

534

also facilitates transcriptional regulation of genes known to play a role in the ECM. Intriguingly,

535

the third-most enriched term was “integrin binding”, reflecting a number of integrin subunits

536

and integrin-related genes that are significantly downregulated in WT cells upon CSPG

537

treatment (Fig. S6C). We next analysed the DEGs unique to the WT cellular response to CSPGs

538

which are dependent on Fibcd1 expression (Fig. 4D). Among the genes dysregulated in

539

response to CSPGs only in the WT cultures are genes coding for integrin subunits (Itga1,
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540

Itgam), integrin binding and/or modulation (Adamts8, Tln1)65,66, genes involved in the synthesis

541

or degradation of ECM components (Adamts8, Hspg2, Cemip, Col12a1)67 and, finally, genes

542

involved in binding to the ECM and adhesion of cells to each other and to the ECM (Flnc,

543

Wisp1, Tln1)66,68-71. Therefore, these genes represent the transcriptional fingerprint of primary

544

hippocampal neurons mediated by FIBCD1 binding to CSPG. Together, these data demonstrate

545

FIBCD1 to be a novel receptor for CSPGs that mediates transcriptional responses of neurons

546

to components enriched in the brain ECM.

547
548
549

FIBCD1-deficiency impacts synaptic remodelling that is rescuable by CSPG

550

digestion

551

To validate our behavioural findings, ascertain FIBCD1’s role at the synapse and to investigate

552

the potential pathology of accumulated GAGs such as CS-4S in the hippocampus (Fig. 3A-B),

553

we next performed field recordings of acute hippocampal slices from adult Fibcd1 WT and KO

554

mice pre-incubated with ChABC (to digest CSPGs) or penicillinase (Pen, a negative control).

555

We hypothesised that behavioural deficiencies likely caused by the dysregulation of the GAG

556

content in the Fibcd1 KO mice could be rescued by digestion with ChABC, as is the case with

557

other neuropathies associated with altered ECM composition (e.g. Alzheimer’s disease72,73).

558

Therefore, we examined the electrical properties of the CA3 Schaffer-collateral to CA1

559

circuit, a key pathway implicated in the formation and maintenance of spatial memories74. We

560

first analysed basal properties of synaptic transmission using standard input/output protocols

561

and found no significant differences between all conditions (Fig. S7A-B), indicating the

562

ChABC treatment does not alter the properties of basal synaptic transmission in agreement with

563

previous literature75. We next examined paired-pulse-induced facilitation, a form of short-term

564

pre-synaptic plasticity directly related to neurotransmitter release76. We observed no differences
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565

between Pen or ChABC treated WT slices, in agreement with previous literature75. However,

566

slices obtained from KO mice and treated with Pen showed reduced paired-pulse-facilitation

567

compared to Pen-treated WT slices (Fig. 5A-B). Remarkably, this reduction was restored to

568

WT levels in the ChABC-treated KO slices (Fig. 5A-B). Finally, we examined the effects of

569

theta-burst stimulation (TBS) induced synaptic long-term potentiation (LTP) such as the kind

570

recorded during learning events in mice. Consistent with previous literature75,77, ChABC

571

treatment reduced, but did not abolish, potentiation in WT slices, starting at the first recorded

572

pulse (Fig. 5C, light blue vs dark blue traces). We found slices from KO mice pre-treated with

573

Pen to exhibit reduced potentiation compared to Pen-treated WT slices (i.e. baseline

574

differences) (Fig. 5C, dark blue vs dark red traces), similar to ChABC-treated WT slices (light

575

blue trace), but, remarkably, this deficit was again rescued in KO slices pre-treated with ChABC

576

(Fig. 5C, pink trace and Fig. S7C-D). Together, these defects in synaptic plasticity in the KO

577

hippocampus reflects and explains the learning deficits previously observed (Fig 2E-F), and the

578

complete rescue of remodelling deficiencies by ChABC treatment supports our hypothesis that

579

GAG accumulation lies at the centre of the FIBCD1 related pathology. Furthermore, our

580

findings here confirm FIBCD1 to be essential to hippocampal function in adult mice.

581
582
583
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584

DISCUSSION

585

Here we report FIBCD1 loss-of-function variants in a previously unknown neurodevelopmental

586

disorder, demonstrate high expression of FIBCD1 in the mammalian brain and characterise its

587

conserved role in the nervous system.

588

We show that knock-down of a putative FIBCD1 orthologue in flies, CG10359, results

589

in defects at the neuromuscular junction and deficiencies in behaviours associated to

590

neurological function. Furthermore, FIBCD1-deficient mice exhibited impaired performance in

591

hippocampal-dependent learning tasks. We identify FIBCD1 as a neuronal receptor for GAGs

592

found in the brain ECM, with an accumulation of CS-4S noted in hippocampi of Fibcd1 KO

593

mice. Importantly, the variants identified in the patients reported here disrupt the association of

594

FIBCD1 to CS-4S demonstrating they are deleterious to protein function. FIBCD1 mediates

595

neuronal responses to CSPGs and a transcriptional programme associated with cell-cell and

596

cell-matrix interactions. Finally, we found FIBCD1-deficiency to be associated with synaptic

597

dysfunction that could be fully rescued by modulating the ECM with enzymatic digestion.

598

It is widely recognised that brain ECM composition is critical for CNS development and

599

function and disruptions to synthesis, post-translation modulation or degradation of ECM

600

components are associated with neurodevelopmental disorders, such as ASD and

601

mucopolysaccharidosis78. Identification and functional characterisation of CSPG receptors is

602

of interest to the fields of neurodevelopment, learning and memory and regenerative

603

biology6,15,17,79. However, few receptors for CSPGs of the ECM have been reported or

604

characterised and, of those identified, none have been found to harbour germline genetic

605

variants associated with disease.

606

We have presented evidence of two patients with loss-of-function variants in FIBCD1

607

that exhibit symptoms of severe neurodevelopmental dysfunctions, including delayed social,

608

cognitive and verbal abilities, ASD, ADHD, facial dysmorphias and structural brain anomalies.
27

609

P2 was too young at last examination to be fully evaluated for ASD or ID, however, while

610

exhibiting similar symptoms as P1, was more affected. Intriguingly, signs of immune system

611

symptoms such as recurring allergic rhinitis, sinusitis and pneumonia in both patients is in line

612

with the literature describing FIBCD1 in immune responses80. In addition to FIBCD1 variants,

613

P2’s exome sequencing revealed additional variants of unknown significance (VUS)

614

in UNC13B and RIC1. UNC13B encodes a pre-synaptic protein highly expressed in the brain,

615

MUNC13-2, that has recently been associated with partial focal epilepsy59, not found in P2, and

616

was therefore dismissed as potentially causative in this case. Variants in RIC1 gene have

617

recently been associated with autosomal recessive CATIFA Syndrome (cleft lip, cataract, tooth

618

abnormality, intellectual disability, facial dysmorphism, attention-deficit hyperactivity

619

disorder, OMIM: 618761)57,58. With the exception of P2’s micrognathia, she exhibits none of

620

the hallmark symptoms of CATIFA syndrome. However, the contribution of the RIC1 variant

621

to the overall clinical pathology of the patient cannot be ruled out, even if unlikely. We have

622

established a conserved but variable role for FIBCD1 in nervous system function in two animal

623

models with some notable differences to the patient symptomatology. Unlike in flies, FIBCD1

624

is not required for survival in mice, however, it is important for certain types of hippocampal-

625

dependent learning. We performed a battery of behavioural assays and did not detect

626

nociceptive or sensory deficiencies nor increased anxiety in the KO mice, unlike the features

627

noted in P1. A recent preprint, however, reports elevated amygdala levels of Fibcd1 mRNA in

628

response to fear conditioning in mice81. We also did not detect any structural abnormalities in

629

the brains of the Fibcd1 KO mice as was noted in P2, however, was also not a shared feature in

630

the two patients. As additional cases with deleterious FIBCD1 variants are reported, it will be

631

of great interest to characterise the extent of the clinical variability.

632

Molecular modelling analysis has suggested R406C (P1) and P456L (P2) lead

633

to FIBCD1

loss-of-function by

disrupting the binding

634

diminishing the affinity to its GAG ligand, which is consistent with our cellular assay for
28

pocket’s

electrostatic

charge,

635

FIBCD1:CS-4S binding. However, it is less clear how the other P1 variant, G29S, disrupts

636

binding of FIBCD1 to CS-4S. While we find the glycine at this residue is largely

637

conserved among other species, the mouse orthologue contains the same substitution of glycine

638

to serine as in P1. How the function of G29 residue diverges from mouse to human, whether it

639

is important for structural conformation of FIBCD1, targeting, or downstream signalling

640

remains to be elucidated. Nevertheless, we demonstrated all three FIBCD1 variants to be

641

deleterious to protein function of FIBCD1 and in view of the data in the model organisms and

642

cell culture, is likely to be causative of the patients’ symptoms. Full understanding of the

643

neuropathology caused by deleterious FIBCD1 variants awaits more clinical cases for

644

comparison of their clinical symptoms.

645

FIBCD1 is an endocytic lectin, reported to bind chitin on cellular walls of pathogens

646

and to regulate the innate immune response to Candida infections24,25. We provide

647

computational, biochemical, cellular and in vivo evidence that FIBCD1 also has endogenous

648

ligands in the brain and intimately participates in the regulation of ECM composition through

649

endocytosis or receptor-mediated signalling, or both. Indeed, transcriptomic changes upon

650

CSPG stimulation of FIBCD1 WT and KO primary hippocampal cultures reveal a novel ligand-

651

dependent signalling function for FIBCD1, primarily encompassing genes involved in ECM

652

binding and structure. Interestingly, a number of DEGs were integrin subunits or integrin-

653

related genes, molecules well known for interacting with the ECM and signalling during

654

neuronal development and synaptic activity6,79. Considering that closely related proteins

655

containing FReDs have been shown to directly interact with integrins82, it is tempting to

656

speculate a physical FIBCD1:integrin interaction, the mechanism of which remains to be

657

uncovered. We cross-referenced the DEGs present in both the WTCSPG vs WT and KOCSPG vs

658

KO datasets to identify the genes specifically regulated by FIBCD1 binding to CSPGs. We

659

identified a number of genes coding for integrin subunits or integrin binding and/or modulation

660

as well as genes involved in the synthesis or degradation of ECM components and, finally,
29

661

genes involved in binding to the ECM and adhesion of cells to the ECM. While the functions

662

of many of these genes have been elucidated in a non-neuronal context, it’s likely that their

663

function is largely conserved in neurons and, therefore, these genes make up the transcriptional

664

fingerprint regulated by FIBCD1’s interaction with CSPGs in primary hippocampal neurons.

665

The LTP deficits noted in the hippocampal circuit validates the behavioural deficiencies

666

in the mice and could potentially be generalised to synapse function of other brain regions,

667

contributing to some of the clinical symptoms of the patients. The complete rescue of LTP

668

deficits by ChABC digestion of CSPGs suggests that the mouse hippocampus develops

669

normally in the absence of FIBCD1 and it is the pathological accumulation of GAGs

670

containing CS-4S over time that is responsible for the observed behavioural and synaptic

671

phenotypes. This

672

in D.melanogaster survival and neuronal development as exhibited by the lethality of the full

673

body dFibcd1 knock-down flies, suggesting that Fibcd1 may have developed a more

674

specialised role in mammals. Nevertheless, it will be of great interest to delineate the role of

675

CS-4S during activity-driven synaptic plasticity, in what context it is released from the ECM

676

and how it contributes to hippocampal function.

is

in

contrast

to

the

dependence

of dFibcd1 expression

677

To conclude, FIBCD1 is a receptor for GAGs of the ECM and mediator of ECM

678

signalling, disruptions to which are associated with a complex NDD and aberrant synaptic

679

function.

680
681
682
683
684
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Table 1: Comparison of clinical findings and genetics of reported patients.
Background

Sex
Current Age
Ethnicity
FIBCD1

Neurology

Diagnosis
Psychological Evaluation
Sitting and Walking
Language
Epilepsy
Intellectual Disability
Sensory
Motoric

Neuroradiology

P1
M
12 y.o.
Caucasian
Compound Het.
c.85G>A ; c.1216C>T
p.G29S ; p.R406C

P2
F
3 y.o.
Chinese
UPD with mosaicism
c.1367C>T
p.P456L

Severe ASD
Borderline delayed
cognition
Anxiety
ADHD combined type
Normal
Nonverbal
-

Severe NDD
Delayed social and
cognitive abilities

High pain tolerance,
sensitive touch
Fine motor coordination
deficits

MRI
Dysmorphias

Craniofacial
Other systems
Cardiovascular
Respiratory
Immune

919
920
921

n/a

Delayed
Nonverbal
Too young to be
evaluated
n/a
n/a
Slightly thickened cortex
Decreased white matter
volume
Ventriculomegaly
Bilateral enlarged frontal
gyri

Triangular shaped head
Hypertelorism
Almond-shaped eyes
Posteriorly rotated and
low set ears
Epicanthal folds

Microcephaly
Micrognathia
Low set ears

-

Patent ductus arteriosus,
resolved at 6 months
Recurrent pneumonia
-

Allergic rhinitis, sinusitis

Abbreviations: UPD = Uniparental Disomy; ASD = Autism Spectrum Disorder; ADHD =
Attention Deficit Hyperactivity Disorder; NDD = Neurodevelopmental Disorder; Het =
Heterozygous
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Table 2: Materials used in this study.
Genotyping primers:
CGCTGGTCTTGCTGGAAG

Fibcd1 WT

TCTTCTCTTCCCTCTGCACA
Fibcd1 KO

GCAGCGCATCGCCTTCTATC
TGGCACAGGTTAAGGAATT

Primers for qPCR:
GTCGGTGTGAACGGATTTGG

Gapdh

GACTCCACGACATACTCAGC
CTGGAAGATGGTCCACGAG

mFibcd1(ex1-2)

CCGTGCACAGGACATAACTG
TCAAGGCTGACCTTCAGAGG

mFibcd1(ex3-4)

GAAGCCAGCTGGGTAGTGAG
CAGCTGGCTTCCAGGTCTAC

mFibcd1(ex4-5)

CCAACCTCGGAAAAAGTTCA
CAGGACGATGGCGTCTACTC

hFibcd1

GATCCTCTTGAGCCCTAGCC
Antibodies for immunoblots:
b-Actin

A5316 (Sigma)

CS-0S (1B5)

270431-CS (Amsbio)

CS-4S (2B6)

270432-CS (Amsbio)

CS-6S (3B3)

270433-CS (Amsbio)

Anti-V5 tag

Ab15828 (Abcam)

Fluorescent Sugars for Flow Cytometry:
Fluoresceinamine Labeled Sodium Chondroitin Sulfate A (A1)

AMS.CSR-FACS-A1 (Amsbio)

Fluoresceinamine Labeled Sodium Chondroitin Poly-Sulfate (P1)

AMS.CSR-FACS-P1 (Amsbio)

Fluoresceinamine Labeled Sodium Dermatan Sulfate (B1)

AMS.CSR-FADS-B1 (Amsbio)

Antibodies/dyes for immunofluorescence:
MAP2

Millipore 05-346

FLAG (M2)

Sigma F1804

Alexa Fluor® 546 anti-mouse

Thermo A-11003

Goat F(ab) anti mouse (IgG)

Abcam (ab6668)

Alexa Fluor® 647 AffiniPure Goat Anti-Horseradish Peroxidase

Jackson Immunoresearch

Mouse anti-nc82 (Bruchpilot)

Developmental Hybridoma Studies Bank

DAPI

Carl Roth

WFA-488

Vector Laboratories (FL-1351)

Drosophila reagents
Stock

RRID/source

y[1] w[*]; P{w [+mC]=r4-GAL4}3

BDSC_33832

y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMJ30271}attP40

BDSC_63703

38

w1118; P{GD2280}v4128/TM3

FlyBase_FBst0464025

P{KK105143}VIE-260B

FlyBase_FBst0474536

y[1] w[*]; P{w[+m*]=nSyb-GAL4.S}3

BDSC_51635

y[1] w[*]; P{w[+mC]=tubP-GAL4}LL7/TM3, Sb[1] Ser[1]

BDSC_5138

PBac{UAS-empty}VK00037

Yoon et al., Cell Metabolism, 2017

y[1] v[1]; P{TRiP.JF01355}attP2

BDSC_31603

924
925
926
927
928
929
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Figure 1: Expression of FIBCD1 in human tissues and properties of FIBCD1 variants
identified in 2 cases of undiagnosed neurodevelopmental disorders.
(A) Top, schematic of FIBCD1 protein, with labelled intracellular domain (IC, red),
transmembrane domain (TM, pink), coiled coil (CC, dark blue) and FReD (light blue). Location
of patient variants denoted in red, blue variant denotes the control used in later experiments.
Left, family pedigrees of P1 (top) and P2 (bottom) showing affected proband (filled, arrow) and
carriers (half-filled). Right, representative traces of Sanger sequencing to confirm segregation
within the family. P1 variants are inherited in autosomal recessive manner; P2 exhibits
inheritance by uniparental disomy. (B) P2 MRI images (axial, sagittal and coronal plane)
showing ventriculomegaly, slightly thickened cortex and bilateral enlarged gyri. (C) Amino
acid sequence conservation sites of patient variants Gly29Ser, Arg406Cys and Pro456Leu in
different species, as labelled. (D) FIBCD1 expression in various human visceral tissues and
brain regions (inset). Expression is plotted relative to the tissue with lowest detectable
expression (trachea; inset, choroid plexus). N represents technical replicates; N = 2. (E) In-situ
hybridisation with probe pairs specific to Fibcd1 mRNA (purple) in mouse whole-brain coronal
section, left hemisphere shown. Insets of high Fibcd1 expressing regions are (i) cortex, (ii)
pyramidal cell layer of hippocampus, (iii) medial habenula, (iv) granule cell layer of the dentate
gyrus and (v) hypothalamus. Scale bar sizes are as indicated. Representative of 3 independent
experiments. (F) Relative mRNA expression levels of mouse Fibcd1 (primers binding to exon
4 and 5) normalised to Gapdh, in the indicated adult brain regions, analysed by RT-qPCR (n =
3). Olf.Bulb = olfactory bulb; Ctx. = cortex; Hipp. = hippocampus; Midbr. = midbrain; Pons &
Med = pons and medulla; Crb. = cerebellum. (G) Relative mRNA expression levels of mouse
Fibcd1 (primers binding to exon 4 and 5) normalised to Gapdh in the hippocampus of the
indicated developmental time points, analysed by RT-qPCR. N represents biological replicates;
N = 3. Data is represented as mean and error bars represent SD.
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Figure 2: Neurological deficits in FIBCD1-deficient mice and flies
(A) Immunofluorescent images (representative of 3 independent experiments) of control and
neuronal (Nsyb) CG10359 (dFibcd1) RNAi-mediated knockdown D. melanogaster, 3rd instar
larvae NMJ (NMJ6/7) stained with anti-horseradish peroxidase antibody. Empty control and
RNAi-mediated knockdown of CG10359 (dFibcd1-i) lines #1, 2 and 3 shown. Scale bar =
20µm. (B) Quantification of (A), control and CG10359 knockdown lines NMJ neuron bouton
number. (C) Quantification of (A), control and CG10359 knockdown lines NMJ neuron axon
branch points. (D) Negative geotaxis assay of adult Drosophila control and RNAi lines #1, #2
and #3 compared to control lines expressing RNAi targeting luciferase. Climbing index
represent the percentage of flies that crossed the 5 cm vial mark within 5 seconds after gentle
tapping to the bottom of the vial. N is the number of tested vials: N (luciferase) = 53; N (line
#1) = 63; N (line #2) = 36; N (line #3) = 31. For flies per vial, see Figure S2C. (E) Percentage
of mouse spontaneous alterations in the Y-maze. N is the number of animals; N(WT) = 9;
N(KO) = 15. (F) Latency to enter the dark (foot shock) chamber during the inhibitory avoidance
task at training and testing (24 hours post-training) periods. Fibcd1 WT, heterozygous (HET)
and KO mice shown. N(WT) = 8; N(HET) = 19; N(KO) = 15. Data is represented as mean and
error bars represent SEM. * = p≤0.05; ** =p≤0.01; *** =p≤0.001.
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Figure 3: FIBCD1 is an endocytic receptor for hippocampal glycosaminoglycans
(A) HPLC traces (representative of 3 independent experiments) of variously sulphated GAGs
(as labelled) in adult Fibcd1 WT (top, blue) and KO (bottom, red) CA1 pyramidal cell layer
hippocampi. Unsulphated CS = CS-0S; hyaluronic acid = HA; 4-O-sulphated CS = CS-4S; 6O-sulphated CS = CS-6S. (B) Immunoblot analysis (left) and quantification of signal intensity
(right) of littermate WT (blue) versus Fibcd1 KO (red) adult hippocampi with antibodies against
CS-0S, CS-4S, CS-6S and actin as a loading control. Each lane represents an independent
animal (N = 3). Protein marker sizes are indicated. (C) Top binding pose for in silico docking
of CS-4S to FIBCD1 FReD (PDB 4M7F). Inset (left) is the orientation of CS-4S within the
FReD binding pocket and (right) binding free energy of CS-4S vs CS-6S. Van der Waals (vdW),
electrostatic (Elec) and desolvation (Desolv) components of binding free energy charge. (D)
Competitive ELISA with increasing concentrations of CS-4S (blue circles) or –6S (red circles)
incubated with recombinant FIBCD1 FReD and acetylated BSA. Inset is IC50 concentrations
for CS-4S and CS-6S. N is number of biological replicates; N = 4. (E) Flow cytometric analysis
of N2a cells expressing full-length mFIBCD1, mFIBCD1ΔFReD or empty vector control
incubated with FITC-tagged chondroitin-4-sulfate (CS-4S), poly-sulphated chondroitin
sulphate (CS-PS) or dermatan sulphate (DS). N = 3. (F) Internalisation of FITC-tagged CS-4S
by FIBCD1-overexpressing HEK293T lines compared to untransduced cells and unstained
cells. Left, representative images; right, quantification. Data is plotted as total puncta per
condition. Cells are further stained with CellMask (membrane) and Hoechst (nuclei). N = 5.
Scale bar = 50µm. (G) Top, superposition ribbon diagrams of the WT FReD domain (dark blue)
with R406C (left) and P456L (right) mutants (in grey). The loops surrounding the ligand
binding site (389-399 and 423-448) exhibit the largest structural rearrangement in both mutants.
Bottom, comparison of the electrostatic potential mapped onto the solvent-accessible surface
between WT and the two variant FReDs. (H) Top, depiction of FIBCD1 cDNA and location of
patient variants (red) and W6* control (blue). Bottom, flow cytometric analysis of untransduced

HEK293T cells, or expressing constructs with full-length wild-type human FIBCD1, FIBCD1
with the W6* early stop variant as control (FIBCD1_W6*), or the three patient variants (as
labelled) incubated with FITC-tagged CS-4S represented as percentage of CS-4S-FITC relative
to unstained control. N represents biological replicates ; N = 4. Data are represented as mean
and error bars represent SEM. Statistics were calculated by 1-way ANOVA, comparing to the
FIBCD1 condition. Data represents the mean and error bars represent SEM. * = p≤0.05; **
=p≤0.01; *** =p≤0.001; **** p≤0.0001.
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Figure 4: FIBCD1 mediates responses of primary hippocampal cultures to CSPGs.
(A) Left, Representative images of immunofluorescent staining (MAP2, red; DAPI, blue) of
primary hippocampal cultures at 2 days in vitro (DIV), plated on +/- CSPG coating with and
without prior digestion with ChABC, as indicated. Right, quantification of DIV2 images,
showing the number of protruding cells per field normalised to untreated condition. N(WT) =
3; N(KO) = 2. (B) Left, representative images of DIV14 neurons, same conditions as in (A).
Right, quantification of DIV14 images, representing the percentage of cells per field that are
clumped. N represents biological replicates; N(WT) = 3; N(KO) = 2. Scale bar = 250µm. (C)
Volcano plots of differential gene expression of transcriptomes at DIV3 hippocampal cultures
comparing (left) WTCSPG vs WT and KOCSPG vs KO (FDR < 0.05) (right). Significantly
upregulated and downregulated genes are shown in red and blue, respectively. The top 20 DEGs
are labelled. (D) Above, Venn diagram of significant DEGs unique to WTCSPG vs WT (green,
270 genes), KOCSPG vs KO (orange, 193 genes) and common between the two (grey, 153 genes).
Below, lists of the 20 most significant DEGs and their fold change for each comparison,
showing downregulated DEGs in blue and upregulated in red. (E) GO term enrichment analysis
for significantly downregulated genes (FDR < 0.05) in (left) WTCSPG vs WT and (right) KOCSPG
vs KO. Data are represented as mean and error bars represent SEM. * = p≤0.05; ** =p≤0.01;
*** =p≤0.001.
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Figure 5: Impaired synaptic remodelling in FIBCD1-deficient mice is rescued by ChABC
treatment
(A-B) Paired-pulse facilitation in CA3-CA1 Schaffer collateral pathway of acute hippocampal
slices from Fibcd1 WT and KO mice. Pre-treatment with enzymes penicillinase (+pen) or
Chondroitinase ABC (+ChABC) as labelled. N (WT+pen) = 17; N (KO+pen) = 20; N
(WT+ChABC) = 19; N (KO+ChABC) = 25. (C) Long-term potentiation in CA3-CA1 Schaffer
collateral pathways of acute hippocampal slices. Theta burst stimulation (TBS) is at time 0
indicated by the arrow. N (WT+pen) = 9; N (KO+pen) = 15; N (WT+ChABC) = 6; N
(KO+ChABC) = 12. Inset are representative traces. Data are represented as mean and error bars
represent SEM. * = p≤0.05; ** =p≤0.01; *** =p≤0.001.
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Figure S1: Fibcd1 expression in the adult and developing mouse brain.
(A) Schematic of mouse Fibcd1 exons (grey rectangles) and introns (grey lines), and location
of primer pair binding (‘exons 1/2, 3/4 and 4/5’) used for RT-qPCR. Exon sizes are to scale;
introns and primer lengths are not. The exons coding for FIBCD1 FReD is indicated by a red
dashed line. (B) Relative mRNA expression levels of mouse Fibcd1 (primers binding to exon
1 and 2) normalised to Gapdh in the indicated brain regions, analysed by RT-qPCR N represents
biological replicates; N = 3. (C) Fibcd1 expression in bulk populations of sorted mouse brain
cell population, from brainrnaseq.org. OPC = oligodendrocyte precursor cell. (D) Relative
mRNA expression levels of mouse Fibcd1 (primers binding to exon 1 and 2 and exons 3 and
4) normalised to Gapdh in the hippocampus of the indicated time points, analysed by RT-qPCR.
N = 3. Data are presented as mean and error bars represent SD.
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Figure S2: Description of dFibcd1.
(A) Alignment of human, mouse and fly (DROME) FReD protein sequence. Inset, percent
identity matrix (% homology) between Drosophila, human and mouse FReD protein sequences.
(B) Summary of 3 RNAi lines crossed to full body GAL4 driver (tubulin) or neuron-specific
(Nsyb) and the effects on viability. (C) Number of flies analysed for the climbing assay in Fig
2D. Box plots depict data mean and upper and lower quartile.
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Figure S3: Phenotyping of FIBCD1-deficient mice
(A) RT-qPCR of Fibcd1 WT and KO adult mouse hippocampi using primer pairs binding to
indicated exons (see Fig. S1A). N represents individual mice; N = 4. (B-D) Body weight (B),
total brain volume (C) and brain volumes of denoted brain regions (D) of the indicated
genotypes as assessed by MRI volumetric analysis. N = 5. Inset are 3D representative MRI
renditions of control (left) and Fibcd1 KO (right) adult brains with analysed brain regions
pseudo-coloured. Error bars represent SD. (E) Percentage of time mice spent in the centre, open
and closed arms of the Elevated Plus Maze (EPM) are shown for Fibcd1 WT (blue) and KO
(red). N = 18 (WT); 27 (KO). (F-G) Mouse performance quantified by time to reach the target
platform (F) and time spent in the target quadrant (G), in Morris Water Maze (MWM)
hippocampal-dependent spatial learning task over 5 days. N = 5 (WT); 9 (KO). (H) Acute pain
responses to hotplate, acetone drop, or intraplantar capsaicin injections, quantified as time to
first response or time spent licking or biting the injected paw, respectively. N= 9 (WT); N = 10
(KO). (I) Reaction score to electrical foot shock stimulation. N = 10 (WT); N = 10 (KO). Data
are represented as mean and error bars represent SD.
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Figure S4: Docking site of CS-6S in FIBCD1 FReD and validation of mFIBCD1
overexpressing N2a cell lines.
(A) Top binding pose for in silico docking of CS-6S to FIBCD1 FReD (PDB 4M7F). (B)
Schematic representation of FIBCD1 domains, IC-intracellular domain (red), TMtransmembrane domain (pink), CC-coiled coil domain (dark blue), FReD (light blue), and
location of V5-tag (grey) in full-length mFIBCD1 cDNA and truncated mFIBCD1 lacking the
FReD (FIBCD1 ΔFReD). (C) Relative mRNA expression levels of Fibcd1 in the N2a cells
overexpressing full-length (Fibcd1) or truncated FIBCD1 (Fibcd1 ΔFReD) and adult mouse
WT brain for comparison, analysed by RT-qPCR. N represents biological replicates N = 2.
Primers binding to exon 1 and 2 before the FReD domain (B) or to exon 4 and 5 spanning the
sequence encoding part of the FReD. Note the complete absence of endogenous Fibcd1
expression in the ‘empty vector’ (red bar) control and the complete absence of expression when
using primers against exon 4/5 (D), which span the FReD (see Figure S1A) in the Fibcd1
ΔFReD construct (C, pink bar), validating the generated cell lines. Gapdh was used as
housekeeping control and values obtained from a control brain sample were set to 1. (E)
Validation of transgenic N2a cell line at the protein level by immunoprecipitation with anti-V5
antibody as bait. Input (left) and V5-immunoprecipitated (right) lysates from N2a cells
expressing V5-tagged full-length mFIBCD1 (mFIBCD1-V5, predicted size of 55kDa), V5tagged mFIBCD1 lacking the FReD (V5-FIBCD1 ΔFReD, predicted size of 28kDa) or the
empty vector as negative control. Protein marker sizes are indicated. (F) Number of HEK293T
cells per field during the CS-4S internalisation experiments, linked to Fig. 3F. N = 5. Data are
plotted as mean and error bars represent SD.
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Figure S5: Additional human FIBCD1 data.
(A) Time course of the backbone RMSD from the starting configuration for WT (blue), R406C
(pink) and P456L (red) MD simulations. (B) Missense, frameshift, splice region and stop gain
variants extrapolated from gnomAD present in the population, colour code is indicated in the
figure. Each dot represents one distinct variant, amino acid position and CADD score indicated
on x and y axis. Indicated with arrows are the variants discussed in the present study. (C)
Validation of FLAG-FIBCD1 expression in stably expressing HEK293T cells by
immunofluorescence. Note the absence of signal in untransduced cells and cells expressing
truncated (W6*) FIBCD1. Shown is DAPI (blue), anti-FLAG (green) and merge. Scale bar =
50um.
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Figure S6: Additional RNA-seq analysis
(A) z-score hierarchical clustering for each sample in Fibcd1 KO vs WT, WTCSPG vs WT and
KOCSPG vs KO. Colours represent scaled expression values, with blue for low and red for high
expression levels. Legend is indicated. (B) Volcano plot depicting DEGs at DIV2 hippocampal
cultures, comparing Fibcd1 KO vs WT, showing significantly upregulated (red) and
downregulated (blue) genes. Top 20 DEGs are labelled. (C) Volcano plot depicting DEGs at
DIV2 hippocampal cultures comparing WTCSPG vs WT, all genes that fall into “integrin
binding” GO term category are labelled.
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Figure S7: Additional electrophysiological assessment of mouse hippocampal slices
(A-B) Input/output assessment of synaptic transmission in CA3-CA1 Schaffer collateral
pathway of adult mouse hippocampal slices. Fibcd1 WT (blue) and KO (red) hippocampal
slices, pre-treated with penicillinase (pen) or Chondroitinase ABC (ChABC). N (WT+pen) =
22; N (KO+pen) = 27; N (WT+ChABC) = 21; N (KO+ChABC) = 30. (C-D) LTP fold change
of baseline at 2 (C) and 70 (D) minutes post theta-burst stimulation (TBS) in adult mouse
hippocampal slices. N (WT+pen) = 9; N (KO+pen) = 15; N (WT+ChABC) = 6; N
(KO+ChABC) = 12. * = p≤0.05; ** =p≤0.01; *** =p≤0.001. Data are plotted as mean and error
bars represent SEM.

4. Discussion
FIBCD1 state of the art
FIBCD1 is a poorly studied protein. To date, searching for the keyword “FIBCD1” in PubMed returns 14
results, the vast majority of which relate to a function of FIBCD1 in binding fungal moieties. FIBCD1
was first identified as a cDNA clone of unknown function and high sequence homology to L- and Mtype ficolins, which are secreted, lectin-type pattern recognition receptors of the innate immune
system (Schlosser et al, 2009). Schlosser and colleagues demonstrated that FIBCD1 assembles into
homotetrameric structures and, when overexpressed in human cell lines, localises to the cell
membrane. Next, the authors raised antibodies against FIBCD1’s ectodomain and performed a series
of immunohistochemical stains in various human tissues and demonstrated FIBCD1 expression in the
brush borders of the duodenum and colon as well as the ducts of the salivary glands. A later paper
from the same research group demonstrated FIBCD1 expression also in the brain, trachea, small
intestine, spleen, testis, placenta and in the lung mucosal membrane, particularly after fungal infection
(Jepsen et al, 2018). Schlosser and colleagues purified recombinant FIBCD1 by affinity chromatography
using an acetate-coated matrix, followed by ELISA experiments which showed FIBCD1 binding to
structures containing acetyl groups (such as acetylcholine and acetylated BSA). This was consistent
with FIBCD1’s high homology to ficolins, which are also acetyl group-binding proteins. Hypothesising
FIBCD1 to function in the innate immune system’s recognition of pathogen associated molecular
patterns (PAMPs), FIBCD1’s binding to a number of PAMPs such as chitin, lipopolysaccharide (LPS) and
peptidoglycan was assessed. FIBCD1 was shown to bind with high affinity to chitin but no other tested
PAMP, leading the authors to hypothesise that FIBCD1 is an innate immune receptor for fungi. Finally,
using radio- and fluorescently tagged acetylated BSA, FIBCD1 was shown to mediate the endocytosis
of acetylated structures. The secretion of the radiolabel into the culture supernatant after endocytosis
suggested that structures internalised by FIBCD1 were degraded within the cell, potentially in the
lysosome.
Although Schlosser and colleagues demonstrated a chitin-binding function of FIBCD1,
expression in the duodenum and colon, concluding FIBCD1 to be an innate immune system receptor
for fungi, the in vivo function of FIBCD1 remained to be investigated. Based on its chitin binding
function and high homology to ficolins, it was hypothesised that FIBCD1 mediates responses of the
immune system to fungal infection and/or functions at the interface of epithelial borders and
endogenous fungal species. To investigate this, Moeller and colleagues generated a transgenic FIBCD1
mouse (FIBCD1Tg) with overexpression driven in intestinal tissues under the Villin promoter (Moeller
et al, 2019). The transgenic mice had no obvious differences from WT littermates. The authors first
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used a model of intestinal helminth infection by feeding the mice with chitin-containing embryonated
Trichuris muris eggs, a widely used model for such infections. While FIBCD1 was shown to bind to the
T.muris eggs, there was no difference between the FIBCD1Tg mice and wild type littermates in
protective type 2 immune responses or clearance of the fungal infection. However, sequencing of
baseline (i.e. non-infected) gut microbiome revealed changes in the composition of fungal species in
the FIBCD1Tg gut compared to WT littermates. In particular, a reduction in the population of the
Candida genus and increase in Phoma genus was noted in the FIBCD1Tg mice. No changes in bacteria
species were observed. Finally, the authors demonstrated that FIBCD1Tg exhibited slowed fungal recolonisation after depletion and reduced intestinal inflammation, concluding FIBCD1 to be a previously
unknown microbial pattern recognition receptor (Moeller et al, 2019). A follow up study indicated a
role of FIBCD1 in regulating lung immune responses to the mould Aspergillus fumigatus (Bhattacharya
et al, 2021). The authors demonstrated immune-compromised FIBCD1 KO mice to be more resistant
to invasive pulmonary aspergillosis, as shown by reduced morbidity, mortality and fungal burden. The
underlying mechanisms remain not understood.
Before our study, the only indication of an endogenous binding ligand of FIBCD1 was published
in 2014 (Shrive et al, 2014), that reported the crystal structure of FIBCD1’s extracellular, ligand-binding
fibrinogen-recognition domain (FReD) in native and ligand-bound conformations. While the paper
largely focussed on examining FIBCD1’s binding to N-acetylmannosamine (ManNAc), the study
identified potential binding sites for sulphated, acetylated ligands such as glycosaminoglycans (Shrive
et al, 2014).
The remaining studies thus far of FIBCD1 biology relate to cancer. In primary patient samples,
overexpression of FIBCD1 was shown to correlate with poor prognosis in gastric cancer (Jiang et al,
2018) and hepatocellular carcinoma (Wang et al, 2020). While it’s unclear if these changes in FIBCD1
expression are causative or merely correlative, genes that modulate the extracellular matrix have been
well studied in the context of cancer. Particularly, those that increase a cancerous cell’s motility
through the matrix, thus facilitating metastasis. While interesting, the link between FIBCD1 and cancer
biology remain tenuous and further studies are needed to determine a causative role of FIBCD1 in
gastric cancer, hepatocellular carcinoma, or other.

Molecular pathology of FIBCD1-deficiency
In the present study, we have provided evidence for a role of FIBCD1 in the CNS and an association of
FIBCD1 loss of function variants to a severe NDD in 2 unrelated patients. While mutations in the
synthesis of GAGs and CSPGs have been previously associated to NDDs (e.g. (de Vrij et al, 2019)) we
believe the present study is the first report of mutations in a receptor for GAGs or CSPGs associated to
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human disease. Using animal models, we have noted some pathologies associated to FIBCD1deficiency that each could be contributing to disease symptoms.
The patients presented with symptoms of severe NDD. Patient 1, a 12 year old boy, was
diagnosed by his clinician with severe ASD, attention deficit hyperactivity disorder (ADHD) and anxiety.
While sitting and walking milestones were reached normally, he remains nonverbal. Additionally, he
was noted as possessing some craniofacial dysmorphias, namely, a triangular shaped head,
hypertelorism, almond-shaped eyes, posteriorly rotated and low set ears and epicanthal folds. The
dysmorphias are significant as they indicate the patient’s NDD to be of genetic rather than
environmental cause. Additional clinical diagnoses include recurrent allergic rhinitis and sinusitis.
Whole exome sequencing and filtering revealed biallelic variants of unknown significance in FIBCD1.
Patient 2, a 3 year old girl, was diagnosed with severe NDD and exhibited delayed social and cognitive
abilities. Sitting and walking milestones were delayed and she is also nonverbal. She was noted to be
microcephalic, to have micrognathia and low set ears. Radiological findings included a thickened
cortex, bilateral enlarged frontal gyri, ventriculomegaly and associated decrease in the white matter
volume. Finally, she had a patent ductus arteriosus that resolved after 6 months and recurrent
pneumonias. Whole exome sequencing, filtering and follow up analysis revealed homozygous variants
of unknown significance in FIBCD1, UNC13B and RIC1 due to an inheritance of uniparental disomy of
chromosome 9 with mosaicism. RIC1 has been reported to cause CATIFA syndrome, with a distinctive
correlation of craniofacial dysmorphias such as cleft lip, cataract, tooth eruption abnormalities and
facial dysmorphias, which our patient does not have. Similarly, UNC13B has been described to cause
focal epilepsy, again not found in our patient.
We examined the expression of FIBCD1 in a number of human and mouse tissues. The
expression data from the two species was largely in agreement. In the brain, the highest expressing
region was the hippocampus which, in the mouse, was largely restricted to the hippocampal stratum
pyramidale layer, where the cell bodies of hippocampal pyramidal neurons are located. Additionally,
we showed that FIBCD1 is expressed in the hippocampus throughout development, starting at E14.5
into adulthood. The continued expression of FIBCD1 throughout development suggests that lack of
FIBCD1 could manifest in developmental abnormalities. The identification of young NDD patients and
the brain structural abnormalities noted in P2 are consistent with this hypothesis, as well as the fact
that KO of dFibcd1 in D.melanogaster is lethal. However, there were no obvious differences in the
gross architectures of the KO mice compared to WT littermates suggesting that the mouse brain
developed normally even without FIBCD1 expression. Further, the fact that the KO mouse
electrophysiological phenotypes observed in the Schaffer-collateral pathway could be fully rescued
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suggests that the tracts developed normally. These differences could suggest a slight divergence in
FIBCD1 function between the species.
We have developed a cell-based assay to assess the function of FIBCD1 by incubating
overexpressing human cells with FITC-tagged chondroitin sulphate (CS). We have used flow cytometry
to assess association of the cells to the tagged CS or microscopy to image internalisation. We have
determined that the three patient variants identified (c. G29S; c. R406C; c. P456L) as well as a control
(c. T6*) reduced the percentage of cells associating to tagged CS compared to cells expressing full
length WT FIBCD1 cDNA. Using the crystal structure of FIBCD1’s FReD (Shrive et al, 2014), we modelled
the effects of the two variants present in the FReD (c. R406C and c. P456L) on protein folding. These
variants did not have dramatic effects on the predicted folding of the FReD. However, we showed that
the surface electrostatic charge of the FReD to be altered by these two variants. In particular, the highly
positively charged CS binding pocket (where the negatively charged CS docks) was determined to be
abrogated. Therefore, we conclude that the c.R406C and c.P456L variants result in FIBCD1 loss of
function by disturbing the charge of the binding pocket and abrogating FIBCD1:CS associations. We
were unable to model the c. G29S variant as the crystal structure for the remaining FIBCD1 domains
has not been published. Therefore we do not know why this variant is loss of function. Residue 29 is
located within the intracellular domain of FIBCD1 which has been previously hypothesised to
participate in intracellular signalling. Further, amino acid 29 is close to a predicted phosphorylation site
on FIBCD1 (residue 27 (Schlosser et al, 2009)). Therefore, it could be that the c.G29S variant interferes
with intracellular signalling functions of FIBCD1 or, potentially, localisation or folding of FIBCD1
proteins within the cell.
We have shown increased levels of CS-C in the KO mouse hippocampus compared to WT
littermates. Considering the high expression of FIBCD1 in the hippocampus and the endocytic function
of FIBCD1, we hypothesise that the role of FIBCD1 is to facilitate the endocytosis of CS-C in the
hippocampus for lysosomal degradation. Thus absence of FIBCD1 expression in the KO mouse leads to
accumulation of CS-C over time. In support of this, we were able to rescue observed deficits in synaptic
remodelling in acute hippocampal slices by exogenous application of the enzyme Chondroitinase ABC
(ChABC), which digests GAG chains. However, ChABC targets many GAG species and not only CS-C.
Additionally, it seems improbable that the ChABC treatment would have restored CS-C levels in the KO
back to baseline. Therefore, while the increased levels of CS-C in the KO hippocampus could well be
contributing to the pathology of FIBCD1-deficiency, the data remains inconclusive and requires further
study.
We have presented evidence of a previously unknown (but hypothesised) signalling function
of FIBCD1 upon interaction with its ligand. We assessed transcriptomic changes in primary mouse
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hippocampal neurons after plating on CSPGs and noted a number of differentially expressed genes
(DEGs) relating to extracellular matrix synthesis and binding. Additionally, we noted a number of DEGs
relating to integrin biology. In neurons, integrins function in the maturation of synapses as well as
short- and long-term synaptic remodelling. During development, integrins regulate migration and
differentiation of neural stem cells and pathfinding of outgrowing neurites. While our data indicates
only a degree of co-expression between FIBCD1 and integrins, one can only speculate as to whether
there is a direct or indirect interaction between the two signalling proteins that is perturbed upon
FIBCD1 loss of function.
The patients described here with FIBCD1-deficiency have been diagnosed with ASD and severe
NDD. ASD has been previously linked to ECM dysregulation in studies of post-mortem tissues of
individuals with ASD that were shown to have reduced levels of heparan sulphate (HS) in the
subventricular zones (Pearson et al, 2013), which was corroborated in the BTBR mouse model of ASD
(Meyza et al, 2012). Further alterations in urinary GAG levels have been noted in samples from ASD
patients (Endreffy et al, 2016), although the reason for elevated urinary GAGs are unknown. To test if
this was the case in our cohort, we collected urine samples from P1 in three consecutive days and
compared urinary GAGs by tandem mass-spectrometry but found no difference in urinary GAG levels
for specifically sulphated GAGs compared to 3 healthy controls (data not shown).
We report in the FIBCD1 KO mouse elevated levels of CS-A in the hippocampus, which could
be due to the absence of FIBCD1’s endocytic activity. This would suggest part of the pathology of
FIBCD1-deficiency to be the accumulation of CS-A over time. We explored whether FIBCD1-deficiency
resembled other diseases associated with GAG accumulation. Mucopolysaccharidoses (MPS) are a
class of lysosomal storage disorders caused by mutations in catabolic enzymes. Morquio syndrome
(MPS IV) type B is caused by accumulations of CS-A, however, patients with this disorder usually do
not have any CNS involvement. Indeed, Morquio patients typically exhibit skeletal developmental
defects, delayed growth and scoliosis, none of which have been reported in our patient cohort. Finally,
a clinical test for MPS is elevated urinary GAG levels which, as mentioned, we did not find in one of our
patients. In conclusion, it appears FIBCD1-deficiency does not resemble other diseases relating to ECM
dysregulation. However our cohort size is only 2 patients, more are needed to make an accurate
comparison.

Outlook and future directions
Although we have identified FIBCD1 as a novel gene involved in neural biology, there remain some
questions as to the exact function of FIBCD1 and the mechanism by which it acts. The following section
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will tackle key outstanding questions, potential avenues for future research into FIBCD1 biology and
any limitations of the study that have not already been discussed.
All evidence indicates that FIBCD1 resides in the cellular membrane and associates with GAGs,
particularly CS-C, facilitating internalisation. The developmental phenotypes observed in humans
suggests a need for FIBCD1:GAG interactions (or a yet unknown function of FIBCD1) during early
developmental stages, perhaps as a trigger for important intracellular signalling mechanisms. We have
attempted to decipher such signalling mechanisms by transcriptome analysis of WT and KO primary
neurons plated on CSPGs, identifying integrins as a potential direct or indirect signalling partner of
FIBCD1. However, a key limitation of this experiment is that the FIBCD1 KO mice do not model the
developmental disruptions observed in the humans, which could be because of a divergence in
function between the two species. Transcriptome analysis of primary mouse neurons is therefore
unlikely to provide insights into the human-specific aspects of FIBCD1 developmental signalling. To
address this, one could generate iPSCs derived from patient somatic cells (e.g. fibroblasts),
differentiate into neurons, and assess transcriptome or proteome changes upon stimulation of FIBCD1
with GAGs or CSPGs. Alternatively, since primary patient cells have thus far been impossible to obtain,
one could also knock out FIBCD1 in stem cells before differentiation. In the lab, we have successfully
generated FIBCD1 KO ESCs which we differentiated and attempted to stimulate with CSPGs, in a similar
experimental setup as with the primary mouse neurons. However, we have so far found that the cells
are intolerant to plating on CSPG coatings (data not shown), preventing any further analysis.
Previous work has suggested interactions between lectins and integrins in neuronal and nonneuronal contexts. For example, microglial phagocytosis of apoptotic cerebellar granule neurons by
microglia was blocked by the addition of RGD peptides (integrin binders) or carbohydrates targeting
lectins, suggesting integrins and lectins to both be important for microglial recognition of apoptotic
neurons (Witting et al, 2000). The lectin L-14 has been shown to directly bind integrins and regulate
skeletal muscle differentiation (Gu et al, 1994). Interestingly, studies into lectin-based snake venoms
have found their mechanism of action is direct integrin binding of the target host cell and have since
been repurposed as potent inhibitors of integrins of different subunit composition (Marcinkiewicz et
al, 2000; Sarray et al, 2007). To investigate if FIBCD1 and neuronally expressed integrins interact, one
could express and purify the FReD of recombinant FIBCD1, as done previously (Schlosser et al, 2009),
immobilise it, and pull down extra- and intracellular proteins followed by Western blot or mass
spectrometry to determine potential binding partners. For more indirect interaction, one could
stimulate or inhibit different integrins (e.g. by activating or blocking antibodies (Tan et al, 2011;
Fernandez‐Valle et al, 1994)) in primary neurons plated with and without CSPGs (i.e. with and without
FIBCD1 stimulation) and assess for rescue by morphology. An alternative would be genetic knock-down
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or activation of integrins. Additionally, the downstream signalling pathways of integrin signalling are
fairly well defined, involving phosphorylation of focal adhesion kinase (FAK) and SRC and converging
on Rho GTPases RhoA, CDC42 and RAC1 (Dityatev et al, 2010), leading to integrin-regulated
phenotypes such as axonal outgrowth. Were FIBCD1 and integrin signalling pathways to converge, one
could assess the phosphorylation statuses of the aforementioned proteins upon stimulation of FIBCD1
signalling. Further experiments are needed to assess how well the KO mice model the patient
phenotypes. P1 was diagnosed with severe ASD; P2 with severe NDD but with autistic-like symptoms
(e.g. non-verbal). Autistic phenotyping in the mice could be performed. For example, reduced
vocalisations in the KO mice would model the non-verbal status of both of our patients. Another test
for social interactions (e.g. 3-chambers social interaction test) with known and stranger mice could be
done to assess for autistic-like phenotypes in the KO mice.
As previously discussed, the increased CS-A observed in the KO hippocampus and rescue of
synaptic remodelling phenotypes by ChABC digestion suggests that the accumulation of CS-A is
inhibitory to remodelling and may contribute to the pathologies of FIBCD1-deficiency. To substantiate
this further, one could attempt to rescue the observed learning behaviour deficiencies (spontaneous
alterations, fear conditioning) by stereotaxic injection of ChABC into the hippocampi of KO mice.
Rescue of the behavioural deficiencies would be consistent with the rescue of pre-pulse inhibition and
long-term potentiation observed in the acute hippocampal slices and a stronger indication that
accumulation of CS-A contributes to learning dysfunction. However, a key technical challenge of this
experiment is the fact that destruction of the ECM by ChABC can abrogate learning phenotypes in mice.
This is reflected in our electrophysiology data – slices from WT mice treated with ChABC had abrogated
long-term potentiation. There’s likely a narrow window of injected ChABC dosage for this experiment
to be successful, making this a technically challenging experiment.

Concluding remarks
Neurodevelopmental disorders are a diverse and complex range of diseases. Severe congenital NDDs
are rare but provide insight into the complex nature of the human CNS as they give insight into nonredundant mechanisms of neural development. We have leveraged NGS technologies and follow-up
experimental work in cellular and organismal models to identify loss of function variants in a gene not
previously known to function in the CNS associated to a complex NDD. We have begun to understand
the mechanisms by which FIBCD1 acts, namely, by associating primarily with 4-O-sulphated CSs of the
brain extracellular matrix. However, there remain some outstanding questions as to downstream
mechanisms through with FIBCD1 acts in the CNS. We believe that our work has not only provided
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insight into the pathologies of two patients previously lacking a diagnosis, but also helped to
understand the basic workings of the nervous system during development and adult life.
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