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Chapter I

PART I: NEURODEVELOPMENTAL DISORDERS

Neurodevelopmental disorders (NDDs) are disorders that result from an abnormal brain
development. This broad definition includes syndromic disorders, caused by a known (genetic)
cause, such as Rett syndrome or fragile X syndrome, and disorders with an unidentified cause
with an often early onset during development (Sherr, 2016). The phenotypical spectrum of
these disorders is highly variable. NDDs can be characterized by impairments in cognition,
social and motor skills and sensory processing. Therefore, based on some of their clinical
features, autism spectrum disorder (ASD), attention-deficit/hyperactivity disorder (ADHD),
intellectual disability (ID) and stereotypic movement and tic disorders (such as Tourette’s
disorder) can all fall under this category (American Psychiatric Association, 2013).

Genetic investigations show that there are often genetic risk factors responsible for
neurodevelopmental pathologies (van Loo and Martens, 2009). Originally, many of the identified
causative genes for NDDs were those inherited in an X-linked pattern [see for example the
identification of the FMR1 gene as cause of fragile X syndrome (Kremer et al., 1991)]. However,
over the past few years, many different genetic causes, ranging from chromosomal deletions to
single-nucleotide polymorphisms (SNPs), have been identified and associated with NDDs, and
more are being discovered thanks to the technical advancement in sequencing methodologies
(Gilissen et al., 2011; Vissers et al., 2016). Next-generation sequencing (NGS), compared to
previous technologies, allows the high-throughput sequencing of the DNA with a low cost and
now often complements or replaces the Sanger sequencing method originally used to identify
genetic variants in the DNA [for a review on the technological evolution of DNA sequencing
methodologies see (Shendure et al., 2017)]. NGS potentially makes the identification possible
of all genetic variations at single base pair resolution in the entire genome within one single
experiment and this explains the high number of genetic variants identified associated with
NDDs (Behjati and Tarpey, 2013).

The unbiased approaches most commonly used to detect genetic variations in an
individual are whole-exome sequencing (WES) (Gilissen et al,, 2011) and whole-genome
sequencing (WGS), the latter also providing the tool to access non-coding regions of the
genome (Coe et al,, 2019; Turner and Eichler, 2019). Recently, the use of WES in parent-child
trios suggested that de novo and rare inherited variants in coding parts of the genome can
play a role in the development of NDDs (O’Roak et al., 2011; O’Roak et al.,, 2012a; Sanders
et al, 2012; lossifov et al.,, 2014; McRae et al., 2017; Wilfert et al.,, 2017; Wang et al., 2019).
The importance of de novo variants in NDDs was first shown in a large-scale genomic study
including children with severe ID where truncating or de novo variants were considered
candidate variants causative for the disorder (de Ligt et al., 2012). Afterwards, candidate de
novo variants were also demonstrated for ASD, studying cohorts of families where one child
was affected with ASD (lossifov et al., 2014; Turner et al., 2017a).

The clinical heterogeneity of NDDs would imply that the underlying molecular and
cellular mechanisms responsible for their occurrence are the most diverse. However, genome-
wide association studies (GWAS) show that there is substantial overlap in genetic risk factors
identified in clinically unrelated NDDs (Plummer et al., 2016; Thapar et al, 2017). GWAS
studies make use of NGS technologies to search for common genetic variants in the genome
of a defined population of patients with similar clinical features that reach a certain statistical
threshold to be associated with the disease as risk factors (Mullin et al.,, 2013; Tam et al.,
2019). Despite the clinical diversity, shared molecular cascades and pathways often appear to
be affected in different neurodevelopmental pathologies (Plummer et al., 2016). For example,
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General introduction

one group of genes identified as risk factors for several NDDs, encode for postsynaptic density

(PSD) proteins (Verpelli et al., 2013; Kaizuka and Takumi, 2018). The PSD is the core structure

at the basis of the anatomical and electrical connection that neurons form with each other. It

contains thousands of different proteins, including neurotransmitter receptors and channels, m
scaffolding and cytoskeleton proteins, cell adhesion molecules and signaling enzymes (Ziff,

1997; Cheng et al.,, 2006; Trinidad et al., 2008). Therefore, it is not surprising that mutations

in many of its components have been associated with human neurological disorders with

different phenotypical outcome (Laumonnier et al., 2007; Bayés et al., 2011; Grant, 2012;

Kaizuka and Takumi, 2018; Roy et al., 2018; Zhu et al., 2018).

A comparative analysis of high confidence risk genes compiled for different disorders
(Plummeretal.,, 2016) shows that the majority of the selected high risk genes s often associated
with ID. It is not surprising, since ID can occur in isolation but is most often a common
comorbidity of other NDDs, including ASD and epilepsy (Hannah and Brodie, 1998; Bowley
and Kerr, 2000; Srivastava and Schwartz, 2014). ID is also one of the most common early onset
developmental disorders with a prevalence in the general population of 1-3%, characterized
by a general limitation in intellectual functioning (1Q<70) (Maulik et al., 2011; McKenzie et al.,,
2016). Its severity is highly variable and this is reflected by an extreme genetic heterogeneity
(Mefford et al., 2012). Trio-based exome sequencing became the primary method to identify
new de novo variants as possible causes for sporadic ID, after the very first pilot study in 2010
(Vissers et al., 2010). In 2012, two exome studies with large cohorts of patients showed that
de novo variants in known ID genes can explain between 13 and 35% of the most severe ID
cases (de Ligt et al, 2012; Rauch et al., 2012). In 2014, the de Ligt study was further expanded
applying WGS in 50 of the 100 ID patients included in the previous study and the percentage of
severe ID cases explained by de novo variants increased to 60% (Gilissen et al., 2014). Overall,
now more than 700 genes (including X-linked, autosomal dominant and recessive genes) have
been linked to ID and ID-associated disorders (Vissers et al., 2016). With the identification of
these genes, several common molecular pathways are starting to emerge for being involved
in ID, including for example the RAS/MAPK (mitogen-activated protein kinase) and mTOR
(mammalian target of rapamycin) signaling pathways (Borrie et al., 2017), the Rho-GTPase
pathway (Nadif Kasri and Van Aelst, 2008; Zamboni et al., 2018) and members of transcription
regulation and chromatin remodeling (Izumi, 2016; Iwase et al., 2017).

In a large number of cases [estimated between 4 and 8 out of 1000 children suffering
from ID, (Steffenburg et al., 1995)], early childhood epilepsy is also present in association
with ASD and ID (Caplan and Austin, 2000; Reilly et al., 2014; Nickels et al.,, 2016). Epilepsy
is a neurological disorder characterized by frequent and recurrent seizures, defined as
rhythmic firings of interconnected neuronal populations (Devinsky et al., 2018). In most cases
(between 30 and 40% of patients), epilepsy is intractable and anti-epileptic drugs are only
symptomatic (Ben-Menachem, 2014). A preventive cure has not been identified so far (Mula,
2015). Understanding the intrinsic mechanisms that drive a normal brain to become epileptic
(defined as epileptogenesis) is therefore pivotal in the identification of new therapeutic
strategies aimed at preventing the occurrence of seizures (Pitkdnen and Lukasiuk, 2011;
Goldberg and Coulter, 2013; Pitkdnen et al., 2015). Epilepsy can be caused by many different
factors and it is not considered necessarily a neurodevelopmental disorder [for an historical
overview on the etiology of epilepsy see (Shorvon, 2011)]. For example, structural lesions,
brain tumors or trauma caused by accidents can lead to the occurrence of epilepsy (Lucke-Wold
et al, 2015; Englot et al., 2016). However, several developmental factors are a frequent cause
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Chapter I

of epilepsy. For example, perturbation of genetic pathways underlying the proper shaping of
neuronal circuitry during critical period of embryonic life can lead to brain malformations
and subsequent epilepsy (Leventer et al., 2008; Bozzi et al., 2012; Parrini et al., 2016). So far,
several genes have been linked to the emergence of epilepsy, within those, not surprisingly,
many belong to the ion channel class, such as subunits of voltage gated potassium and sodium
channels and ligand activated GABA and acetylcholine channels (Steinlein, 2001; Lerche et
al., 2013; Bomben et al., 2016; Lehman et al., 2017). In addition to genes already known to
cause epilepsy, many more de novo candidate variants in new and known genes associated
with epilepsy are being discovered thanks to NGS (Heyne et al., 2018).

The main challenge that still remains in human genetic studies is the biological
validation of the contribution of the candidate variant to the pathogenesis of the disorder
under investigation (Vissers et al., 2016; Willsey et al., 2018). Indeed, as was already mentioned
in the editorial for the New England Journal of Medicine in 2013: “..A major challenge of
interpreting genetic sequence is the determination of whether any given variant is pathogenic”
(Jacob, 2013). For this purpose, we are now entering a new era where functional assays to
assess the pathogenicity are a crucial next step in this endeavor. Before embarking in the use
of any functional assay however, strong genetic evidence supporting the pathogenicity of a
given variant in a certain disorder is a necessary requirement. Although a description of the
genetic prerequisites to evaluate pathogenicity falls beyond the scope of this thesis, I refer
the reader to a comprehensive review that summarizes in detail the major guidelines and
recommendations in the analysis of candidate genetic variants (MacArthur et al.,, 2014). After
establishing a clear statistically relevant association of the genetic variant to the disease under
investigation (Mullin et al., 2013), to be able to assess its pathogenicity, the understanding
of the biological processes affected by the gene within a cell and the functional relevance of
this within the cellular network is pivotal. To date, several functional assays investigating how
risk genes can alter protein structure, function and the general network in relation to the
surrounding environment are in use but these are often laborious and require high investment
of time and resources (Kircher et al., 2014; Starita et al., 2017). With the increased number of
new candidate genes thought to be involved in NDDs being identified, the need for low cost
and high-throughput functional assays is becoming more and more demanding.

The first step in a functional screening to characterize the pathogenicity of a
variant, besides using in silico prediction models, would be to characterize the molecular
and physiological contribution of the gene under investigation in an in vitro setting. Relevant
structural and molecular changes caused by the variant can be first rapidly detected in several
cell types, like human embryonic kidney cells, Neuro2a cells and primary neuronal cultures,
which are physiologically relevant for the study of the disease. The human induced pluripotent
stem cellapproach (hIPSCs) alsoisaveryattractive tool to study the mechanisms of pathogenesis
of NDDs, since it would allow the reprogramming of somatic cells of the patient into a variety of
neuronal cell types (Telias and Ben-Yosef, 2014; Muotri, 2016; Ardhanareeswaran et al., 2017;
Taoufik et al.,, 2018; Vitrac and Cloéz-Tayarani, 2018; Shen et al., 2019). But this technique is
still under development and cannot be used yet in a standardized manner. As a second step,
still in vitro, a higher-level cell-cell interaction would have to be investigated to understand
the effects of the risk gene at a circuit level. New exciting technologies, such as Multi-electrode
arrays (MEAs), are being developed to get insight in the development of neuronal circuitry and
activity to assess the pathogenic effect of a candidate genetic variant (Gullo et al., 2014; Bart
Martens et al., 2016; Frega et al., 2019, 2020).

All these in vitro models can provide a detailed understanding of the cell intrinsic
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General introduction

processes that are disrupted but they lack the system-level physiological context, thus the
next step would be to go to multicellular in vivo models. The Zebrafish is a very powerful
animal model that is currently being used to identify behavioral phenotypes caused by
NDDs candidate genes (Sakai et al.,, 2018; Vaz et al., 2019). As an alternative in vivo system,
Drosophila melanogaster, the fruit fly, represents a relatively simple model to investigate
disease associated genes (Gatto and Broadie, 2011; Coll-Tane et al., 2019). A third model is
represented by the Xenopus, a frog which is evolutionary closer to humans than Zebrafish
and possesses the basic features of the vertebrate brain development (Pratt and Khakhalin,
2013). Besides all the previous models, the nematode Caenorhabditis elegans represents a
good compromise to study NDDs: the well described anatomy and neuronal interconnectivity,
the existence of transgenic lines and specific behavioral repertoires make it a suitable model
to study in a large scale the genetic contribution to NDDs (Bessa et al., 2013). However, at the
moment, the golden standard in vivo model to study NDDs is Mus musculus, although the time
and costs to study one single gene limit the use of mouse models and mammalian systems in
general (Willsey et al., 2018). More recently, the development of 3D cell cultures and organoids,
that closely resemble the human brain, generated new possibilities to study (although again
in vitro) the cellular processes that take place in a pathogenic context (Di Lullo and Kriegstein,
2017; Hartlaub et al., 2019; Pollen et al.,, 2019). All these models have been proven in the past
to be extremely valuable in studying the underlying mechanisms of genes causing diseases, but
not all are suitable for high-throughput screening of many candidate variants to identify the
truly pathogenic variants from the non-pathogenic variants.

In recent years, we set up a functional screen in the laboratory, called PRiSM (Pipeline
for Rapid Screening of novel Mutations) to test the pathogenicity of candidate variants
identified in individuals with a neurodevelopmental disorder. After a first in silico prediction
model analysis, the screening consists of a series of standardized assays in vitro and in vivo to
investigate the effect of the variant. The in vitro assays investigate the stability of the mutated
protein in HEK cells and the effect of the mutated protein in primary neuronal cultures, where
we quantify basic morphological parameters (soma size and neurite arborization). For the in
vivo assay, we make use of in utero electroporation (IUE) where we overexpress the mutated
protein at an early time point during brain development (E14.5) to assess if this interferes with
the normal migration of newly born neurons through the cortical layers. As will be described in
part III of this introduction, cortical development is a very tightly regulated biological process
and small perturbations of the molecular balance in progenitor cells can result in an improper
cortical migration. Thereby, IUE represents a very sensitive assay to assess if a specific variant
has any effect on the protein function. In all of these assays, the effect of the mutated protein
is compared to the effect of an empty vector control and to the overexpression of the wild type
protein as well as to the knock-down of the gene of interest. In this way, we can conclude if the
mutation is acting as a pure loss-of-function or dominant negative mutation or as a gain-of-
function mutation.

Several variants in different genes have been tested using the PRiSM screen (some
are listed in https://functionalgenomics.nl/tested-genes/) and many of those were selected
from list of candidate genes for ID published in WES studies. Making use of the PRiSM screen
and other assays, the results presented in this dissertation represent our contribution to the
field in trying to disentangle the biological neurological effects of de novo missense variants
identified in CAMK2 and RHEB1 in patients with ID and epilepsy.
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Chapter I

PART II: CAMK2 AND INTELLECTUAL DISABILITY

Structure and regulation of the CAMK2 holoenzyme

Calcium/calmodulin dependent protein kinase II (CAMK2) is a multimeric holoenzyme
composed of different subunits encoded by four distinct genes, known as CAMK2A, CAMKZB,
CAMK2D and CAMKZ2G [referring to the ortholog genes from Homo Sapiens (for an evolutionary
perspective see Tombes et al., 2003)].

CAMK2 was initially discovered in the central nervous system as a kinase being
activated by calcium (Ca**) and calmodulin (CaM) (Schulman and Greengard, 1978a, 1978b).
The kinase was later purified from rat brain homogenate and the major brain isoforms were
characterized (Kennedy and Greengard, 1981; Bennett et al.,, 1983; Kennedy et al., 1983a; Lin
et al,, 1987). The high abundance in the brain, especially in the dendritic spines, of CAMK2
isoforms led to the assumption that this kinase might play a substantial role in neuronal activity
and synaptic transmission (Griffith, 2004). And indeed, one of the first identified targets of
CAMK?2 phosphorylation was Synapsin I (CAMK2 was originally named calmodulin-dependent
Synapsin I kinase), a protein located primarily in the neuronal presynaptic terminals where it
binds to the cytoplasmic surface of synaptic vesicles and to the actin cytoskeleton (Kennedy
and Greengard, 1981; Cesca et al., 2010).

Each CAMK2 subunit is composed of an N-terminal catalytic domain, a C-terminal
association domain and an autoregulatory domain in the middle (Figure 1A). While all these
domains are highly homologous between the different isoforms, most of the variability lies in
the linker region connecting the autoregulatory domain to the association domain (also called
the variable domain) (Bennett and Kennedy, 1987; Hanley et al., 1987; Lin et al., 1987; Bulleit
et al, 1988). The arrangement of single subunits to form a holoenzyme structure is ensured
by the combination of the C-terminal association domains of 12-14 subunits to constitute the
central core in a double ring shape, while the N-terminal catalytic domains extend towards
the outside in a “hub-and-spoke” fashion (Kanaseki et al., 1991; Braun and Schulman, 1995;
Kolodziej et al., 2000; Morris and Térok, 2001) (Figure 1B). A recent study using 3D electron
microscopy (EM) revealed that the holoenzymes in their basal state are very dynamic
structures with highly flexible kinase domains (Myers et al., 2017). This flexibility enables a
reversible exchange of subunits in the holoenzyme, potentially giving rise to transition states
of tetradecamers (14 subunits) which have been recently modeled in silico and experimentally
observed (Stratton et al.,, 2014; Bhattacharyya et al.,, 2016; Myers et al., 2017; Singh and Bhalla,
2018).

It's the functional regulation of the holoenzyme, through this fascinating unique
structure, that drew the attention of the scientific community all over the years. A plethora
of studies showed that CAMK2 functions as a Ca?* detector in the cell (Hanson et al., 1994;
Soderling, 1999; Hudmon and Schulman, 2002a; Chang et al., 2017; Ardestani et al.,, 2019).
In the basal state, the auto-inhibitory segment in each CAMK2 subunit is bound to the kinase
domain thereby keeping the enzyme catalytically inactive (Stratton et al., 2013) (Figure 1C).
When the level of intracellular Ca** rises, it binds to CaM upon which the Ca**/CaM complex
can bind the C-terminal end of the autoregulatory domain disrupting the position of the auto-
inhibitory segment (Lisman et al., 2002). This has, as a consequence, the exposure of a critical
phosphorylation site, a Threonine (Thr) in position 286 for CAMK2A (and 287 for CAMK2B),
which can now be phosphorylated by the neighboring activated subunit in the holoenzyme
(Kuret and Schulman, 1985; Lai et al., 1986; Hanson et al., 1989, 1994; Molloy and Kennedy,
1991). The autophosphorylation of this site increases by 1000-fold the affinity of the enzyme
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Figure 1. CAMK2 domain structure and organization. (A) One single subunit of CAMK2 and relative domains. All
isoforms contain a kinase domain (in light blue), a regulatory domain (in yellow) containing the Ca?*/CaM binding site
(in pink) and the major phosphorylation sites (Thr286 and Thr/Thr305/6 in CAMK2A) and an association domain
or hub domain (in gray). Most of the isoforms’ variability lies in the variable domain or linker region (in green) (B)
Architecture of the dodecameric CAMK2 holoenzyme in its inactive conformation (OFF) and active conformation
(ON) upon binding of Ca?/CaM (in purple) (C) Regulation of CAMK2 activity by phosphorylation. Normally the
autoinhibitory segment of the regulatory domain blocks the substrate binding (OFF); upon Ca*/CaM binding
phosphorylation in trans of the Thr286 takes place and the autoinhibitory segment is displaced from its position,
ensuring autonomous activity; after CaM dissociates from the subunit the Thr/Thr305/6 is phosphorylated which
prevents further binding of Ca?*/CaM. Adapted from Stratton et al., eLife, 2014
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for Ca?*/CaM resulting in the trapping of CaM itself to the enzyme (Meyer et al., 1992). Even
when Ca* drops in the cell, the complex Ca*/CaM remains trapped for several seconds,
ensuring full catalytic activity. After Ca?*/CaM dissociates from the kinase, the presence of a
phosphate group on the Thr286/287 makes sure that the kinase can maintain partial activity
(autonomous state) until dephosphorylation (Shields et al., 1985; Lou et al., 1986; Miller
and Kennedy, 1986; Schworer et al., 1986). When Ca?*/CaM dissociates, other sites within the
CaM-binding domain can be phosphorylated [Threonines 305/306 (306/307 for CAMK2B)],
and this phosphorylation prevents Ca?*/CaM from further binding and induces insensitivity to
intracellular changes in Ca?* level (Colbran and Soderling, 1990; Patton et al.,, 1990; Hanson
and Schulman, 1992; Mukherji and Soderling, 1994) (Figure 1C). This regulatory mechanism
makes the CAMK2 enzyme the perfect detector for high frequency oscillations of Ca?* in the
cell and has major implications for neuronal function (Hanson et al., 1994; Bayer et al., 2002;
Hudmon and Schulman, 2002b; Coultrap and Bayer, 2012).

So far, I mentioned two critical sites present in the auto-inhibitory domain that
are important for CAMK2 autoregulation. One is the Thr286 (Thr287 in CAMK2B), whose
phosphorylation is essential for autonomous activity (Miller et al., 1988; Hanson et al., 1989),
and the second is the Thr305/306 (Thr306/307 in CAMK2B) that, when phosphorylated,
causes a decreased affinity of the kinase for Ca?*/CaM (Colbran and Soderling, 1990; Patton
et al, 1990). Mutation of the Thr286 into an Aspartate introduces a negatively charged
amino acid that mimics the phosphate group and results in an autonomously active kinase
(Fong et al.,, 1989). On the contrary, an Alanine in place of the Threonine generates a kinase
that is fully dependent on Ca?*/CaM for activation (Fong et al., 1989; Neal Waxham et al.,
1990). The inhibitory role of the Thr305/306 sites was revealed by double site-directed
mutagenesis of the Threonine into Alanine. In this state, the residues are no longer available
for autophosphorylation and the kinase can be fully activated by Ca?*/CaM without inhibition
(Hanson and Schulman, 1992).

Once the kinase is activated, the catalytic function is ensured by a Lysine in position
42 (43 for CAMK2B) of the catalytic domain, a conserved residue near the ATP binding site. If
the Lysine is mutated into an Alanine, Arginine or Methionine the kinase becomes kinetically
inactive (Hanson et al., 1994; Mukherji and Soderling, 1994; Shen and Meyer, 1999). Another
mutation in the CaM binding site where an Alanine is mutated into an Arginine (Ala303Arg)
completely blocks Ca?*/CaM binding, preventing any activation of the kinase (Shen et al., 2000).

Besides the main and most studied residues described above that are critical for
CAMK?2 regulation and functioning (shortly summarized in Table 1), several other residues in
both catalytic and auto-inhibitory domain have been shown to modulate the activation of the
kinase. Yang and Schulman used site-directed mutagenesis to substitute most of the residues
in the auto-inhibitory domain and catalytic domain to show which residues are critical for the
autoregulation of the kinase (Yang and Schulman, 1999). They showed that the N-terminal
region of the pseudosubstrate is the most critical in the auto-inhibition and mutations in
many of the residues belonging to this sequence result in constitutive activity of the kinase.
A summary on the most relevant mutations for this dissertation and their general effects on
Ca?/CaM affinity and autonomous kinase activity are reported in Table 2.

14



General introduction

Table 1. Functionalrole of critical residues in CAMK2

RESIDUE POSITION MUTATION LOCATION EFFECT
(CAMK2A/CAMK2B)
42/43 Lys>Arg Catalytic domain No kinase activity
Thr>Ala N X Phospho-dead, no autonomous activity
286,287 Auto-inhibitory domain
Thr>Asp

Phospho-mimic, autonomously active

303 Ala>Arg Auto-inhibitory domain, N calmodulin binding, no activation
Calmodulin binding domain
Thr>Asp S . No calmodulin binding, constantly inhibited
305-306/306-307 - Auto-inhibitory domain,

Calmodulin binding domain Can still bind calmodulin, no inhibition
Thr>Ala

Functional specialization and redundancy of the CAMK2 major brain isoforms

Most of the neuroscience and biochemistry research in the last 40 years has focused on
CAMK?2A and, to a lesser extent, CAMK2B, since these are the most highly expressed isoforms in
the adult brain (0.3% of total brain protein and 1-2% of the hippocampal protein for CAMK2A
in the rodent brain) (Bennett et al., 1983; Erondu and Kennedy, 1985). The high structural
homology between the major brain isoforms suggests that there might be redundancy in
function. However, specific and unique functions for each isoform can emerge from differences
in localization, time of expression and substrate specificity. The scope of this part of the
introduction is to summarize both similarities, which might underlie functional redundancy,
and specificities of the two isoforms in the context of brain distribution and their role in
learning and plasticity. In fact, synaptic plasticity, when disrupted, can account for symptoms
that are shared between several neurological diseases including epilepsy and ID (Grant, 2012),
which are the main focus of this dissertation.

In terms of general broad brain distribution of the CAMK2 isoforms, only CAMK2A
is strictly brain specific, being found primarily in the forebrain and hippocampus in the rodent
adult brain (Bennett et al, 1983; Erondu and Kennedy, 1985). Its expression is thought to
start around P1 in the rodent brain, when the first transcripts are being detected (Bayer et al.,
1999). CAMK2B, on the contrary, is enriched in the cerebellum but it is also expressed in the
skeletal muscle, intestines and endocrine system and it is present already in the embryonic
rodent brain, starting from E12 (Tobimatsu and Fujisawa, 1989; Brocke et al., 1995; Bayer et
al., 1999; Tombes et al., 2003). This diversity in developmental, tissue and cellular expression
of the different isoforms is ensured by several (up to seven) variable domain exons that
are alternatively spliced to generate multiple unique isozymes (summarized in Tombes et
al, 2003). At the cellular level, CAMK2A, in cortex and hippocampus, is expressed only in
excitatory neurons (Benson et al., 1992; Jones et al, 1994; Liu and Jones, 1996; Sik et al.,
1998; Tighilet et al,, 1998a; Wang et al., 2013) while CAMK2B is present in both excitatory and
inhibitory neurons and in oligodendrocytes (Waggener et al., 2013). In addition to homomers
composed of CAMK2A subunits, mixed holoenzymes consisting of both alpha and beta
subunits (with an average ratio of 3:1 in favor of the alpha subunit in the forebrain) have been
purified from rat brain (Miller and Kennedy, 1985; Bulleit et al., 1988; Vallano, 1989; Brocke et
al., 1999). The differences in time of expression and location of the CAMK2 isoforms, despite
high homology, would suggest different functions in both prenatal and postnatal brain, which
were investigated by making use of several different mouse models, especially for CAMK2A,
summarized in (Elgersma et al., 2004).
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General introduction

The very first transgenic mouse line generated in the field of learning and memory
was the Camk2a’- mouse model in the early 90s (Silva et al., 1992a, 1992b). CAMK2A was
previously shown to be present both pre- and postsynaptic and to be particularly enriched
in the PSD (Kennedy and Greengard, 1981; Kennedy et al., 1983a, 1983b; Kelly et al., 1984). m
Already in the 80s, it was hypothesized that CAMK2A may function in the brain as a ‘memory’
kinase that, in its activated state, can lead to long-term strengthening of the synapse (Lisman,
1985). In accordance with the Hebbian rule (Hebb, 1949), this synaptic strengthening of the
postsynaptic synapse can occur upon synchronous firing of converging presynaptic inputs
onto the postsynaptic cell (Bliss and Lgmo, 1973). This mechanism is now known as long-
term potentiation (LTP) (Nicoll, 2017). The Camk2a”- mouse lines generated show reduced
hippocampal NMDA-dependent LTP and impaired spatial learning in the Morris water maze,
with the lack of abnormal gross brain morphology (Silva et al., 1992a, 1992b; Elgersma et
al.,, 2002). These deficits are not due to a developmental role for CAMK2A, since deletion of
CamkZ2a in adulthood can recapitulate the defects observed in the global germline deletion
line, indicating the requirement for CAMK2A to be present at the time of learning (Achterberg
et al, 2014). The importance of CAMK2A in LTP was further highlighted by the generation of
knock-in mouse models where biochemical changes were made in crucial sites for CAMK2A
functioning (described earlier in this introduction). When the Threonine 286 is mutated into
an Alanine (phospho-dead mutant with no autonomous activity), mice show defective LTP,
more severe than the full knock-out, and impaired spatial learning (Giese et al.,, 1998). On
the contrary, a mouse model that constitutively mimics the Threonine 286 phosphorylation
(Thr286Asp) shows normal LTP (Mayford et al, 1995). Similarly to the Thr286Ala mice,
the substitution of the Threonine 305 into an Aspartate to generate a mouse model where
CAMK2A can no longer bind Ca?"/CaM and is constantly inactive, causes learning deficits and
complete loss of LTP (Elgersma et al., 2002).

For a long time, no specific mouse models for CAMK2B were generated because it
was thought that the Camk2b”- mouse would be embryonically lethal (Karls et al., 1992).
Only in 2009 the very first knockout mouse model for CAMK2B was generated and its role in
cerebellar synaptic plasticity was investigated (van Woerden et al., 2009). In the cerebellum,
the plasticity rules are reversed compared to the hippocampus: activation of kinases at high
influx of Ca®* at the parallel fiber-Purkinje cell synapses will lead to long term depression (LTD)
instead of LTP (Malenka and Bear, 2004; Hirano, 2013). Interestingly, while deleting CAMK2A
in the cerebellum impairs the induction of LTD (Hansel et al., 2006), loss of CAMK2B results
in a reversal of plasticity at the parallel fiber-Purkinje cell synapses and causes cerebellar
learning deficits (van Woerden et al., 2009). This effect was partially explained by the kinase
function of CAMK2B (the balance between activity of the phosphatases and kinases in the cell),
and partially by a specific and unique structural role for CAMK2B: regulating the location
of CAMK2A through its actin-binding domain (Shen et al., 1998). Indeed, it was previously
shown that when overexpressing one of the two CAMK2 isoforms in vitro, at the postsynaptic
site the alpha isoform is mainly found in the cytosol while the beta isoform is observed to
colocalize with PSD95, a major scaffolding protein in the PSD, and actin (Shen et al., 1998;
Shen and Meyer, 1999). This differential distribution is due to the fact that CAMK2B contains
a unique actin-binding domain in the variable domain that is not present in CAMK2A (Shen et
al.,, 1998; Fink et al., 2003; O’Leary et al., 2006; Okamoto et al., 2007; Lin and Redmond, 2008).
Furthermore, co-expression of the two isoforms together changes the CAMK2A distribution to
a similar pattern observed for CAMK2B (Shen et al., 1998).

These results demonstrate a critical role for CAMK2B in the cerebellum, where
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it is abundantly expressed, but does the presence of a unique domain ensuring binding to
the cytoskeleton confer specific functions to CAMK2B also in other brain regions? In the
hippocampus this has indeed been shown. The Camk2b”  mice, like the Camk2a’- mouse
model, exhibit impaired hippocampal LTP as well as hippocampus-dependent learning deficits
(Borgesius et al., 2011). To understand whether this was because of the kinase function or
due to a structural role for CAMK2B (Kim et al., 2016), a knock-in mouse model was used
carrying a point mutation in the Ca?*/Calmodulim binding site (Ala303Arg) that prevents
enzymatic activation but preserves the actin-binding (Borgesius et al., 2011). This Ala303Arg
mouse model did not show deficits in hippocampal LTP, nor in hippocampus-dependent
learning, indicating that presence of CAMK2B is sufficient for proper hippocampal functioning.
In contrast to the global knock-out, the Ala303Arg mouse model can still target CAMK2A to
the spines, thereby showing normal hippocampal plasticity, suggesting that the deficit in LTP
observed in the Camk2b”"is still due to CAMK2A enzymatic function. But there are some clues
that CAMK2B might still have an enzymatic role in the hippocampus also, which mainly comes
from the Camk2a”/- mouse model. This model still has some residual hippocampal LTP, which
could be due to the potential compensation by CAMK2B for the absence of CAMK2A, given the
high structural homology. This hypothesis would suggest some level of redundancy between
the two kinases.

The use of specific mouse models for either CAMK2A or CAMK2B can unravel some
specific functions for each isoform but it also shows that there is potentially some redundancy
between the two isoforms. The CAMKZ gene is much conserved across the animal kingdom,
spanning from small invertebrates such as fruit flies, worms and sponges to vertebrates such
as mammals (Tombes et al., 2003). However, while lower species only have one single Camk2
gene, mammals present multiple copies that probably arouse from gene duplication of a
common ancestral gene (Tombes et al., 2003). This specialization argues for the acquisition of
specific functions for the CAMK2 isoforms in higher organisms that remain so far uncovered.
The simultaneous deletion of CAMK2A and CAMK2B can unravel new roles for the CAMK2
family that were previously masked by their redundancy, which is the topic of chapter II.

The functional role of the CAMK2 holoenzyme in the presynaptic side is one of the
examples where the specific function of CAMK2 still remains to be fully disclosed. Studies using
Camk2a mutant mice show that CAMK2 is involved in neurotransmitter release and short-term
synaptic plasticity in the CA3-CA1 area in the hippocampus (Lin et al, 1990; Nichols et al.,
1990; Chapman et al.,, 1995; Hojjati et al., 2007; Wang, 2008; Pang et al., 2010). Other studies,
using a pharmacological approach, suggest a presynaptic role for CAMK2 in the induction of
LTP, though not consistently (Ninan and Arancio, 2004). However, the use of CAMK2 inhibitors
does notallow a distinction between CAMK2A and CAMK2B and does not take into account the
structural role that CAMK2A has been shown to play in the presynapse (Hojjati et al., 2007).
In light of the absence of clear evidence for a presynaptic role of CAMK2 in LTP, in chapter II,
we used a genetic approach deleting at the same time CAMK2A and CAMK2B to investigate the
presynaptic function of CAMK2 in the CA3 synapse in inducing hippocampal LTP.

From mice to men

As summarized above, CAMK2 has for a long time been studied in the context of hippocampal
learning and memory using in vitro experiments and in vivo mouse models [reviewed in
(Lisman and MclIntyre, 2001; Lisman et al.,, 2002, 2012; Elgersma et al., 2004; Hell, 2014; Bayer
and Schulman, 2019)]. Only in the past few years, CAMK2 dysfunction has been indirectly
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linked to brain disorders. So far; alterations of CAMK2 expression and/or activity were found in
animal models of drug addiction, depression, schizophrenia, epilepsy and neurodevelopmental
disorders (for an extensive review on the subject see Robison, 2014). However, while several
human genetic studies linked mutations in components of the PSD to psychiatric diseases and
neurodevelopmental disorders (Wu et al., 2007; Endele et al., 2010; Hamdan et al., 2011; Ting
etal, 2012; Carvill et al., 2013; Lesca et al., 2013; Lemke et al., 2014; Philips et al., 2014; Li et
al., 2016), CAMK2 was never directly linked to neurological disorders.

Only in 2014, the first evidence of a contribution of CAMK2A to ID was shown in a
genetic study where a large chromosomal deletion encompassing the CAMKZ2A gene was
identified in patients with Treacher Collins syndrome (Vincent et al., 2014). However, no
functional studies were performed to directly link the ID to the CAMKZA gene deletion.

A de novo missense mutation in CAMK2A (Glu183Val) was later identified in a large
human study including children with ASD, where, for the first time, a direct connection
between CAMK2A and a neurodevelopmental disorder was established (lossifov et al., 2014).
The functional effect of this mutant was later characterized in vitro and in vivo showing a
dominant negative effect, decreased interaction with PSD proteins and alteration of dendritic
arborization and spine density. Furthermore, knock-in mice bearing the mutation display
aberrant behavioral phenotypes in tasks commonly used to assess neuropsychiatric symptoms
in mice (Stephenson et al., 2017).

Recently we identified 19 new rare variants in both the CAMKZ2A and CAMKZ2B genes
associated with ID. This represents the very first study with a large number of point mutations
that provides evidence of a direct involvement of the CAMKZ gene in neurological disorders
and it will be the topic of chapter III. Together with other recent studies that highlight the
importance of CAMK2 for cognitive function (Akita et al., 2018; Chia et al., 2018) we are now
starting to bridge the gap between mice and men, expanding the current knowledge on a
protein whose role in learning and memory has been studied for more than 25 years.

Novel players in the field: CAMK2D and CAMK2G

When it comes to CAMK2D and CAMK2G, much less is known on how they might play a role in
the brain, compared to CAMK2A and CAMK2B. Several splicing variants exist for the Camk2g
and Camk2d genes, most of which are ubiquitously distributed and differentially expressed
in various parts of the body, including the cardiac system (Camk2d), immune and endocrine
systems (Camk2g) and the brain, though in the adult brain at lower levels compared to Camk2a
and Camk2b (Mayer et al., 1993; Nghiem et al., 1993; Bayer et al., 1999). Interestingly, Camk2g
and Camk2d transcripts are already present in the embryonic mouse brain as early as E11.5,
representing the most abundant Camk2 isoforms in the developing brain (Sakagami and Kondo,
1993; Bayer et al., 1999). The high expression and broad distribution in the embryonic rodent
central nervous system of the Camk2g and Camk2d isoforms transcripts suggests a specific
role during development for the minor isoforms of the CAMK2 family (Bayer et al., 1999).

With the recent discovery of likely pathogenic variants in CAMK2D and CAMK2G in
patients with ID, a role in the human brain for the less well-known isoforms of the CAMK2
family is starting to emerge (this thesis and data not published). For the purpose of this
dissertation, the next section will give an overview of what is known about CAMK2D and
CAMK2G in the brain.

CAMK2D is the predominant isoform in the cardiac system and its physiological and
pathological role in the heart has been extensively investigated (for a review see Gray and
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Figure 2. Alternative CAMK2D isoforms and their tissue distribution. Roman numbers in the boxes indicate the
differentvariable domain exons connected by lines crossing the intron regions, whose differential combination givesrise
totheisoformslisted in the table. Compared to all the otherisoforms, CAMK2D contains aunique second variable domain
atthe C-terminal end used by some isoforms enriched in the brain (d, and d,). Modified from Tombes et al., Gene, 2003

Brown, 2014). Multiple alternatively spliced variants have been described that are expressed in
different tissues (Schworer et al., 1993; Edman and Schulman, 1994) (Figure 2). The neuronal
CAMK2D isoform exists primarily as the full length d, (ord,) variant (60 kDa) (Tobimatsu and
Fujisawa, 1989; Schworer et al., 1993). Some delta isoforms (d, to d,) possess a unique second
variable domain region at the C-terminal end of the association domain, which is not present
in any other isoform of the CAMK2 family (Mayer et al., 1993, 1994). Furthermore, a few
variants contain a nuclear localization signal (NLS) (Edman and Schulman, 1994; Srinivasan et
al.,, 1994), whose role in the brain will be further addressed in the next section.

Not much is known regarding the distribution of CAMK2D in the central nervous
system. At the anatomical level, most of the neuroscience research on CAMK2D has been
focusing on the analysis of the Camk2d distribution in the brain at the mRNA level (Sakagami
and Kondo, 1993) and the only few rodent studies that characterized the regional protein
expression focused on the cerebellum, where CAMK2D is most highly expressed (Takeuchi et
al., 1999). In the adult rodent brain, we can indeed find CAMK2D to be mostly enriched in the
granular layer of the cerebellum (Sakagami and Kondo, 1993; Bayer et al.,, 1999; Takeuchi et
al.,, 1999). In this compartment, at the cellular level, not only CAMK2D is present in neuronal
cells, but it has been shown that expression of CAMK2D (in its d, variant) is also observed
in cerebellar cultured astrocytes, where no CAMK2A or CAMK2B is detected (Vallano et al.,
2000). This would suggest a specific role for the CAMK2D isoform in the cerebellum, although
this function in vivo has not yet been investigated. Furthermore, presence of CAMK2D has
also been identified in the cerebrum and specifically in the rat substantia nigra (Kamata et al.,
2006), mouse hippocampus (Zalcman et al., 2019) and monkey visual cortex (Tighilet et al.,

20



General introduction

1998b), expanding the possibile roles for this isoform in the brain.

So far, the only brain specific function attributed to CAMK2D has been investigated
in developing neurons, where a role in axonal differentiation, neurite outgrowth and stability
of the axon has been suggested (Omar Faison et al., 2002; Easley et al., 2006; Johnson et al., m
2008), although some other studies report CAMK1 and not CAMK2D as the one responsible for
regulation of axonal extension (Wayman, 2004; Ageta-Ishiharaetal., 2009). Only recently, a first
attempt to show arole in vivo for CAMK2D in the brain has been made. In a 2018 work, Zalcman
and colleagues proposed a role for CAMK2D in memory persistence and maintenance. They
employed an antisense oligonucleotide strategy to knock down Camk2d in the hippocampus
and test the mice in a novel object recognition task where they showed impairments in
retention of long-lasting memories. Unfortunately, from this study the contribution of the
other main isoforms to the phenotype cannot be ruled out, since the specificity of the knock
down was not assessed (Zalcman et al., 2019).

Given the discrepancies in some ofthe results obtained so far and the lack of convincing
experiments, it is still unclear what the neuronal role of CAMK2D is. Recently, the discovery
of new ID patients with possibly pathogenic variants in the CAMK2D gene opened up new
avenues for the study of the functional role of CAMK2D in the brain.

Together with CAMK2D, CAMK2G represents the most abundant CAMK2 isoform
in the developing murine nervous system (Bayer et al., 1999). Camk2g”- mice are viable,
however female Camk2g”- mice are infertile (Backs et al.,, 2010). This is because the CamkZ2g
transcript represents the major isoform in mouse oocytes and its absence in fertilized oocytes
triggers an arrest of the activation in metaphase II halting embryo development (Backs et al.,
2010). In behavioral tests, Camk2g” mice display deficits in long-term memory assessed in
spatial learning tasks (morris water maze, radial arm maze and inhibitory avoidance task),
in combination with reduced late hippocampal LTP compared to wild-type mice (Cohen et al.,
2018).

In a more direct relation to human studies, CAMK2G was also described for being an
important gene for human memory function, together with NMDA, PKAa and metabotropic
glutamate receptors. This was shown by correlating the genetic variability of this cluster of
genes together with episodic memory performance (de Quervain and Papassotiropoulos,
2006). Camk2g has also been reported to be the target of a miRNA, miR-219, which is involved
in neurological and psychiatric disorders (Lukiw, 2007; Kocerha et al., 2009; Saus et al., 2010).
Targeting of Camk2g by miR-219 modulates central sensitization in chronic pain and mediates
NMDA dependent behavioral dysfunctions associated with psychiatric disorders (Kocerha et
al.,, 2009; Pan et al, 2014; Zhang et al., 2015). Other than a function in memory, a role for
CAMK2G in promoting neuronal survival through upregulation of the NF-kB signaling pathway
after ischemic insult has been shown (Ye et al., 2019), although this mechanism is not specific
for CAMK2G, since also CAMK2D appears to be upregulated upon ischemia.

So far, most of the rodent studies concerning a neuronal function for CAMK2G have
been focusing on the role that the brain specific gamma isoform (g, containing an NLS) plays
in modulating long-term plasticity through control of gene expression. For the purpose of this
thesis, this topic will be extensively discussed in the next section.

Beyond catalytic activity: regulation of gene expression

Ithasbeen suggested that some CAMK2 isoforms can contain, within the variable region, a short
sequence after a Lysine (KRKSSSSVQLM) that represents the canonical NLS: KKRK (Braun and
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Schulman, 1995; Hudmon and Schulman, 2002b; Tombes et al., 2003). The phosphorylation of
the Serine just after the NLS (Ser332 in delta and alpha isoforms, Ser334 in gamma) determines
whether the NLS is functional, since when phosphorylated it prevents entering into the nucleus
(Heist et al., 1998) (Figure 3A). Mutations of the nuclear targeting sequence can prevent the
nuclear translocation of the holoenzyme and cloning the NLS sequence in CAMK2 isoforms
which normally do not contain any NLS favors nuclear translocation (Edman and Schulman,
1994; Srinivasan et al., 1994). Therefore, the presence of an NLS led to the hypothesis that
CAMK2 can also play a critical role in the regulation of gene expression.

Splicing variants containing an NLS have been identified in all the isoform families,
except beta (Srinivasan et al., 1994; Brocke et al, 1995). The a, isoform with nuclear target
signal is found primarily in the midbrain and hypothalamus and has been proposed to play
a role in regulating brain derived neurotrophic factor (BDNF) expression in NG108-15 cells
(Brocke etal., 1995; Takeuchi et al.,, 2000). Interestingly, the gamma isoform containing the NLS
(g,) has been detected only in the brain (Tombes et al., 2003) while the delta isoforms with NLS
(d, and d,) are expressed widely in the body but are also enriched in the cerebellum (Takeuchi
et al., 1999; Gray and Brown, 2014). So far, the functional role that these isoforms can play in
regulating gene expression have remained elusive, also considering that the critical number
of subunits containing the NLS needed to drive the holoenzyme in the nucleus is not known.
However, some recent studies tried to elucidate the role that the nuclear targeted isoforms can
play in the brain, especially concerning the less well studied CAMK2D and CAMK2G.

Neuronal activity can initiate a long range signaling cascade that ultimately leads to
gene regulation, in a process called “excitation-transcription coupling”, which is thought
to be critical for numerous forms of long-term plasticity (Bading, 2013). Various stimuli
and several signaling pathways can have an effect on gene expression regulation (West and
Greenberg, 2011).

Forexample, alinkbetween dopaminergicactivated signaling pathway leading to BDNF
expression and the nuclear isoform of CAMK2D (d,) has been proposed (Shioda and Fukunaga,
2018). The d, isoform is highly expressed in the rat substantia nigra and it was previously
demonstrated that upon activation of the dopamine receptor D2 the transcription of the Bdnf
gene is promoted in vitro (Takeuchi et al, 2002; Kamata et al., 2006). Shioda and colleagues
showed that in dopaminergic neurons the translocation in the nucleus of the isoform d, occurs
upon dephosphorylation of the Ser332 in the NLS by the protein phosphatase-1 (PP1) and
that stimulation of the D2 receptors enhances the nuclear translocation of CAMK2D in vivo.
Furthermore, the activation of CAMK2D leads to increased BDNF production and promotes
survival and neurite extension in dopaminergic neurons (Shioda et al., 2015) (Figure 3B, left).

Another example of the excitation-transcription coupling mechanism is the regulation
of the transcription factor cAMP-response element binding protein (CREB), mediated by Ca*
entrance through voltage-gated L-type Ca** channels (Cav1), which induces the transcription
of several early immediate genes implicated in synaptic plasticity and memory (Cohen et al.,
2015). CAMK2A, together with CAMK2B, participates in this process by interacting with Cav1
channels in nanodomains on the membrane to initiate a long-range signaling to the nucleus
(Wheeler et al.,, 2008, 2012; Wang et al., 2017). However, how this interaction in the cell
membrane can lead to transcription regulation in the nucleus is not yet fully understood.

It has been proposed that CAMK2G might be the mediator of the activity dependent
CREB activation through translocation, together with Ca?/CaM, from the membrane to the
nucleus upon influx of Ca** through the Cav channels (Ma et al., 2014). This is thought to occur
only when a Serine in position 334, localized in the NLS, is dephosphorylated by calcineurin
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and the Thr287 on CAMK2G is phosphorylated by CAMK2B at the surface membrane. This
ensures proper binding and co-transport of Ca**/CaM to the nucleus, which is necessary for
CREB activation (Ma et al., 2014) (Figure 3B, right).

Although this is an interesting mechanism to explain the involvement of CAMK2 in
mediating the excitation-transcription coupling, it might not be the only process in place to
link neuronal activity and transcriptional regulation. For example, interneurons seem to use
a different mechanism that couples activity with gene transcription that does not involve
CAMK2G (Cohen et al.,, 2016). Furthermore, control of gene expression might not be the only
mechanism through which CAMK2G exerts its function in the brain. In chapter IV we studied
the putative pathogenic role of a de novo point mutation in CAMK2G (Arg292Pro) previously
identified in a patient with severe ID (de Ligt et al., 2012). Here we show a new emerging role
for CAMK2G in neurodevelopmental disorders that can occur independently from its nuclear
function.

PART III: RHEB1, CORTICAL MALFORMATIONS AND EPILEPSY

General features of cortical malformations

Within the many different causes for NDDs, including developmental delay and epilepsy, we
can classify a group of heterogeneous disorders generally referred as malformations of
cortical development (MCDs) (Pang et al., 2008). MCDs are characterized by micro- and
macroscopic brain abnormalities seen in the cortex which arise from problems during the early
embryological cortical development (Barkovich et al.,, 1996, 2012; Sisodiya, 2004). The first
description of MCDs cases can be dated back to almost 200 years ago, with the identification
of hemisphere enlargement and presence of alterations in the brain structure (Sims, 1835;
Bourneville, 1880). MCDs were originally classified based on a combination of genetic,
embryological, histopathological and morphological features. The development of magnetic
resonance imaging (MRI) allowed a first definition of three subgroups of MCDs based on the
structural characteristics of the cortical defect: generalized, lateralized and focal (Barkovich
et al, 1987, 1996; Palmini et al., 1991; Kuzniecky, 1994; Leventer et al., 1999). Generalized
developmental disorders include lissencephaly (absence of sulci in the brain), band or
subependymal heterotopia (with a band of grey matter or clusters of neurons underneath
the white matter or lining the lateral ventricles, respectively); lateralized malformations
comprise unilateral megalencephaly (hemimegalencephaly), with an enlargement of a cerebral
hemisphere; focal disorders are probably the most common and include focal cortical dysplasia
(consisting of cortical dyslamination and in some cases enlarged cells), polymicrogyria (many
small gyri) and focal subcortical heterotopias. For an extensive overview on MCDs, I refer to
several reviews describing the general features and the latest genetic discoveries for each
disorder (Leventer et al., 2008; Barkovich et al., 2012, 2015; Desikan and Barkovich, 2016;
Lee, 2017; Juric-Sekhar and Hevner, 2019).

Cerebral cortical development

The definition of MCDs is constantly evolving and a recent comprehensive classification takes
into account also the genetic pathways underlying the disorders and the developmental
processes affected by their dysfunction (Barkovich et al., 2012). Based on this, MCDs have been
categorized as (1) disorders of neuronal and glial proliferation or apoptosis; (2) disorders
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of differentiation or migration; (3) malformations occurring during the post-migrational
development (which includes also disorders of axon pathway formation) (Barkovich et al.,

2012; Desikan and Barkovich, 2016; Lee, 2017; Juric-Sekhar and Hevner, 2019). To be able to

fully comprehend the rationale behind the classification of MCDs, [ will summarize in the next m
section how normal cortical development occurs.

The correct positioning of neuronal populations in the neocortex is a prerequisite
for proper formation of brain circuitry and complex behavioral functioning (Sun and Hevner,
2014). The neocortex is organized in layers, parallel to the pial surface. Within each layer, cells
with similar morphology, molecular characteristics and connections are found. Local variations
between columns of neurons receiving the same inputs and with similar electrophysiological
properties are responsible for the formation of distinct functional areas which make up the
cytoarchitectonic map of the cortex (Broadmann, 1909; O’Leary and Nakagawa, 2002; Rakic,
2009; Jabaudon, 2017).

According to the revised classical model of neocortical development, originally
described by the Boulder Committee in 1970, cortical neurons are generated in the ventricular
zone (VZ), the germinal epithelium lining the cerebral ventricles (Angevine et al., 1970;
Bystron et al., 2008). The VZ contains progenitor cells dividing symmetrically to increase the
pool of multipotent progenitors and the surface and thickness of the area. When neurogenesis
starts (around E10 in mice), progenitor cells begin an asymmetric mode of division, with one
daughter cell that remains progenitor and the other that becomes a postmitotic cell (Kwan et
al.,, 2012). A second group of intermediate progenitor cells appears later during neurogenesis
(around E13.5 in the mouse) and forms a second germinal layer, the subventricular zone

Order of birthdate
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Figure 4. Schematic of neurogenesis and radial migration of pyramidal projection neurons in the mouse
neocortex. The tangential migration and laminar positioning of interneurons are not illustrated. Refer to the text
for the description of the steps of normal cortical development. VZ ventricular zone; MZ marginal zone; NP neural
progenitor; IKNM interkinetic nuclear migration; SP subplate; RGC radial glia cell; PP preplate; SVZ subventricular
zone; IZ intermediate zone; CP cortical plate; IPC intermediate progenitor cell; Ast astrocyte; BV blood vessel; CR
Cajal-Retzius neuron; DL Pyr deep-layer pyramidal neuron; UL Pyr upper-layer pyramidal neuron; WM white matter:;
SEZ subependymal zone; EL ependymal layer. Adapted from Kwan et al., Development, 2012
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(SVZ), above the VZ (Bystron et al., 2008; Paridaen and Huttner, 2014). Newly born neurons
migrate from the germinal areas through the intermediate zone (IZ) to reach the outer wall of
the primordial cortex, called preplate (PP). The PP is a transient layer occupied by various cell
types destined to die, including the Cajal-Retzius cells which express Reelin, a molecule that
terminates neuronal migration (Barber and Pierani, 2016; Hirota and Nakajima, 2017). The
PP is later split into the subplate (SP), a transient deeper structure, and the most superficial
marginal zone (MZ), by the arrival of the first postmitotic neurons into the cortical plate (CP),
which will constitute the adult cortex. The migration is ensured by the presence of radial glia
progenitor cells which span the entire developing cortex and form a scaffold for migrating
neurons (Rakic, 1990; Nadarajah, 2003; Ostrem et al., 2017). The mammalian cortex is formed
in an “inside-out” pattern: newly born neurons migrate radially from the VZ, past the cells
born before them, until they reach their position in the cortex where they start to differentiate
(Cooper, 2008; Sakakibara and Hatanaka, 2015; Takano et al.,, 2015). This means that earliest-
born neurons (starting from E11.5 in the mouse) are destined to become the future layer 6 and
the latest-born (E17.5) will form layer 2 (Figure 4).

Genetic causes for cortical malformations: mTORopathies

Each cortical neuron appears to be committed to its laminar positioning already before the
migration begins and its fate is determined by the time and place of origin (Greig et al., 2013;
Costa and Miiller, 2015). During the past years, a considerable progress in the identification of
genes involved in the specification of the different cortical neuronal subtypes has been made
(Molyneaux et al.,, 2007; Ohtaka-Maruyama and Okado, 2015). Specific transcription factors
are expressed in progenitors early during development and define the class of projection
neurons being generated (MacDonald et al, 2013). For example, the zinc-finger FEZF2
transcription factor and COUP-TF-interacting protein 2 (CTIP2) are crucial for the specification
of subcerebral projection neurons (Chen et al., 2005a, 2005b; Molyneaux et al., 2005; Greig et
al., 2016; Woodworth et al.,, 2016); on the contrary, the activation of the transcription factor
SATB2 (Special AT-rich sequence-binding protein 2) is necessary to favor the axonal crossing
of commissural neurons (Alcamo et al., 2008).

It is not surprising that alterations in genes that regulate proliferation and migration
during development can have an impact on cortical growth and organization (Sun and Hevner,
2014). In addition to environmental insults in utero, the majority of MCDs are now thought to
be caused by genetic mutations in molecular pathways that regulate both early and later stages
of cortical development, with a more or less severe phenotype (Pang et al., 2008; Juric-Sekhar
and Hevner, 2019). Several variants in genes regulating cell cycle, apoptosis, cytoskeletal
function, migration and metabolic activities have been identified in different types of MCD
pathologies [reviewed in (Pang et al., 2008; Moffat et al., 2015; Stouffer et al., 2015; Desikan
and Barkovich, 2016; Parrini et al., 2016; Lee, 2017; Juric-Sekhar and Hevner, 2019)].

Over the recent years, thanks to the advances in neuropathology and NGS,
hyperactivation of the mTOR signaling pathway has been associated with some types of MCDs,
providing a common molecular pathogenic link between these disorders (Crino, 2005, 2011;
Lim and Crino, 2013; Majolo et al., 2018). For example, variants in genes encoding for proteins
belonging to, or regulating, the mTOR cascade (AKT1, PIK3CA, DEPDC5, PTEN and MTOR
itself) have now been identified and linked to FCD and hemimegalencephaly (HME) (Crino,
2007; Baek et al., 2015; Mirzaa et al., 2016; Patil et al., 2016; D’Gama et al., 2017; Hanai et al,,
2017; Hu et al.,, 2018; Salinas et al., 2019; Zhao et al., 2019) (summarized in Table 3). The
presence of increased mTOR signaling in histopathological specimens, brain abnormalities,
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developmental delay and epilepsy is what defines “mTORopathies” as a clinical subgroup of
MCDs (Crino, 2007).

In this thesis we describe for the first time the identification of patients with de novo
mutations in the RHEB1 gene, the main direct activator of the mTOR pathway, associated with
ID, megalencephaly and epilepsy.

Ras Homologue Enriched in Brain (RHEB)

The discovery of new variants in genes potentially causing FCD or other types of MCDs, allows
the study of the biological mechanisms leading to cortical malformations. In this part of the
introduction [ will focus on what is known on Ras Homologue Enriched in Brain (RHEB), whose
role in MCDs has recently been described (this thesis, Salinas et al., 2019; Zhao et al., 2019).

RHEB was first identified in the early 90s as a novel member of the Ras family of small
GTP-binding proteins whose expression is rapidly induced upon NMDA-dependent neuronal
activation and seizures in the rat brain (Yamagata et al., 1994). The human RHEB is a small
monomeric protein of 183-184 amino acids (Figure 5A) with partial homology with members
of the Ras family GTPases (Rap2, RAS1 Ha-Ras) and comparable GTP hydrolysis rate to HA-Ras
(Neal et al., 1988; Bos, 1997; Wennerberg et al.,, 2005; Heard and Tamanoi, 2018). Compared
to other proteins of the Ras family though, RHEB retains specific and unique biochemical and
structural aspects (Yu et al.,, 2005). The N-terminal contains the GTPase domain while the
C-terminal region is a variable region ending with the CAAX motif required for farnesylation
and subsequent post-translational modifications that allow the localization of RHEB in the
endomembranes (Aspuria and Tamanoi, 2004; Hanker et al., 2010) (Figure 5A). Most of the
structural variability between the GTP- and GDP-bound RHEB complexes lies in the regions
of the switch I (residue 33-41 in the human RHEB) and switch II (residue 63-79) segments
that are involved in the interaction with the GTPase activating proteins (GAPs), GTP exchange
factors (GEFs) and targets. The switch I segment, which determines the specificity of small
GTP binding proteins towards their substrate, is subjected to major conformational changes
upon transition from the GTP-bound to the GDP-bound state while the switch II maintains a
unique conformation and stable structure compared to other Ras proteins (Yu et al., 2005;
Marshall et al., 2009; Heard et al., 2014; Schopel et al., 2017). While many Ras proteins utilize
a Glutamine (Gln) in position 61 (in Ras) to promote the GTP hydrolysis, the homologous GIn
in RHEB (GIn®*) is unlikely to be involved in it due to a conformational displacement (Yu et al,,
2005).

It has been suggested that the presence of an Arginine in position 15 (instead of a
Glycine, present in the homologous residue in position 12 in the Ras protein) might confer
a high basal activation state and low GTPase intrinsic activity, which is further inhibited by
the presence of a Tyrosine in position 35 (Im et al.,, 2002; Li et al., 2004; Mazhab-]afari et al.,
2012). In fact, in mammalian cells, the ratio of GTP-bound RHEB over the GDP-bound is higher
compared to other Ras proteins and it accounts for 25% of all the RHEB proteins present in
the cell (Im et al.,, 2002).

Mutagenesis studies led to the identification of critical sites for RHEB function to
produce activating mutants, such as the Gln64Leu and Ser16His, and loss of function mutants,
such as Asp36Ala, Pro37Ala and Thr38Ala (Li et al., 2004; Urano et al., 2005; Yan et al., 2006;
Long et al.,, 2007; Sato et al., 2008; Heard et al., 2014; Mazhab-Jafari et al., 2014).

RHEB is expressed in several tissues in the body and, in the rodent brain, basal mRNA
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Figure 5. GTP-RHEB crystal structure and sequence alignment of the RHEB family. (A) Crystal structure of RHEB
bound to GTP (in red). The effector switch regions where G proteins interact with downstream signaling proteins are
shown in green, the five GTP-binding boxes are highlighted in blue and the CAAX motif in purple. Mammals contain
two different Rheb genes, Rheb1 and Rheb2 that share 54% identity and 74% similarity. (B) Structure of RHEB proteins
from human, Drosophila, and fission yeast are shown. G1-G5 boxes are indicated and the sequence of the effector
domain (G2) is shown. Identity and similarity among different RHEB proteins are shown. Adapted from Heard and
Tamanoi, En Sign Mol, 2018 and from Parmar and Tamanoi, The Enzymes, 2010

levels appear to be high in hippocampus and cortex and they tend to transiently increase upon
LTP stimulation and induction of seizures in vivo (Yamagata et al., 1994; Tian et al., 2016). Also
in vitro, the addition of growth factors induces an increase in the expression of mRNA levels
(Yamagata et al., 1994). The Rheb gene is conserved across species, being found, other than
mammals, also in fungi, yeast, zebrafish, fruit fly and sea squirt (Aspuria and Tamanoi, 2004;
Parmar and Tamanoi, 2010) (Figure 5B). While most of the species contain one Rheb gene,
two different genes have been identified in mammals: Rheb1 which is ubiquitously expressed,
and Rheb2 (or RhebL1) whose expression is more restricted (Patel et al., 2003; Aspuria and
Tamanoi, 2004). In mammals, the RHEB1 protein is already detectable at very early embryonic
stages in mice (starting from E3.5) and it is highly expressed in the developing central nervous
system and in the postnatal brain (Tian et al, 2016). RHEB1 expression is critical for early
murine embryonic development, since Rheb’- embryos die already between E10.5 and E11.5,
probably due to circulatory problems (Goorden et al., 2011; Zou et al., 2011). On the contrary,
Rheb1 heterozygous embryos develop normally with no significant cognitive deficits (Goorden
et al, 2015). Deletion of Rheb1 from neural progenitor cells induces a decrease in cortical
thickness and hypomyelination in vivo due to lack of mature oligodendrocytes (Zou et al,
2011, 2014). RHEB1 appears to be crucial also for adult survival, since adult inducible deletion
of Rheb1 leads to death within 2-3 weeks from gene deletion (Goorden et al., 2015).

RHEB functioning in the mTOR pathway

Original studies in Drosophila identified RHEB as a member of the mTOR signaling pathway
(Saucedo et al,, 2003; Stocker et al., 2003; Zhang et al., 2003). These studies were the first to
suggest that a complex formed by the proteins hamartin and tuberin, encoded respectively
by the genes TSC1 and TSCZ2, acts upstream of RHEB, catalyzing the conversion of the GTP
bound RHEB to the GDP form, thereby inactivating RHEB. TSC1 binds to TSC2 to prevent
its ubiquitination while TSC2 acts as a GTPase-activating protein (GAP) towards RHEB (van
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Figure 6. mTORC1 regulation by TSC1:TSC2 complex and RHEB. In the absence of amino acids and growth factor
the TSC complex preferentially interacts with both GDP-bound RAGA and RHEB on the lysosomal membrane to inhibit
the mTOR signaling cascade (left). Upon growth factor and amino acid stimulation, TSC2 is phosphorylated by AKT
and dissociates from the lysosomal membrane leading to the activation of RHEB and mTOR pathway (right). Modified
from Yao et al., Biomolecules, 2017

Slegtenhorst et al., 1998; Harris and Lawrence, 2003). In response to nutrients, growth factors
or amino acids that can inhibit the TSC1:TSC2 complex (Ma and Blenis, 2009; Sengupta et al.,
2010; Mendoza et al.,, 2011), mTOR translocates to the lysosomes where it can get activated
by RHEB once released from the TSC1:TSC2 complex inhibition (Castro et al., 2003; Long et
al., 2005; Groenewoud and Zwartkruis, 2013; Demetriades et al., 2014; Menon et al., 2014;
Yao et al., 2017; Deng et al., 2019) (Figure 6). Studies in mice showed that RHEB1 protein
level represents the rate-limiting step for mTOR activation in the brain, since RHEB1 deletion
results in a significant reduction of mTOR pathway activation (Zou et al., 2011; Goorden et al.,
2015) and overexpression of RHEB1 wild type protein is sufficient to cause hyperactivation of
the mTOR pathway with functional consequences (chapter V and Sokolov et al., 2018).

mTOR is a ubiquitous and highly conserved serine/threonine kinase (Harris and
Lawrence, 2003). It was first identified in yeast and later in mammals as the target of a potent
antifungal agent, called rapamycin, isolated from the bacterium Streptomyces hygroscopicus
(Brown et al., 1994; Chen et al., 1994; Sabatini et al., 1994; Sabers et al., 1995). It can function
in two distinct heteromeric complexes, mM”TORC1 and mTORC2 (Sabatini, 2017). Each complex
is characterized by different binding partners: mTORC1 is composed of mTOR, raptor, DEPTOR
and mLST8 while mTORC2 contains mTOR, rictor, Sin1, mLST8, DEPTOR and protor (Bhaskar
and Hay, 2007). Raptor in mTORC1 is the rapamycin sensitive partner of mTOR (Kim et al.,
2002; Oshiro et al., 2004). RHEB is thought to specifically activate mTOR in complex 1 but
the exact mechanism for this preferential activation is still unknown (Yang et al., 2006, 2017;
Sato et al., 2009). mTORC1 mainly controls cell growth, metabolism and differentiation while
mTORC2 regulates survival and cytoskeletal organization (Shiota et al., 2006; Laplante and
Sabatini, 2012a, 2012b; Wahane et al., 2014) (Figure 7).

Active mTORC1 can regulate components of the translation machinery, mainly through
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Figure 7. Physiological processes regulated by the components of mTORC1 and mTORC2 complexes. (Left)
mTORC1 regulates protein synthesis, lipid synthesis, autophagy, lysosome biogenesis and growth factor signaling by
phosphorylating its substrates S6K, 4EBP1, LPIN1, ULK1, TFEB and GRB10. (Right) mTORC2 regulates cytoskeletal
remodeling, cell growth and proliferation, ion transport, and cell survival through its downstream substrates PKC, AKT
and SGK. mTORC1 is inhibited by acute rapamycin treatment (indicated by a solid inhibitory line), whereas mTORC2 is
not inhibited by acute rapamycin treatment but is inhibited by prolonged rapamycin treatment (indicated by broken
inhibitory line). Positive regulators in each complex are shown in green and negative regulators in red. Abbreviations:
4EBP1, elF4E-binding protein; AKT,RAC-a serine/threonine-protein kinase; DEPTOR, DEP-domain-containing mTOR-
interacting protein; mLST8, mammalian lethal with Sec13 protein 8; mSinl, mammalian stress-activated MAPK-
interacting protein 1; mTOR, mammalian target of rapamycin or mechanistic target of rapamycin; mTORC1, mTOR
complex 1; mTORC2, mTOR complex 2; PKC, protein kinase C; PRAS40, proline-rich AKT substrate 40 kDa; Protor1/2,
protein observed with Rictor 1 and 2; Raptor, regulatory-associated protein of mTOR; Rictor, rapamycin-insensitive
companion of mTOR; S6K, ribosomal S6 kinase; SGK, serum/glucocorticoid-regulated kinase; TFEB, transcription
factor EB; ULK1, Unc-51-like kinase 1. Adapted from Meng et al., Development, 2018

eukaryotic initiation factor 4E-binding protein (4E-BP1) and p70S6Kinase (p70S6K) (Hay
and Sonenberg, 2004) (Figure 7, left). Beyond protein synthesis, mTOR also plays a role in
transcription and RNA processing, protein degradation and actin dynamics, which highlights
the critical contribution of this pathway to proper nervous system functioning (Switon et al.,
2017).

mTOR pathway in brain development and disease

As summarized above, RHEB is the primary activator of the mTOR pathway. mTOR signaling
is not only a pivotal cellular cascade that regulates proliferation, growth and migration during
early developmental stages but it’s also functionally relevant during adulthood in modulating
cellular metabolism, autophagy and, in neurons, differentiation and synaptic organization (Han
etal.,, 2008; Fishwick et al., 2010; Paliouras et al., 2012; Takei and Nawa, 2014; Kim, 2015; Lee,
2015; Garza-Lomb6 and Gonsebatt, 2016; Ka et al., 2017). Therefore, it is not surprising that
mTOR dysfunction has been associated with several neurological diseases such as epilepsy,
mental retardation, autism and brain tumors [for reviews see (Swiech et al., 2008; Garelick
and Kennedy, 2011; Lipton and Sahin, 2014; Bockaert and Marin, 2015; Switon et al., 2017)].
The importance of mTOR in early phases of neurogenesis and embryonic development
31
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is shown by several in vitro and in vivo studies. Mice with a loss of function mutation in the
mTOR gene develop patterning defects, especially in the telencephalon, and null mutant mice
for mTOR die during early development before differentiation into neurons can occur (Hentges
etal.,, 2001; Murakami et al., 2004; Cloétta et al., 2013; Ka et al., 2014). Also, decreasing mTOR
activity in neural stem cells (NSCs) in the SVZ reduces the progenitor lineage expansion and the
differentiation into neurons (Sato et al., 2010; Hartman et al., 2013). mTOR seems to also have
arole in later stages of neurogenesis, since hyperactivation of mTOR during early embryonic
stages leads to an aberrant neuronal migration (Lafourcade et al., 2013; Kassai et al., 2014).
Increased mTOR activity was also shown to induce an increase in dendritic arborization and
an elongation of the axon in vivo and in vitro (Choi et al., 2008; Nie et al.,, 2010; Goto et al., 2011;
Amiri et al., 2012; Feliciano et al., 2012; Gong et al.,, 2015; Sokolov et al., 2018).

Probably the most well-known genetic disease directly related to mTOR dysfunction is
tuberous sclerosis complex (TSC) (Gémez, 1995). The TSC disorder is caused by loss of function
mutations in either the TSC1 or TSCZ2 genes. TSC patients suffer from intellectual disability and
often intractable epilepsy (in 80-85% of the cases) (Curatolo et al., 2015; Islam and Roach,
2015). Clinical and basic research into TSC provided a detailed insight into mTOR signaling
regulation and paved the way for a better understanding of mTORopathies. Neuropathological
manifestations of TSC are cortical tubers, subependymal nodules (SENs) and subependymal
giant cell astrocytomas (SEGAs) (Grajkowska et al.,, 2010). Tubers in TSC are focal disruption
of the cytoarchitecture of the cortex and they present histopathological similarity with the
lesions observed in FCD (Becker et al., 2002; Baybis et al., 2004; Fassunke et al., 2004; Crino,
2005). Interestingly, somatic mutations in TSC1 and TSCZ were recently identified in patients
with FCDI], indicating a relation between TSC and some forms of FCD (Wong and Crino, 2010;
Lim et al., 2017).

The majority of TSC patients (80%) present epilepsy as one of the major neurological
manifestations and TSC was the first epilepsy syndrome where mTOR hyperactivity in the
tubers was directly associated with epilepsy (Crino, 2015). Nowadays, several other disorders
showing brain malformations and epilepsy have been linked to aberrant mTOR signaling
(Sisodiya, 2004; Crino, 2011; Barkovich et al.,, 2015; Represa, 2019). FCD represents the most
common cause of intractable pediatric epilepsy and often requires surgery as a treatment
(Sisodiya, 2000; Bast et al., 2006). It is estimated that up to 40% of drug resistant childhood
epilepsies are MCDs related and at least 75% of MCDs patients develop epilepsy (Leventer et
al.,, 1999, 2008). However, the exact pathophysiological mechanisms of epilepsy in MCDs still
remain unclear. Although the phenotypic variability of MCDs does not provide clear indications
on the epileptogenic processes involved, the analysis of new causative genes and their cellular
effects can shed light on this aspect.

One of the main challenging questions is to what extend seizures associated with
MCDs result from aberrant developmental processes causing brain malformations or from
mTOR hyperactivation as an effect of genetic mutations. A few recent studies proposed that
hyperactivation of the mTOR pathway can lead to neuronal and synaptic dysfunctions, and
ultimately epilepsy, independently of brain alterations. In a RHEB mouse model generated
using in utero electroporation, when mTOR hyperactivity was induced after corticogenesis
without cell misplacement, mice still developed spontaneous seizures (Hsieh et al., 2016 and
chapter VI); in agreement with this, heterozygote Tsc1-ko mice show spontaneous epilepsy
only during the first month of life without the presence of cortical defects (Lozovaya et al.,
2014).

Another interesting finding emerges from electroencephalography (EEG) and imaging
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studies in patients with MCDs which show that interictal and ictal events are not only detectable

in the focal malformations but can be identified also in distant cortical areas (Tyvaert et al.,

2008; Valton et al., 2008; Shafi et al., 2015; Pizzo et al., 2017). This would lead to the hypothesis

that supposedly healthy areas of the brain can be affected by the cortical malformations and m
can contribute to the epileptic phenotype. However, how exactly cell autonomous (emerging

from the mutated ectopic neurons) and cell non-autonomous mechanisms (cells not directly

affected by the mutation) can contribute to the epileptogenesis process is still a matter of

debate (Lim and Crino, 2013; Represa, 2019).

SCOPE OF THIS THESIS

This dissertation focuses on two different evolutionary conserved “old genes”, CAMK2 and
RHEB1, both well known to play an important role in proper brain function, as summarized
in the introduction of this thesis, but only recently implemented in human NDDs with the
discovery of de novo mutations (this thesis). The common denominator between these two
genes is that they cause an NDD, with ID as one of the main characteristics. Besides ID, the
clinical features within CAMK2-related disorders are very variable (chapter III and IV), and
they are different from the RHEB1 NDD, where epilepsy is an important clinical outcome
(chapter V and VI).

The first part of this thesis focuses on CAMK2. Although several mouse models were
generated over the years, contributing to further understanding of the role that CAMK2 plays
in the brain, in Chapter II, using an inducible double knock-out approach in mice, we uncover
previously unknown roles for CAMK2A and CAMK2B, showing their critical function in survival.

Moving from mice to men, Chapter III describes the very first identification of de novo
variants in CAMK2A and CAMKZB found in patients with ID. Using the vast basic knowledge
acquired over the years on CAMK2, we could functionally assess the pathogenicity of these
variants and show that tightly regulated CAMK2 functioning plays a critical role in neuronal
development and function.

Surprisingly, the first CAMK2 isoform to be found associated with ID was CAMK2G
(de Ligt et al., 2012), a much less abundant protein in the brain compared to CAMKZ2A and
CAMK2B. In Chapter IV we describe a second unrelated patient with ID with the same mutation
in CAMK2G identified in the de Ligt study and using a genomic functional screening we reveal
that CAMK2G can play an indispensable previously unknown function in neurodevelopment.

The second part of this thesis focuses on RHEBI. Although we have an extensive
knowledge of the mTOR pathway and mTOR related epilepsy, mainly through TSC mouse
models, RHEB1, the main activator of mTOR, was never directly linked to human disorders. In
Chapter V we report a whole set of de novo variants in both known and novel mTOR-related
genes associated with brain growth and ID and highlight the contribution of RHEBI as a
causative gene, when hyperactive, for ID with megalencephaly and epilepsy.

Finally, in Chapter VI we expand on the findings of Chapter V to explore the
mechanisms through which cortical defects caused by hyperactivating mutations in RHEB1
can contribute to epilepsy.
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ABSTRACT

Ca?*/CaM-dependent protein kinase II (CAMK2) is a key player in synaptic plasticity and
memory formation. Mutations in Camk2a or Camk2b cause intellectual disability in humans,
and severe plasticity and learning deficits in mice, indicating unique functions for each
isoform. However, considering the high homology between CAMK2A and CAMK2B, it is
conceivable that for critical functions, one isoform compensates for the absence of the other,
and that the full functional spectrum of neuronal CAMK2 remains to be revealed. Here we
show that germline as well as adult deletion of both CAMK2 isoforms in male or female mice is
lethal. Moreover, Ca?*-dependent activity as well as autonomous activity of CAMK2 is essential
for survival. Loss of both CAMK2 isoforms abolished LTP, whereas synaptic transmission
remained intact. The double-mutants showed no gross morphological changes of the brain,
and in contrast to the long-considered role for CAMK2 in the structural organization of the
postsynaptic density (PSD), deletion of both CAMK2 isoforms did not affect the biochemical
composition of the PSD. Together, these results reveal an essential role for CAMK2 signaling in
early postnatal development as well as the mature brain, and indicate that the full spectrum of
CAMK?2 requirements cannot be revealed in the single mutants because of partial overlapping
functions of CAMK2A and CAMK2B.

Keywords: CAMK2; hippocampus; survival; synaptic plasticity
SIGNIFICANCE STATEMENT

CAMK2A and CAMK2B have been studied for over 30 years for their role in neuronal functioning.
However, most studies were performed using single knock-out mice. Because the two isoforms
show high homology with respect to structure and function, it is likely that some redundancy
exists between the two isoforms, meaning that for critical functions CAMK2B compensates for
the absence of CAMK2A and vice versa, leaving these functions to uncover. In this study, we
generated Camk2a/Camk2b double-mutant mice, and observed that loss of CAMK2, as well
as the loss of Ca**-dependent and Ca®*-independent activity of CAMK?2 is lethal. These results
indicate that despite 30 years of research the full spectrum of CAMK2 functioning in neurons
remains to be unraveled.

INTRODUCTION

Since the discovery of the Ca*/CaM-dependent protein kinase II (CAMK2) protein family in
the 1970s, >2000 papers have been published in which the function of CAMK2A or CAMK2B,
the most abundant CAMK2 isoforms in the brain, has been studied. The generation of different
Camk2a mutants [of which the knock-out was already published >25 years ago (Silva et
al, 1992a,b)] and Camk2b mutants, greatly contributed to the understanding of the role of
these two isoforms in neuronal functioning, learning, and plasticity in mice (Mayford et al.,
1995; Giese et al., 1998; Elgersma et al., 2002; Borgesius et al., 2011; Achterberg et al., 2014;
Kool et al.,, 2016). Very recently, the importance of CAMK2A and CAMK2B for normal human
neurodevelopment was shown (Kury et al., 2017b; Stephenson et al., 2017; Akita et al., 2018;
Chiaetal, 2018).

CAMK2A and CAMK2B are estimated to have evolved from a common ancestral CAMK2
gene ~1 billion years ago (Ryan and Grant, 2009) and are highly homologous, consisting both
of a catalytic, regulatory, variable, and association domain. The catalytic and regulatory domain
show an 89-93% sequence homology in rats (Tobimatsu and Fujisawa, 1989), whereas the
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differences lie within the variable domain, where CAMK2B but not CAMK2A contains an
F-actin binding domain.

CAMK?2 forms a holoenzyme of ~12 subunits, which can consist of both CAMK2A and
CAMK2B subunits. This CAMK2 holoenzyme is able to convert a short high-frequency signal
into a long-term change in synaptic strength (for review, see Lisman et al., 2002; Hell, 2014).
With the difference in binding affinity for CaM, which is ~8-fold higher for CAMK2B homomers
than for CAMK2A homomers (half-maximum autophosphorylation of CAMK2 is achieved at
15 vs 130 nM CaM, respectively; Brocke et al., 1999), the subunit composition of the CAMK2
holoenzyme determines the sensitivity for fluctuating calcium levels (Thiagarajan et al, @
2002). Upon calcium influx Ca*/CaM binds CAMK?2 in the regulatory domain (Vallano, 1989),
allowing the release of a pseudosubstrate region of the protein from the catalytic domain.
When two adjacent subunits within the holoenzyme are activated by Ca®*/CaM, one subunit
can phosphorylate the neighboring subunit on Thr286 (CAMK2A) or Thr287 (CAMK2B)
leaving this subunit autonomously active (Ca*-independent activity) when calcium levels
drop to baseline (Miller and Kennedy, 1986; Hanson et al., 1994). However, upon detachment
of Ca?*/CaM from CAMK2, Thr305/Thr306 (CAMK2A) or Thr306/Thr307 (CAMK2B) within
the CaM binding region can be phosphorylated thereby preventing future binding of Ca?*/CaM
(thus Ca**-dependent activity). The importance of the autophosphorylation events for CAMK2
function, was shown by generating CamkZ2a point mutants, in which the Thr286 or Thr305/
Thr306 were mutated to either phosphomimic residues (e.g., Thr305Asp), or phosphodead
residues (e.g., Thr286Ala). All of these mutations resulted in learning and plasticity phenotypes
(Mayford et al., 1995; Giese et al., 1998; Elgersma et al., 2002).

In addition to an important enzymatic function, there are also studies showing that
CAMK2A and CAMK2B play important and unique structural roles, using either CamkZ2a or
Camk2b knock-out mice. For example, CAMK2A has been shown to play an important structural
role in the presynapse in short-term plasticity (Hojjati et al., 2007) and CAMK2B plays an
important structural role in determining the localization of CAMK2A during hippocampal
plasticity, through its F-actin binding domain (Borgesius et al, 2011). Thus, the unique
functions of CAMK2A and CAMK2B in neuronal functioning are well established. However,
CAMK2A and CAMKZ2B are highly homologous, thus it is conceivable that there is substantial
redundancy in function, and that these functions of CAMK2 are missed when studying the
Camk2a or CamkZ2b single mutants.

In this study we aimed to reveal novel CAMK2 functions by studying different
Camk2a/Camk2b double-mutants, showing that despite the enormous wealth of literature on
CAMK?2 functions, its full spectrum is still not uncovered and that the role of CAMK2 signaling

in neurons is much more important than what was previously thought.

MATERIALS AND METHODS

Animals. In this study the following mice were used: Camk2a”- (Camk2a™3%3, MGI:2389262)
and Camk2b’- mice to generate Camk2a**;Camk2b** (WT mice); Camk2a*/;Camk2b”- (mice
heterozygous for Camk2a and knock-out for Camk2b); Camk2a’/;Camk2b*- (mice knock-out
for Camk2a and heterozygous for Camk2b); Camk2a”’;Camk2b”- (Camk2a and Camk2b double
knock-out mice); Camk2a™84/72664 (Camk2a™2%%, MGI:2158733) and Camk2b™%74/7267A mice to
generate Camk2a*/™%4;Camk2b™574/72674 (mice heterozygous for a T286A knock-in mutation in
Camk2aand homozygous foraT287Aknock-in mutationin Camk2b); Camk2a™864/7264; Camk2b*/
72674 (mice homozygous for a T286A knock-in mutation in Camk2a and heterozygous for a
T287A knock-in mutation in Camk2b); Camk2a™%4/72864;Camk2b™%74/72874 (homozygous for
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T286A and T287A knock-in mutations in Camk2a and Camk2b, respectively); Camk2a™*"/
305D (Camk2a™v3, MGI: 2389272) and Camk2bA3037/4303R (Camk2b'™2z1¥ele, MGI:5285573) mice
to generate Camk2a/"%P; Camk2b*393*/4303F (mice heterozygous for a T305D knock-in mutation
in Camk2a and homozygous for a A303R knock-in mutation in Camk2b); Camk2a™*/
13050 Camk2b*/43%3% (mice homozygous for a T305D knock-in mutation in Camk2a and
heterozygous for a A303R knock-in mutation in Camk2b); Camk2a™05/T3050, Camk2 hA303R/A303R
(homozygous for T305D and A303R knock-in mutations in Camk2a and CamkZ2b, respectively);
Camk2a”;Camk2b”' (homozygous floxed Camk2a (Camk2a™!1¥!s MGI:5662417) and Camk2b
mice with no Cre expression; controls); Camk2a”;Camk2b”/;CAG-Cref>® (homozygous floxed
Camk2a and Camk2b mice with transgenic Cre expression throughout the body after injection
with tamoxifen (Tg(CAG-cre/Esr1*)5Amc; MGI:2182767), and Camk2a”;Camk2b”;CA3-Cre
(knock-out mutants for Camk2a and Camk2b specifically in the CA3 region of the hippocampus
(Grik4tm1i(ereislab, MGI:4398684, kindly provided by Ralf Schoepfer, Laboratory for Molecular
Pharmacology, NPP, University College London, and York Rudhard, In Vitro Pharmacology,
Evotec AG, Manfred Eigen Campus; Filosa et al., 2009). All mice were back-crossed >16 times
in a C57BL/6] background and were group-housed in IVC cages (Sealsafe 1145 T, Tecniplast)
with bedding material (Lignocel BK 8/15, Rettenmayer) on a 12 h light/dark cycle in 21°C
(¥1°C), humidity at 40-70% and with chow (No. 1 maintenance autoclave pellets, Special Diets
Services) and water available ad libitum. Experimenters were blind to all genotypes throughout
experiments and data analysis. Mice (males and females) were genotyped when they were
7-d-old, and re-genotyped after the mice were killed. Genotyping records were obtained and
kept by a technician not involved in the experimental design, performance, and analysis. All
experiments were done during the light phase, with animals between 2 and 4 months of age.
All experiments were done with approval of the local Dutch Animal Ethical Committee for
animal research and were in accordance with the European Communities Council Directive
(86/609/EEC).

Generation of mouse mutants. The generation of both the floxed and knock-out CamkZa
(Elgersma et al., 2002; Achterberg et al., 2014) and CamkZ2b (Borgesius et al., 2011; Kool et al,,
2016) mouse mutants have been described previously. All knock-in mutants used in this study
have been published before as well: Camk2a™®% (Giese et al., 1998); Camk2a™"" (Elgersma et
al., 2002); Camk2b™574 (Kool et al., 2016); and Camk2a*3*k (Borgesius et al., 2011). To generate
a CA3-specific deletion of the Camk2a and Camk2b genes we crossed Camk2a”/;Camk2b” mice
with Grik4-Cre-Neo (in this study referred to as CA3-Cre mice). CA3-Cre expression starts as
early as P5 and is predominantly restricted to the CA3 area of the hippocampus. To make
sure that full deletion of the gene-of-interest had taken place, experiments were started at a
minimum age of 8 weeks.

Tamoxifen injections. Adult Camk2a”;Camk2b”’ and Camk2a”;Camk2b”;CAG-Cre®® mice (8-
10 weeks of age) were injected intraperitoneally with tamoxifen (Sigma-Aldrich; 0.1 mg/g
bodyweight) for 8 consecutive days. To keep the levels of tamoxifen constant throughout
injection days we kept a tight injection scheme, injecting mice 24 +/- 1h after the previous
injection. Tamoxifen was dissolved in sunflower oil (20 mg/ml). For electrophysiological
experiments we killed adult mice (12-16 weeks old) 25 d after the first tamoxifen injection.
Though tamoxifen is not known to have an effect on emotional reactivity, neurological
functioning, or learning (Vogt et al., 2008) we injected both Camk2a”;Camk2b” and Camk2a”
/:Camk2b”;CAG-Cre®f mice to control for any possible effects of tamoxifen.

Mass spectrometry. Cortical tissue was isolated from adult Camk2a”/;Camk2b”f and Camk2a”
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/:Camk2b”;CAG-Cre®F mice 21 d after tamoxifen injection. Cell lysis was performed in 50 mM
Tris-HC], pH 8.2, with 0.5% sodium deoxycholate. Briefly, cells were incubated with the buffer
and then boiled and sonicated for 10 min using a Bioruptor (Diagenode). Protein quantitation
was performed using the colorimetric absorbance BCA protein assay kit (ThermoFisher
Scientific). Proteins were reduced using 5 mM 1,4-dithiothreitol for 30 min at 50°C and
subsequently alkylated using 10 mM iodoacetamide for 15 min in the dark. Proteins were first
digested for 4 h with Lys-C (Wako Pure Chemicals; 1:200 enzyme- substrate ratio) and then
overnight with trypsin (ThermoFisher Scientific; 1:50 enzyme-substrate ratio) at 30°C. The
detergent was then removed by adding trifluoroacetic acid to 0.5% and precipitated detergent @
was spun down at 10,000 X g for 10 min. Extracted proteolytic peptides were labeled with
TMT 6-plex labeling reagents (ThermoFisher Scientific) allowing for peptide quantitation.
Peptides were mixed at the 6-plex level and further fractionated into six fractions by HILIC
chromatography. Fractions were collected and analyzed by nanoflow LC-MS/ MS. nLC-MS/MS
was performed on EASYnLC 1000 coupled to an Orbitrap Fusion Tribid mass spectrometer
(ThermoFisher Scientific) operating in positive mode and equipped with a nanospray source.
Peptides were separated on a ReproSil C18 reversed phase column (Dr. Maisch GmbH; column
dimensions 15 cm X 50 pm, packed in-house) using a linear gradient from 0 to 80% B [A=0.1%
formic acid; B =80% (v/v) acetonitrile, 0.1% formic acid] in 70 min and at a constant flow rate
of 200 nl/min using a splitter. The column eluent was directly sprayed into the electrospray
ionization source of the mass spectrometer. Mass spectra were acquired in continuum mode;
fragmentation of the peptides was performed in data-dependent mode using the multinotch
SPS MS3 reporter ion-based quantification method.

PSD fraction isolation. Cortical tissue was isolated from adult Camk2a”/;Camk2b”/ and Camk2a”
/:Camk2b”;CAG-Cre®® mice 21 d after tamoxifen injection (Group 1) or in the days preceding
death (4-5 weeks after the first tamoxifen injection; Group 2), and placed on ice until further
processing. The lysates were prepared in homogenization buffer containing 0.32 M Sucrose,
1 mM NaHCO,, 1 mM MgCl,, 10 mM HEPES, pH 7.4, and protease and phosphatase inhibitors
cocktails (P8340, P5726, and P0044, Sigma-Aldrich). This extract was immediately processed
for the isolation of synaptosomes as described by Carlin et al., 1980. Protein concentration
of the synaptosome fraction was determined using the BCA protein assay kit (Pierce) and
adjusted to 1 mg/ml. Postsynaptic densities (PSD) were obtained from 100 pg of synaptosomes
by adding 1% (v/v) Triton X-100 and HEPES, standing on ice for 15 min and centrifugation for
30 min. The pellet (PSD fraction) was dissolved in Laemmli sample buffer (1X). Samples were
then used for subsequent Western blotting.

Western blot. Mice were anesthetized using isoflurane and killed by decapitation. Brain samples
(or acute hippocampal slices in the case of the Western blots after the electrophysiology
experiments) were taken out quickly and stored in liquid nitrogen. Lysates were then first
prepared and brain samples were homogenized in lysis buffer (10 mM Tris-HCI 6.8, 2.5% SDS,
2 mM EDTA). Protein concentration in the samples was determined and lysate concentrations
were adjusted to 1 mg/ml. Western blots were probed with primary antibodies against either
CAMK?2A (clone 6G9, 1:20,000; Millipore, catalog #MAB8699; RRID: AB_2067919), CAMK2B
(clone CB-B1, 1:10,000; ThermoFisher Scientific, catalog #13-9800; RRID:AB_2533045),
PSD95 (1:1000; Proteintech Group, catalog #20665-1-AP; RRID:AB_2687961), GRIA2
(1:1000; Proteintech Group, catalog #11994-1-AP; RRID:AB_2113725), GRIN2B (1: 2000;
Proteintech Group, catalog #21920-1-AP; RRID:AB_11232223), and actin (1:20,000; Millipore,
catalog #MAB1501R; RRID:AB_2223041) and secondary antibodies (goat anti-mouse and/
or goat anti-rabbit, both 1:3000; Jackson ImmunoResearch, catalog #115-007-003; RRID:
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AB_2338476; and catalog #111-007-003; RRID:AB_2337925). Blots were stained either with
Enhanced Chemiluminescence (ECL; 32106, Pierce) or stained and quantified using LI-COR
Odyssey Scanner and Odyssey 3.0 software (Odyssey CLx; RRID:SCR_014579). Quantification
of Western blot in ECL was done using Image] (Fiji; RRID:SCR_002285).

Immunohistochemistry and immunofluorescence. Mice were anesthetized with pentobarbital
and perfused transcardially with PBS followed by freshly prepared 4% paraformaldehyde (PFA)
solution (Sigma-Aldrich). Brains were taken out after perfusion, postfixed for 1.5 h in PFA, and
afterward kept in 30% sucrose solution overnight. Free-floating 40-pm-thick frozen sections
were made and for immunohistochemistry, a standard avidin-biotin-immunoperoxidase
complex method (ABC, Vector Laboratories) with CAMK2A (clone 6G9, 1:10,000; Millipore,
catalog #MAB8699; RRID:AB_2067919) as the primary antibody and diaminobenzidine
(0.05%) as the chromogen was used. For immunofluorescence, free-floating 40-pm-thick
sections were washed in PBS once and afterward primary antibody was added (anti-CAMK2B,
1:1000; Abcam, catalog #ab34703; RRID:AB_2275072) diluted in PBS containing 2% NHS,
0.5% Triton X-100, and 150 mM bovine serum albumin (BSA) and kept at 4°C for 48 h. Two
days later sections were washed three times with PBS and secondary antibodies were added
(Cy3 rabbit, 1:200 for immunofluorescence; Jackson ImmunoResearch, catalog #711-165-
152; RRID:AB_2307443) diluted in PBS containing 2% NHS, 0.5% Triton X-100, and 150 mM
BSA. After 1-2 h incubation of the secondary antibody at room temperature sections were
washed four times in PB (0.05 M) and mounted on slides using chromium (III) potassium
sulfatedodecahydrate and left to dry. Finally, for immunofluorescence, sections were covered
using Mowiol (Sigma-Aldrich). For immunohistochemistry, the slices were, after drying,
dehydrated in alcohol, cleared with xylene and covered using Permount (Fisher Scientific).

Half-life calculations. For the protein degradation curves, mice received tamoxifen injections
and were killed 4, 8, 10, 12, 15, 18, 21, and 24 d after the start of the experiment (n = 2 for each
time point). Camk2a”/;Camk2b” mice without Cre were taken along for baseline levels. Protein
levels were measured using Western blot and data were plotted using Prism data analysis
software (GraphPad Prism; RRID: SCR_002798).

Local field potential surgery. Mice were anesthetized with a mixture of isoflurane and oxygen
(5% for induction and <2% for maintenance) and body temperature was kept constant at 37°
during the entire surgical procedure. Temgesic (0.3 mg/ml) and lidocaine (Xylocaine, 100 mg/
ml) were used for general and local analgesia. After fixation in a custom-designed stereotaxic
apparatus, the scalp was opened to expose the skull. The membranous tissue underneath
was cleared and the bone was surgically prepared with Optibond prime and adhesive (Kerr).
The placement of the recording electrodes (Bear Lab Chronic Microelectrodes, 30070, FHC)
was determined using a digital x-y manipulator according to the following coordinates: for
the somatosensory cortex from the bregma AP: -1.94 mm, DL: -3.00 mm, DV: 0.6 mm; for the
motor cortex from the bregma AP: +1.42, DL: + 1.75, DV: 0.5 mm. A reference electrode (silver
wire) was placed on top of the vermis in the cerebellum. A small brass pedestal was attached
to the skull with Charisma (Heraeus Kulzer) to ensure the fixation of the mice to the head bar
during recording.

Local field potential recordings. Two days after the surgical procedure, mice were head-fixed to
a brass bar suspended over a cylindrical treadmill to allow anesthesia-free recording sessions
and placed in a light-isolated Faraday cage. Mice were allowed to habituate to the setup before
proceeding to the recording. Local field potential (LFP) signals were acquired every 2 d in
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sessions of 20 min each until the days preceding death, using the Open Ephys platform with
a sampling rate of 3 kS/s and a bandpass filter between 0.1 and 200 Hz. Mice were observed
daily and humanely killed when showing signs of behavioral discomfort (not before day 32
post-injection).

Electrophysiology. Mice were Killed after being anesthetized with isoflurane (Nicholas
Piramal) and the brain was taken out quickly and submerged in ice-cold oxygenated (95%)
and carbonated (5%) artificial CSF (ACSF; <4.0°) containing the following (in mM): 120 NaCl,
3.5 KCl, 2.5 CaClz, 1.3 MgSo,, 1.25 NaH,PO,, 26 NaHCO,, and 10 D-glucose. Using a vibratome
400-pm-thick sagittal slices were made for CA3-CA1 experiments and 400-pm-thick coronal
slices for CA3-CA3 experiments. Hippocampal sections were dissected out afterward and
maintained at room temperature for at least 1.5 h in an oxygenated and carbonated bath
to recover before experiments were initiated. At the onset of experiments hippocampal
slices were placed in a submerged recording chamber and perfused continuously at a rate
of 2 ml/min with ACSF equilibrated with 95% 0,, 5% CO, at 30°C. Extracellular recording
of field EPSPs (fEPSPs) and stimulation were done using bipolar platinum (Pt)/iridium (Ir)
electrodes (Frederick Haer). Stimulus duration of 100 ps for all experiments was used. In
CA3-CA1 measurements, the stimulating electrode and recording electrode were placed on
the CA3-CA1 Schaffer collateral afferents and apical dendrites of CA1 pyramidal cells (both
150-200 pm from stratum pyramidale), respectively. In CA3-CA3 measurements both the
stimulating electrode and recording electrode were placed on the stratum radiatum of the CA3
area. The stratum lucidum was carefully avoided. Upon placement of the electrodes slices were
given 20-30 min to rest before continuing measurements. All paired-pulse facilitation (PPF)
experiments were stimulated at one-third of slice maximum. Varying intervals were used in
PPF: 10, 25, 50, 100, 200, and 400 ms. CAMK2-dependent LTP was evoked using four different
tetani: (1) 100 Hz (1 train of 1 s at 100 Hz, stimulated at one-third of slice maximum), (2)
200 Hz (4 trains of 0.5 s at 200 Hz, spaced by 5 s, stimulated at one-third of slice maximum),
(3) theta burst (2 trains of 4 stimuli at 100 Hz, 200 ms apart, stimulated at two-thirds of slice
maximum), and (4) CA3-CA3 LTP (2 trains of 1 sat 100 Hz 10 s apart, stimulated at one-third
of slice maximum). A possible caveat in fEPSP measurements in the CA3 area is distinguishing
between the mossy fiber pathway and the commissural (CA3-CA3) pathway. Therefore, we
took several measures to make sure we recorded from the commissural pathway. First, with
respect to the mossy fibers we used antidromic stimulation in the CA3 area. Second, we made
use of the electrophysiological parameters PPF and 1 Hz frequency facilitation that differ
between these two pathways. Mossy fiber transmission shows very strong facilitation (+ 215%
for PPF and * 250% for 1 Hz; Scanziani et al.,, 1997), hence, we chose an upper limit of 180%
for PPF and 130% for 1 Hz, and excluded all slices exceeding those limits. Finally, at the end
of all experiments we used a pharmacological approach using DCG-IV (3 pM) to distinguish
between both pathways. DCG-IV (3 uM) is known to reduce mossy fiber transmission by
80% (Kirschstein et al, 2004). This way, we felt confident that we only included data from
experiments where we specifically stimulated CA3-CA3 synapses. Chemical LTD was induced
using a 5 min wash-in of DHPG (100 puM; Tocris Biosciences) 20 min after establishing a stable
baseline. For PKA-dependent LTP a similar baseline was established before chemical induction.
We added picrotoxin (50 uM) to the ACSF throughout the experiment and LTP was induced
chemically (cLTP) by bath application of picrotoxin (50 uM), forskolin (50 uM), and rolipram
(0.1 uM) for 15 min, after which bath circulation was returned to ACSF with only picrotoxin
(50 uM). During LTP slices were stimulated once per minute. Potentiation was measured as the
normalized increase of the mean fEPSP slope for the duration of the baseline. During induction
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of chemical LTP slices were stimulated at half of slice maximum. Only stable recordings were
included and this judgment was made blind to genotype. Average LTP was defined as the mean
last 10 min of the normalized fEPSP slope.

Data analysis and statistics. Statistical tests were performed using a two-way repeated-
measures ANOVA or Student’s t test to determine the effect of genotype in the experiments. In
LTP experiments, the last 10 data points were used for comparison. The mass spectrometry
data were analyzed with Proteome Discoverer 2.1 (RRID:SCR_014477). Peak lists were
automatically created from raw data files using the Mascot Distiller software v2.3; Matrix
Science; RRID:SCR_000307). The Mascot search algorithm (version 2.3.2, Matrix Science;
RRID:SCR_000307) was used for searching against the UniProt database (taxonomy: Mus
musculus, version December 2015; RRID:SCR_002380). The peptide tolerance was typically
set to 10 ppm and the fragment ion tolerance was set to 0.8 Da. The reporter ion tolerance
was set to 0.003 Da. A maximum number of 2 missed cleavages by trypsin were allowed
and carbamidomethylated cysteine and oxidized methionine were set as fixed and variable
modifications, respectively. Typical contaminants were omitted from the output tables. Protein
ratios were calculated from the scaled normalized abundances of the reporter ions over the
six quantitation channels. Gene ontology analysis was performed on the statistically different
proteins with >20% difference in abundance ratio identified through mass spectrometry
using the PANTHER Overrepresentation Test (GO Ontology database, Release date 2019-01-
01, PANTHER; RRID:SCR_004869). The full list of proteins identified in the mass spectrometry
analysis was used as reference dataset. A binomial test with Bonferroni correction was used
for the statistical analysis. Statistical difference of PSD-associated proteins was assessed
using a two-tailed Student’s t test. For the analysis of the Western blots for the PSD associated
protein levels, unpaired one-tailed or two-tailed Student’s ¢ test was used. For the LFP analysis,
the average power density spectrum of the last 3 d of recording was obtained using MATLAB
software (MathWorks; RRID:SCR_001622). The mean relative power was calculated over
four frequency bands relative to the total power: delta (2-4 Hz), theta (5-8 Hz), beta (13-30
Hz), and gamma (30-50 Hz). After determining normality of the distribution using the Wilk-
Shapiro test, we determined statistical significance using an unpaired two-tailed Student’s ¢t
test to assess the effect of genotype across each band frequency. For all statistical analyses
a was set at 0.05. Values are represented as average + SEM. Group sizes can be found in the
figure legends. All values are based on number of slices measured. Each experimental group
contained at minimum three different mice. All statistical tests were performed either using
GraphPad Prism (RRID: SCR_002798) or SPSS Statistics v22.0 (RRID:SCR_002865).

RESULTS

Loss of both CAMK2A and CAMK2B results in neonatal death

To unravel the full spectrum of CAMK2 functions, the Camk2a/Camk2b double-heterozygous
mice (Camk2a”’*;Camk2b’*) were intercrossed to obtain F2 Camk2a/Camk2b double knock-
out mice (Camk2a’;Camk2b”’-; see Materials and Methods). Genotyping performed at day 7
on 222 pups, revealed 0 Camk2a’-;Camk2b~- double-mutants, whereas 14 pups were expected
based on a Mendelian distribution (Fig. 1a), indicating that the double-mutant might be
lethal. Moreover, all of the Camk2a*/;Camk2b”- mice died within 36 d after birth, whereas
only 28% of the Camk2a’-;Camk2b*- died within the same period, indicating that complete
loss of CAMK2B is less tolerated than complete loss of CAMKZ2A. Importantly, other genotypes
obtained by this breeding (such as Camk2a*/;Camk2b* mice, data not shown) appeared just
as vital as wild-type mice. To understand whether the lethality of Camk2a”’;Camk2b’- mice
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was prenatal or postnatal, mice were monitored immediately from birth on. We observed that
a small number of the born pups died within the first day after birth, which all appeared to
be Camk2a’;Camk2b’- upon genotyping. Taken these pups into account, we found that 6 of
100 pups were Camk2a”’";Camk2b”- double-mutants, which is the expected number of double-
mutants, indicating that the Camk2a’/-;Camk2b’/- mutants are born at normal frequency (X%
9.4, p = 0.31), but die within 1 d after birth. When observing the pups directly after birth it
was not possible to predict which pup would die, because the Camk2a”’;Camk2b”- pups did
not show notable growth retardation or morphological changes, and a milk spot was visible
in the abdomen, indicating that it was not lack of food intake that killed the pups. Additionally, @
immunohistochemistry showed no gross morphological changes in brains of pups on PO (data
not shown). Together, this shows that simultaneous loss of both CAMK2A and CAMK2B results
in neonatal death, indicating a critical role of CAMK2 during this period, which cannot be
revealed by studying the CAMK2 isoforms in isolation.

Loss of Ca*-independent and Ca?**-dependent activity of CAMK2 results in neonatal
death

Activity of CAMK2 is governed by multiple phosphorylation sites, of which the Thr286 (Thr287
in CAMK2B) is important for Ca**-independent activity (Fig. 1d, bottom) and Thr305/Thr306
(Thr306/Thr307 in CAMK2B) for the Ca?*-dependent activity (Fig. 1d, middle), because they
are located within the Ca**/CaM binding site on CAMK2. Considering the phenotypes of the
Camk2a and Camk2b single-mutants, we know that the CAMK2A phosphomimic mutation at
Thr305 (CAMK2A-T305D), which blocks Ca?*/CaM binding and keeps CAMK?2 in its inactivated
state, is more detrimental than not having CAMK2A at all (Elgersma et al., 2002). This is also
the case for a similar mutation in CAMK2B (CAMK2B-A303R) with respect to locomotion (Kool
et al, 2016), although this is not the case for hippocampal learning (Borgesius et al., 2011).
Hence, we expected that a double-mutant of CAMK2A-T305D and CAMK2B-A303R might be
lethal as well. Indeed, when inter-crossing Camk2a*/™%?;Camk2b*43°*} double-mutant mice
we found that upon P7, only two Camk2a™%?/73%°P; Camk2b*393*/43%3k mutants were found in a
total of 126 pups (number expected was 8). The two pups that survived until P7 still died a
premature death within 16-23 d after birth (Fig. 1b). Similar to the Camk2a/Camk2b double-
mutants, homozygous mutations in the Ca**/CaM binding of CAMK2B were less tolerated than
comparable mutations in CAMK2A (Fig. 1b).

We then tested whether Ca®-independent activity (also known as autonomous
activity) was essential for life. To that end, we intercrossed Camk2a*/™%%4;Camk2b*/™574 double-
mutant mice, such that autophosphorylation of both CAMK2A and CAMK2B at the Thr286/287
site is prevented (Giese et al.,, 1998; Kool et al.,, 2016). Surprisingly, despite the fact that these
mice still have Ca*-dependent activity, we found that the Camk2a™4/728%4;Camk2pT2574/7267A
mice started dying from P11 onward and that all had died by P27 (Fig. 1c). Again, homozygous
mutations in CAMK2B were less tolerated than comparable mutations in CAMK2A. This
indicates that CAMK2 autonomous activity is essential for survival.

Adult deletion of CAMK2A and CAMK2B is lethal

The premature death observed in the various CamkZa/Camk2b double-mutants described
in the previous section, indicate a crucial role for CAMK2-dependent signaling during
development. Using inducible Camk2a and Camk2b knock-out mice, we have recently shown
that CAMK2-dependent signaling is also important after brain development (Achterberg et al,,
2014; Kool et al,, 2016). Notably, the phenotypes observed when deleting the CamkZa gene
in adult mice are as severe as when deleting the gene at germline (Achterberg et al., 2014).
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Figure 1. Multiple Camk2a mutants crossed with Camk2b mutants and their survival in percentage of their total
group size. a, Double knock-out mice for both Camk2a and Camk2b (Camk2a”’;Camk2b’) die on PO. Homozygosity
for Camk2b (with 1 functioning allele of Camk2a: Camk2a*;Camk2b”-, n = 18) has a more severe impact on survival
than homozygosity for Camk2a (and 1 functioning allele of Camk2b: Camk2a’;Camk2b*/, n = 25). Camk2a*/*;Camk2b**
were used as controls (n = 16). b, Homozygous loss of Ca*-dependent activity of both CAMK2A and CAMK2B
(Camk2a™03P/13930; Camk2b; 303R/4303R  n = 2) results in early death. Homozygosity for a A303R knock-in mutation in
Camk2b and a heterozygous T305D knock-in mutation for Camk2a (Camk2a*/™"*P;Camk2b*3*3#/43%3k n = 18) has a more
severe impact on survival than a homozygous knock-in mutation for Camk2a and a heterozygous A303R knock-in
mutation for Camk2b (Camk2a™%"//3%P;Camk2b*/43%F, n = 15). Camk2a*/*;Camk2b*/* were used as controls (n = 4). c,
Homozygous loss of autonomous activity of both CAMK2A and CAMK2B (Camk2a™84/128%; Camk2b™874/12674 n = 12)
results in early death. Again, homozygosity for a T287A knock-in mutation in Camk2b (and a heterozygous T286A
knock-in mutation for Camk2a: Camk2a*/"%";,Camk2b™%7"/7287A, n = 34) has a more severe impact on survival than a
homozygous knock-in mutation for Camk2a (and a heterozygous T287A knock-in mutation for Camk2b: Camk2a™%*/
12864, Camk2b*/"?%74, n = 20). Camk2a*/*;Camk2b*/* were used as controls (n = 14). With the exception of one mouse in the
first experiment (a), all Camk2a*/*;Camk2b*/* mice survived a minimum of up to 50 d postnatally. d, Model showing the
effect of the different mutations used on the activity of the holoenzyme for the survival experiments. Green, CAMK2A;
red, CAMK2B; yellow, calcium/calmodulin.

Therefore, we postulated that deletion of both CAMK2A and CAMK2B could potentially also
be lethal in adult mice. We generated inducible Camk2a”/;Camk2b”/;CAG-Creft mice, which
were injected daily for 4 consecutive days with tamoxifen at 8 weeks of age to induce deletion
of both Camk2a and Camk2b. Up until 4 d after the onset of gene deletion (first tamoxifen
injection), the protein levels remained the same, but after that time point the levels reduced
exponentially. Both CAMK2A and CAMK2B showed similar half-lives and decay constants in
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Figure 2. Adult loss of CAMK2Aand CAMK2B is lethal. a, Western blot of cortical (top) and hippocampal (bottom)
lysates using antibodies targeted against CAMK2A and CAMK2B. Actin was used as loading control. Days after first
injection are indicated above the blots. Cre- mice were Killed 4 d after the first tamoxifen injection. Bottom left graph,
Nonlinear regression curve showing protein degradation in cortex, showing no difference in protein degradation rate
of both CAMK2A and CAMK2B (n = 2 for each time point). Bottom right graph, Nonlinear regression curve showing
protein degradation in hippocampus, where CAMK2B degradation is faster than CAMK2A degradation. Comparing
both graphs, protein degradation of both CAMK2Aand CAMK2Bis faster in the cortex than in the hippocampus. b,
Immunohistological stainings showing effective loss after tamoxifen injections of CAMK2A (top) and CAMK2B
(bottom) in Camk2a”;Camk2b”; CAG-Cre*f mice 21 d after onset of gene deletion. ¢, Loss of both CAMK2A and CAMK2B
(Camk2a”;Camk2b”; CAG-Cre®r) in adulthood is lethal. Both groups of mice [Camk2a”;Camk2b”/; CAG-Cre® (n = 9) and
Camk2a”; Camk2b” (n = 8)] received tamoxifen injections (see Materials and Methods).

the cortex (CAMK2A, half-life: 3.5 d; CAMK2B, half-life: 2.8 d) as well as in the hippocampus
(CAMK?2A, half-life: 5.3 d; CAMK2B, half-life: 4.4 d; Fig. 2a). Immunohistochemical stainings
at 21 d after onset of gene deletion showed that despite a few CAMK2A- or CAMK2B-positive
cells, most brain areas were devoid of CAMK2 staining (Fig. 2b). Around 15-19 d (depending
on the brain region) after onset of gene deletion, the levels of CAMK2A and CAMK2B dropped
<10%, after which the Camk2a”;,Camk2b”'; CAG-Crefsk mice started to die. All injected Camk2a”
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Tablel. Protein ratio abundances of key PSD enriched proteins

Abundance ratio:
Protein name Gene Uniprot ID No. of Peptides (wt)/(mut) p
Calcium/calmodulin-dependent protein kinase type Il subunit alpha (amk2a P11798 20 8.1 <0.0001
Calcium/calmodulin-dependent protein kinase type I subunit beta (amk2b Q55VJ0 23 5.2 <0.0001
Glutamate receptor interacting protein 2 Grip2 G3XA20 2 13 0.394
SH3 and multiple ankyrin repeat domains protein 2 Shank2 Q80738-3 31 13 0317
SH3 and multiple ankyrin repeat domains protein 3 Shank3 Q4ACU6-9 19 11 0.599
Synaptic functional regulator FMR1 Fmr1 P35922 13 11 0.267
Septin-7 Sept7 £9Q1G8 25 11 0.234
alpha-actinin 4 Actn4 P57780 4 1.0 0.085
MAGUK p55 subfamily member 5 Mpp5 B2RRY4 3 1.0 0.674
Cadherin-2 (dh2 P15116 n 1.0 0.255
alpha-actinin 1a Actn1 A1BN54 42 10 0.273
Srcsubstrate cortactin (ttn Q60598 18 1.0 0.026
Cortactin-binding protein 2 (ttnbp2 BIEJA2 20 1.0 0.161
Catenin beta-1 (tnnb1 Q02248 28 10 0.463
PRKCA-binding protein Pick1 E9PUZ5 7 1.0 0.691
Homer protein homolog 1 Homer1 Q972Y3 20 10 0.401
MAGUK p55 subfamily member 3 Mpp3 Q6XE40 6 10 0.88
Neuroligin-3 Nign3 A2AGI2 6 1.0 0.878
Metabotropic glutamate receptor 3 Grm3 Q9Qys2 15 1.0 0.879
Neuroligin-4 like Nign-41 BOF2B4 7 1.0 0.961
Neuroligin-2 Nign2 Q69K9 10 1.0 0.916
Metabotropic glutamate receptor 5 Grm5 Q3UVX5 16 1.0 0.907
MAGUK p55 subfamily member 2 Mpp2 QOWV34-2 23 1.0 0.739
Cytoplasmic FMR1-interacting protein 2 Gfip2 Q55QX6 36 10 0.802
Glutamate receptor 3 Gria3 Q92W9 22 1.0 0.868
MAGUK p55 subfamily member 6 Mpp6 Q9JLBO-2 20 1.0 0.486
SH3 and multiple ankyrin repeat domains protein 3 Shank3 AOAOAOMQD5 32 1.0 0.663
Homer protein homolog 2 Homer2 Q9QWwW1 4 1.0 0.807
SH3 and multiple ankyrin repeat domains protein 1 Shank1 D3YzU1 36 1.0 0.604
SH3 and multiple ankyrin repeat domains protein 2 Shank2 D375K8 33 1.0 0.527
Cytoplasmic FMR1-interacting protein 1 Gfip1 Q7TMB8 23 1.0 0.633
alpha-actinin 2 Actn2 Q9JI91 27 1.0 0.613
Kalirin Kalm A2CG49-7 29 10 0.228
Glutamate receptor ionotropic, NMDA 2B Grin2b G3X9v4 il 1.0 0.099
Glutamate receptor 2 Gria2 P23819-4 30 0.9 0.046
Glutamate receptor 3 Gria3 BOQZW1 22 0.9 0.267
Metabotropic glutamate receptor 2 Grm2 Q14812 16 0.9 0.336
Metabotropic glutamate receptor 1 Grm1 P97772 4 0.9 0.134
Glutamate receptor 1 Grial P23818 17 0.9 0.128
Glutamate receptor-interacting protein 1 Grip1 Q92576 4 0.9 0.043
Glutamate receptor ionotropic, NMDA 1 Grin1 A2AI21 15 0.9 0.009
Glutamate receptor ionotropic, NMDA 2A Grin2a P35436 13 0.9 0.022
Neuroligin-1 Nign1 Q99K10 7 0.9 0.229
Ras/Rap GTPase-activating protein SynGAP Syngap1 F6SEU4 36 0.9 <0.001
Glutamate receptor 4 Gria4 Q972wW8 8 0.8 0.465
Glutamate receptor ionotropic, NMDA 2D Grin2d Q03391 1 0.8 0.0059

Table 1: Selection of PSD-enriched proteins detected with mass spectrometry performed on Camk2a”/;Camk2b"”'; CAG-
CreESR (n = 3) and Camk2a”;Camk2b”' control mice (n = 3) killed 21 d after onset of gene deletion. Protein ratios were
calculated from the scaled normalized abundances of the reporter ions over the six quantitation channels. A Student’s ¢
test analysis was performed over the scaled normalized abundances to evaluate significance. For the full list of proteins
analysed using mass spectrometry, see Table 1-1, available at https://doi.org/10.1523 /JNEUROSCI.1341-18.2019.t1-
1. p-values lower than 0.05 are put in bold.

/,Camk2b™; CAG-Cre®sk mice died within 24-53 d, with a median survival of 37 d (Fig. 2¢). These
mice did not show any obvious alterations in behavior until their last 24 h, during which they
would stop moving, eating, and drinking. Importantly, Camk2a”/;Camk2b” mice without CAG-
CrefsE (control group) all survived.

CAMKZ2A and CAMKZ2B deletion does not result in overt changes in PSD composition

Analysis of the double-mutant brains did not reveal any gross morphology changes (Fig.
2b, and data not shown). Because both CAMK2A and CAMK2B have been shown to play an
important structural role during plasticity and, upon activation, CAMK2 becomes highly
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enriched in PSD (Shen and Meyer, 1999), we hypothesized that the acute loss of both isoforms
might interfere with the PSD protein composition and/or its stability. To evaluate this, we
performed a proteomics analysis on cortical tissue from Camk2a”;Camk2b”;CAG-Crefsk mice
compared with Camk2a”;Camk2b”' controls 21 d after onset of gene deletion. Surprisingly,
in addition to a reduction of CAMK2A and CAMK2B, we found little changes in the key PSD-
associated proteins (Sheng and Kim, 2011) in the Camk2a”/;Camk2b"”;CAG-Cre®f samples. Only
SynGAP, GRIP1, the NMDA receptor subunits and the GRIA2 subunit of the AMPA receptor
revealed a small (<10-20%) but significant increase in expression level in the Camk2a”
S,Camk2b”;CAG-Cre®k compared with Camk2a”; Camk2b”' control samples (Table 1; p values @
are two-tailed unpaired Student’s t tests; for the raw values, see Table 1-1, available at https://
doi.org/10.1523 /JNEUROSCI.1341-18.2019.t1-1). The full list of proteins revealed some more
proteins showing a significant difference of 20% or more in abundance ratio (up-regulated or
downregulated) between the Camk2a”;Camk2b”; CAG-Cre®® and Camk2a”/;Camk2b”' control
samples (Table 1-1, available at https://doi.org/10.1523/JNEUROSCI.1341-18.2019.t1-1).
Subsequent GO-analysis did not reveal any overrepresented or underrepresented GO term in
this dataset (PANTHER GO-analysis; Thomas et al., 2003).

To zoom in further on the PSD itself, we isolated the synaptosomes from cortical
tissue of Camk2a”;Camk2b”;CAG-Cre®f mice and Camk2a”;Camk2b” control mice. Group 1
was killed 21 d after onset of gene deletion and the Group 2 was killed 1 d before they would
die (assessed by observation, between 35 and 42 d after onset of gene deletion). We focused on
the major PSD proteins PSD95, the NR2B subunit of the NMDA receptor (the subunit to which
CAMK2A binds), and the GluA2 subunit of the AMPA receptor. Because the proteomics results
showed only minor changes in the expression of PSD-related proteins from total lysates, equal
amounts of synaptosomes were used as a starting point for the PSD fraction enrichment for
both groups as shown in Figure 3, b and d (Group 1: PSD95, tho = 04, p =07, NR2B, t ;=
0.11, p = 0.91; GluR2, ¢, = 0.03, p = 0.98; Group 2: PSD95, ¢, = 0.68, p = 0.51; NR2B, ¢ |, =
0.32, p = 0.75; GluR2, t(14) = 0.35, p = 0.74; two-tailed unpaired ¢ test). Despite the successful
deletion of both CAMK2 isoforms as seen in the synaptosome fraction and in the PSD-enriched
fraction (synaptosome fraction Group 1: CAMK2A, too) = 13.55, p < 0.0001; CAMK2B, tao =
7.45,p <0.0001; PSD fraction Group 1: CAMKZ2A, ¢, = 10.82, p < 0.0001; CAMK2B, ¢, = 3.79,
p <0.005; synaptosome fraction Group 2: CAMK2A, tm) =7.69, p < 0.0001; CAMK2B, t[14) =
7.40, p < 0.0001; PSD fraction Group 2: CAMK2A, ¢, = 8.37, p < 0.0001; CAMK2B, ¢, = 3.59,
p <0.005; one-tailed unpaired ¢ test; Fig. 3b,d), no significant differences in the protein levels
of any of the PSD associated proteins were found, neither at 21 d after onset of gene deletion
(PSD95: ¢, =1.58,p = 0.15; NR2ZB: ¢, = 1.93, p = 0.08; GluR2: ¢, = 0.33, p = 0.75; two-tailed
unpaired ¢t test) nor close to death (PSD95: tqs = 0.83,p=042; NR2B: t |, = 0.37,p= 0.72;
GluR2: Lo = 0.003, p = 0.1; two-tailed unpaired t test) in the Camk2a”;Camk2b”';CAG-Cre®s®
group compared with the Camk2a”;Camk2b”' control group. Together, this suggests that, in
contrast to what could be expected, acute deletion of both CAMK2 isoforms does not lead to
major alterations of the PSD composition.

Adult loss of CAMK2A and CAMK2B does not cause changes in brain activity

Because it is known that downregulation of CAMK2A results in increased neuronal excitability
and seizures (Butler et al., 1995), we assessed whether epilepsy could be the cause of death
in these mice. Even though we did not observe any seizures in the Camk2a”;Camk2b”;CAG-
Cre®® mice, we performed continuous EEG recordings on a subset of the mice, to monitor
epileptic activity more carefully. None of the tested mice showed epileptic activity in their EEG
recordings (data not shown).
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To assess whether there is any decline of brain activity upon simultaneous deletion of
CAMK2A and CAMK2B, the LFP was measured starting from 23 d after onset of gene deletion
until 35 d after onset of gene deletion and detailed analysis of the power spectrum was
performed. Power spectrum analysis on the last days of recording revealed no difference in
the total power between Camk2a”;Camk2b”;CAG-Crefst and Camk2a”/; Camk2b”' control mice
in [Somatosensory cortex (SScx), Total power: tay = 0.25, p = 0.81; Motor cortex (M1), Total
power: t,, = 0.01, p = 0.99; Fig. 4]. Also the contribution of specific frequency bands to the
total power (normalized against the total power), did not reveal any differences (SScx: delta,
tS.S] =0.59, p = 0.58; theta, tm) =1.81, p = 0.10; beta, t“g =1.66,p =0.17; gamma, t“z) =1.46,
p = 0.22; M1: delta, tm) = 0.60, p =0.56; theta, tt[1 n= 0 24 p = 0.82; beta, ¢t an = =0.13, p = 0.90;
gamma, t(u) = 0.38, p = 0.71; Fig. 4a,b). These results indicate that there is no decline in brain
activity upon simultaneous deletion of CAMK2A and CAMK2B.

Loss of CAMK2A and CAMK2B completely abolishes LTP

We next tested the effect of the combined loss of CAMK2A and CAMK2B on basal synaptic
transmission and LTP. Thus far, previous reports on conventional and inducible Camk2a and
Camk2b single knock-out mice showed an impairment of LTP upon CamkZ2 gene deletion with
~50% of residual LTP left compared with wild-type levels (Hinds et al., 1998; Elgersma et al.,
2002; Borgesius et al., 2011; Achterberg et al., 2014). It is likely that the remaining fraction of
LTP present in these mutant mice is provided by the remaining isoform present (CAMK2B in
the case of Camk2a mutant mice and vice versa). To test this, we injected 8-week-old mice and
chose 25 d after onset of gene deletion as the moment of kill and electrophysiological testing,
corresponding to the moment when CAMK?2 levels have dropped to a minimum but well before
most of these mice start dying, to keep confounding effects of dying on the LTP measurements
to aminimum (Fig. 5a). We measured basal synaptic transmission, PPF, LTP, and DHPG-induced
LTD in the well-studied CA3-CA1 Schaffer collateral pathway in acute hippocampal slices. In
agreement with the lack of gross brain morphology changes, Camk2a”;Camk2b”;CAG-Cresk
mice still showed normal basal synaptic transmission as fiber volley amplitude, fEPSP slope,
and their ratio did not differ significantly between both Camk2a”; Camk2b”;CAG-Crefsk
and Camk2a”;Camk2b” mice (effect of genotype: fiber volley: F, ., = 0,53, p = 0.47; fEPSP
slope: F, o) = 0-74,p = 0.39; repeated-measures ANOVA; Fig. 5b). Subsequently PPF was not
impaired in Camk2a"”;Camk2b"; CAG-Cre*** mice (effect of genotype: PPF: F, ., = 0.34, p = 0.56;
repeated-measures ANOVA; Fig. 5¢). We then tested LTP by giving a 100 Hz tetanus and found
a complete abolishment of LTP 50 min after induction in Camk2a”;Camk2b"”/;CAG-Cre*k mice
(effect of genotype: 100 Hz LTP: F 45 =19.86,p <0.001; repeated-measures ANOVA; Fig. 5d).
We then tested a much stronger LTP induction protocol (4 trains of 200 Hz for 0.5 s, spaced
5 s apart) known to activate different pools of CAMK2 in the spines (Lee et al., 2009). This
LTP induction protocol yields normal LTP in Camk2b’/- mice and only partially reduces LTP
in Camk2a’/- mice (Borgesius et al., 2011). However, like in the 100 Hz LTP protocol, Camk2a”
S;,Camk2b”;CAG-Cre®fF mutants showed complete absence of LTP in the 4 X 200 Hz protocol
(effect of genotype: 200 Hz LTP: F 1= 27.19,p < 0.001; repeated-measures ANOVA; Fig. 5e).
To investigate whether other LTP inducing pathways were similarly affected, we tested PKA-
dependent plasticity, using a 15 min wash-in of forskolin (50 pM) and rolipram (0.1 pM) in
the presence of picrotoxin (50 uM) to induce cLTP. We found that also this LTP pathway was
affected in the Camk2a”;,Camk2b”;CAG-Crefst mice, although considerable potentiation was
still observed (effect of genotype: PKA LTP: F 155~ - 75, p < 0.01; repeated-measures ANOVA;
Fig. 5f). Finally, we found no involvement of CAMKZA and CAMK2B in DHPG-induced LTD
(effect of genotype: DHPG LTD: F__ = 1.05, p = 0.32; repeated-measures ANOVA; Fig. 5g). As
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Figure 3. Adultloss of both CAMK2A and CAMK2B does not cause alterations of the postsynaptic density. a, b, Western
blot examples of synaptosomes, soluble fraction and PSD-enriched fraction probed with common PSD proteins
antibodies (PSD95, NR2B, and GluR2) of cortical lysates from Camk2a”;Camk2b”/;CAG-Cre*k (a, n = 6; b, n = 6) and
Camk2a”/;Camk2b"” control mice (a, n = 6; b, n = 8) killed at 21 d after gene deletion (Group 1; a) or just before death
(Group 2; b). Actin was used as a control to show efficient enrichment in the PSD fraction of solely PSD proteins. ¢, d,
Quantification of protein levels in the synaptosomes fraction (top) and in the PSD fraction (bottom). Synaptosomes
show equal starting levels for both Camk2a”;Camk2b"”; CAG-Cre®* and control mice for all PSD proteins. Quantification
of the PSD associated fraction of PSD95, NR2B, GluR2 shows no difference between the control mice and Camk2a”
S:Camk2b”; CAG-Cre®® mice at either time points of analysis. Error bars indicate SEM. **p < 0.005; ***p < 0.0001.
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Figure 4. Power spectra analysis reveal no changes in brain activity upon deletion of both CAMK2A and CAMK2B. a,
Example traces of LFP recordings obtained from somatosensory cortex of Camk2a”;Camk2b”f control mice (top trace;
n = 8) and Camk2a”;Camk2b”;CAG-Cre®® (bottom trace; n = 5) during the last day of recording (35 d after onset of
gene deletion). Bar graphs depict calculated total power across the last 3d of recording (bottom left) and percentage
of relative power normalized against the total power across four different frequency bands: delta (2-4 Hz), theta
(5-10 Hz), beta (13-30 Hz), and gamma (30-50 Hz) (bottom right). b, Example traces of LFP recordings obtained
from motor cortex of Camk2a”;Camk2b” control mice (top trace; n = 8) and Camk2a”/;Camk2b”; CAG-Cre™® (bottom
trace; n = 5) during the last day of recording (35 d after gene deletion). Bar graphs depict averaged total power across
the last 3d of recording (bottom left) and percentage of relative power normalized against the total power across four
different frequency bands: delta (2-4 Hz), theta (5-10 Hz), beta (13-30 Hz), and gamma (30-50 Hz) (bottom right).
No differences were observed in the days preceding death in either total power or specific frequency bands. Error
bars depict the SEM.

a control for the efficiency of gene deletion, we performed Western blot analysis on the acute
hippocampal slices used in these experiments. As expected, the slices of Camk2a”;Camk2b";
CAG-Cre®® mice showed a clear absence of CAMK2A and CAMK2B (Fig. 5h).

Presynaptic CAMK?2 is indispensable for CA3-CA1 LTP

CAMK2 was originally found as a presynaptic protein, involved in the phosphorylation of
Synapsin I (DeLorenzo et al., 1979; Kennedy and Greengard, 1981; Kennedy et al., 1983a).
Additionally, more recent literature shows involvement of CAMK2A in vesicle release and
short-term presynaptic plasticity as well as a role for presynaptic CAMK2 in LTP in culture
conditions (Llinas et al., 1985; Nichols et al.,, 1990; Chapman et al., 1995; Hinds et al.,, 2003;
Ninan and Arancio, 2004; Lu and Hawkins, 2006; Hojjati et al., 2007; Jiang et al., 2008; Pang
et al, 2010; Achterberg et al., 2014). Therefore, it is likely that loss of both presynaptic as
well as postsynaptic CAMK2 contributes to the LTP deficits described above. To investigate
the requirement of presynaptic CAMK2 for LTP induction, we deleted CamkZ in the CA3 region
of the hippocampus, without affecting CAMK2 expression in the other hippocampal regions,
by crossing Camk2a”;Camk2b”/ mice with a Cre-line in which Cre is under the control of the
GRIK4 promotor (glutamate ionotropic receptor kainate type subunit 4). This gene is highly
expressed in CA3 neurons, but absent in CA1 neurons (Filosa et al.,, 2009). We confirmed
the specificity of this cre-line in Camk2a”;CA3-Cre and Camk2b”;CA3-Cre mice. These mice
showed specific deletion of CAMK2A and CAMK2B in the pyramidal cells of the CA3 region of
the hippocampus at the age of 8 weeks, with no deletion in other parts of the hippocampus
(Fig. 6a). Note that the mossy fibers coming from the dentate gyrus still express CAMK2A and
can now be readily observed crossing through the CA3 area. We used immunofluorescence
to confirm the deletion of CAMK2B in these mice. Although confirmation of the deletion of
CAMK2B is complicated by the residual expression of CAMK2B in oligodendrocytes (Waggener
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et al, 2013) and interneurons (Lamsa et al, 2007), we could still observe a decrease in
fluorescence in the stratum pyramidale of the CA3 region of the hippocampus (Fig. 6a).

As we observed in the Camk2a”;Camk2b”;CAG-Cre*k mice, synaptic transmission
and PPF were not affected in the absence of presynaptic CAMK2A and CAMK2B (effect of
genotype: fiber volley: Fiz9 = 0.15, p = 0.70; fEPSP: F, .., = 0.89, p = 0.35; PPF: Fy g3 = 0.89,
p = 0.35; repeated-measures ANOVA; Fig. 6b,c). As different LTP induction protocols rely on
different molecular pathways (Grover and Teyler, 1990; Cavus, and Teyler, 1996; Raymond
and Redman, 2002) and are reported to differ in their dependence on presynaptic CAMK2A
(Lu and Hawkins, 2006), we tested 100 Hz as well as theta burst (2 Theta; see Materials and
Methods) LTP-induction protocols. Surprisingly, both the 100 Hz and theta burst LTP-inducing
protocols resulted in normal LTP in Camk2a”;Camk2b"”/;CA3-Cre mice (effect of genotype: 100
Hz LTP: F, ;, = 0.002, p = 0.96; Theta burst LTP: F,5) =0.001, p = 0.98; repeated-measures
ANOVA; Flg 6d,e), indicating that presynaptic CAMKZA and CAMK2B are not required for
LTP at the CA3-CA1 synapse of the hippocampus. Thus the complete loss of high-frequency
stimulation (HFS) induced LTP in Camk2a”;Camk2b”';CAG-Cre®sk mice is completely caused by

loss of postsynaptic CAMK?2.

Role of CAMK2A and CAMK2B in plasticity at the CA3-CA3 synapse

Control over gene deletion in the CA3 area of the hippocampus does not only provide a great
tool for investigating a presynaptic role in the well-studied CA3-CA1 synapse, it can also be
used to investigate the role of CAMK2A and CAMK2B both presynaptically and postsynaptically
in the associational/commissural pathway (CA3-CA3 synapse). The CA3-CA3 synapse in
the hippocampus has been widely proposed to play a pivotal role in spatial processing and
previous studies have shown that LTP at this synapse is NMDA dependent (Debanne et al.,
1998). Therefore, we examined the role of CAMK2A and CAMK2B in the properties of the CA3-
CA3 synapse in our Camk2a”/;Camk2b”;CA3-Cre mutant (Fig. 7a).

Although CA3-CA3 basal synaptic transmission and PPF were not affected in the
Camk2a”;Camk2b”;CA3-Cre mice (effect of genotype: fiber volley: F, , = 0.18, p = 0.68; fEPSP
slope: F1,49 =0.03, p = 0.87; PPF: F1,36 0.92, p = 0.34, repeated-measures ANOVA; Fig. 7b,c),
deletion of both CAMK2A and CAMKZ2B in the CA3 region of the hippocampus resulted in a
significantimpairment of LTP at the CA3-CA3 synapse (effect of genotype: F, (132 = 6:89,p=0.01;
repeated-measures ANOVA; Fig. 7d). Pyramidal neurons in the CA3 region of the hippocampus
receive inputs from different pathways. The major source of inputs originates from the CA3
itself through the commissural pathway (CA3-CA3 synapse), but also the mossy fibers coming
from the dentate gyrus (DG-CA3 synapse) form an important source. To distinguish between
these different pathways, we used three different approaches: (1) antidromic stimulation, (2)
differences in physiological characteristics of 1 Hz facilitation and PPE and (3) differences
in sensitivity to DCG-IV (see Materials and Methods). Importantly, 1 Hz stimulation did not
show any facilitation [1 Hz facilitation (10th stimulus): Camk2a”/; Camk2b”/;CA3-Cre 106.8 +
2.1 vs Camk2d”;Camk2b” 103.8 + 2.3; 1 Hz Facilitation (10 stimuli, data not shown): effect
of genotype: Fis = 1.56, p = 0.22, repeated-measures ANOVA]. Furthermore, 3 uM DCG-IV
reduced transmission by <20% in our experiments (81.9 + 2.7% and 78.1 * 3.3% transmission
in the last 10 min for Camk2a”;Camk2b” and Camk2a”;Camk2b”/;CA3-Cre, respectively; DCG-
IV: t = 1.12, p = 0.27; unpaired two tailed ¢ test; Fig. 7e). Therefore, we are confident that we
selectively stimulated CA3-CA3 connections.

Notably, the phenotype observed in the Camk2a”;Camk2b”/;CA3-Cre mice appeared to
be the result of the combined deletion of CAMK2A and CAMK2B and not because of absence of
CAMK2A or CAMK2B alone, as the same parameters were not affected in the Camk2a”/;CA3-Cre
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Figure 6. Presynaptic CAMK2A and CAMK2B are not necessary for CA3-CA1 LTP. a, Specific deletion of CAMK2A
(Top) and CAMK2B (middle and bottom) in the CA3 area of the hippocampus. Immunohistochemical stainings
showing deletion of CAMK2A in the CA3 area in Camk2a”/;CA3-Cre mice (top right). Note the absence of CAMK2A
staining in all layers of the CA3 area except for mossy fibers coming from the dentate gyrus that still express CAMK2A.
Immunofluorescent images showing deletion of CAMK2B in the CA3 area in Camk2b”;CA3-Cre mice (bottom right).
Note that interneurons, oligodendrocytes, and mossy fibers coming from the dentate gyrus still express CAMK2B. The
middle and bottom right pictures are enlarged images of boxed areas. Arrowheads show CA3 pyramidal cell somas
in Camk2b” mice (middle right) and absence of fluorescence in cell somas in Camk2b”/;CA3-Cre mice (bottom right).
b, Camk2a”;Camk2b”/;CA3-Cre mice [fiber volley: (n = 19 from 6 mice), fEPSP slope: (n = 19 from 6 mice)] show
normal basal synaptic transmission compared with Camk2a”;Camk2b” mice [fiber volley: (n = 22 from 6 mice), fEPSP
slope: (n = 22 from 6 mice)]. ¢, Inset, Schematic overview of LTP induction in the CA3-CA1 pathway (see Materials
and Methods). stim, Stimulating electrode; rec, recording electrode; DG, dentate gyrus. Camk2a”;Camk2b”;CA3-Cre
mice(n = 41 from 6 mice) show normal PPF compared with Camk2a”;Camk2b”/ mice(n = 44 from 6 mice). d, Camk2a”
f:Camk2b”;CA3-Cre mice(n = 20 from 6 mice) show normal 100 Hz LTP compared with Camk2a”;Camk2b”/ mice (n =
14 from 6 mice). e, Camk2a”;Camk2b”;CA3-Cre mice (n = 9 from 4 mice) show normal theta burst LTP compared with
Camk2a”;Camk2b” mice (n = 10 from 4 mice). Error bars indicate SEM. Electrophysiological example traces can be
found within the figures. Scale bars: y, 0.2 mV; x, 10 ms.

or Camk2b”;CA3-Cre mice, in which only CAMK2A or CAMK2B is deleted from the CA3 region
of the hippocampus (effect of genotype: Camk2a”/;CA3-Cre LTP: Fi45=0.43,p=0. 52; Camk2b”
/:CA3-Cre LTP: Fiy g0 = 0.004, p = 0. 95, repeated-measures ANOVA; Fig. 7f,g). Because we did
not observe an effect in the expression level of CAMK2A in Camk2a” animals without Cre in
comparison with wild-type mice (data not shown), we used the wild-type littermate Camk2a**
mice as the control group for one of these experiments (Fig. 7f). Importantly, basal synaptic
transmission and PPF were both not significantly different and the control experiments for
mossy fiber stimulation 1 Hz facilitation and DCG-IV wash-in were all within normal range
and not significantly different for both Camk2a”;CA3-Cre and Camk2b”;CA3-Cre mice (data
not shown). Together, these data show that either CAMK2A or CAMK2B needs to be expressed
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Figure 7. Redundancy of CAMK2A and CAMK2B in CA3-CA3 LTP. a, Schematic overview of LTP induction in the CA3-
CA3 pathway (see Materials and Methods). stim, Stimulating electrode; rec, recording electrode; DG, dentate gyrus.
b, Camk2a”;Camk2b”;CA3-Cre mice [fiber volley: (n = 27 from 4 mice), fEPSP slope: (n = 23 from 4 mice)] mice show
normal basal synaptic transmission compared with Camk2a”/;Camk2b”/ mice [fiber volley: (n = 24 from 4 mice) fEPSP
slope: (n = 24 from 4 mice)]. ¢, Camk2a”;Camk2b”;CA3-Cre (n = 17 from 4 mice) mice show normal PPF compared
with Camk2a”;Camk2b” (n = 21 from 4 mice) mice. d, Camk2a”;Camk2b”/;CA3-Cre (n = 16 from 4 mice) show reduced
100 Hz LTP compared with Camk2a”;Camk2b” (n = 18 from 4 mice) mice. e, DCG-IV only minimally blocks the fEPSP
signal in both Camk2a”;Camk2b”;CA3-Cre (n = 21 from 4 mice) and Camk2a”;Camk2b”' (n = 21 from 4 mice) mice. f,
Camk2a”;CA3-Cre (n = 29 from 8 mice) show normal 100 Hz LTP compared with Camk2a** (n = 16 from 5 mice) mice.
g, Camk2b”;CA3-Cre (n = 28 from 8 mice) show normal 100 Hz LTP compared with Camk2b” (n = 24 from 8 mice)
mice. Error bars indicate SEM. Electrophysiological example traces can be found within the figures. Scale bars: y, 0.1
mV; x, 10 ms. *p = 0.01
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at the CA3-CA3 synapse for normal CA3-CA3 LTP. Hence, this confirms the notion that some
functions of CAMK2 cannot be uncovered using Camk2a or Camk2b single-mutants.

DISCUSSION

CAMK2A and CAMK2B are the most abundant proteins in the brain and are shown to be crucial
for learning, memory, and plasticity in mice and for normal neurodevelopment in humans
(Silva et al., 1992a, 1992b; van Woerden et al., 2009; Borgesius et al., 2011; Li et al., 2013;
Kiiry et al., 2017b; Stephenson et al.,, 2017). Because of the high homology in their structure,
we contemplated that the full spectrum of CAMK2 functions has yet to be revealed, because
crucial functions can potentially be masked due to compensation by the non-deleted isoform.
In this study we confirm this hypothesis with the following findings. (1) Loss of CAMK2A and
CAMK2B simultaneously is lethal both during development as well as in adult mice. (2) Loss
of the combined CAMK2A and CAMK2B Ca?**-dependent or Ca?*-independent activity is lethal.
(3) Simultaneous loss of CAMK2A and CAMK2B results in complete absence of LTP at the
CA3-CA1 synapse in the hippocampus. (4) Simultaneous loss of CAMK2A and CAMK2B but
not of CAMK2A or CAMK2B alone results in LTP deficits at the CA3-CA3 synapse. Together
these results show that there is quite some redundancy in the CAMK2A and CAMK2B isoform
function, and that crucial functions of CAMK2 remain to be uncovered.

It remains to be investigated why absence or dysregulation of CAMK2 function results
in lethality. CAMK2 is critical for NMDA receptor-dependent signaling, and it is known that
absence of the NR1 subunit of the NMDA receptor results in neonatal death due to respiratory
failure in these mice (Forrest et al., 1994). CAMK2 activity mediates the emergence and
maintenance of synchronous activity in the pre-Botzinger complex, a center in the brainstem
important for respiratory motor output (Mironov, 2013). Thus respiratory distress could
underlie the lethality seen in the Camk2a’/-;Camk2b’- mutants. Also NR2B-null mutants are
not viable (Kutsuwada et al,, 1996), which is because of a defect in the suckling response.
Indeed lethality was rescued when the pups were hand-fed (Kutsuwada et al., 1996). We do
not think that a similar mechanism underlies the lethality seen in our mice, because all pups
had milk in their stomach just before they died. Moreover, when looking at the catalytically
and autonomously inactive mutants (Camk2a™%P/739P;Camk2b3%3%/4303k and Camk2a™4/
72864 Camk2b?%74/12874 | respectively) it seems unlikely that either feeding or breathing deficits
are the cause of death, because some of these mice survive until P17 or later. These findings
also indicate that enzymatic activity of CAMK?2 is dispensable in the first 2 weeks after birth
and that the survival of these mice depends solely on the presence of CAMK2, pointing out
an essential structural role of CAMK2. Interestingly, during the early postnatal period, LTP
is dependent on PKA, but not on CAMK2 and this switches ~P9 (Yasuda et al., 2003), further
supporting the lack of need of the enzymatic activity of CAMK2 during this early postnatal
period. Our results further indicate that loss of CAMK2B is less tolerated than loss of CAMK2A,
because the mice that were heterozygous for CAMK2A (knock-out or point mutant) and
homozygous for CAMK2B died earlier than mice carrying a homozygous CAMK2A mutation
and heterozygous CAMK2B mutation. This could be caused by the earlier onset of expression
of CAMK2B, ~E12.5, compared with CAMK2A, which starts to be expressed ~P1 (Bayer et al.,
1999).

Although homozygous loss of CAMK2A and CAMK2B resulted in death, it is surprising
how little biochemical, morphological and electrophysiological phenotypes we observed in
these double-mutants: (1) we observed no gross brain morphology differences. This is similar
to the NR1- or the NR2B-null mutants (Forrest et al., 1994; Kutsuwada et al., 1996), and is
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consistent with the finding that the anatomical development of the brain does not need CAMK2-
NMDA receptor-dependent plasticity or functional synapses (Sando et al., 2017; Sigler et al.,
2017). (2) Although proteomic analysis indicated that simultaneous deletion of CAMK2A and
CAMK2B did result in the upregulation or downregulation of a few PSD-associated proteins, we
did not observe significant changes in the biochemical composition of the PSD. These findings
indicate that presence of CAMK2 is not necessary for maintaining the PSD composition, which
is a surprising finding given that it is generally believed that CAMK2 plays a critical role in the
structural organization of the PSD (for review, see Hell, 2014). Future experiments are needed
to investigate the structural integrity of the PSD in these mutants. (3) Total brain activity as
measured with LFP recordings, remained unchanged, even close to death. This indicates that
CAMK?2 does not play a role in the background oscillatory activity present in the brain. (4) We
did not observe changes in basal synaptic transmission, which we will discuss further.

The complete loss of HFS-induced LTP upon deletion of both CAMK2A and CAMK2B is
not surprising considering the impairments both Camk2a~- (Hinds et al., 1998; Elgersma et al.,,
2002) and Camk2b”- (Borgesius et al.,, 2011) mice show in this kind of LTP. The complete loss
of LTP in Camk2a”;Camk2b”/;CAG-Cre*sk mice suggests that the residual LTP left in the single
knock-out mice is mediated by the remaining isoform. Indeed a recent study confirms the lack
of a CAMK2-independent form of NMDA receptor-dependent LTP (Incontro et al., 2018). This
is further strengthened by the observation that single amino acid mutations in Camk2a mutant
mice such as Camk2a™5%* (Giese et al.,, 1998) and Camk2a™%" (Elgersma et al., 2002) have
more detrimental effects on LTP than the loss of the Camk2a isoform as a whole. This could
well be explained by the dominant-negative effects of these CamkZa point mutations on the
proper functioning of the heteromeric CAMK2A-CAMK2B holoenzyme.

In contrast to impaired LTP, basal synaptic transmission and PPF in the CA3-CA1l
area were unaffected in absence of both CAMK2A and CAMK2B. Given the abundance of
CAMK?2 in synapses both presynaptically and postsynaptically and its major role in AMPA
phosphorylation, GluN2B binding and AMPA insertion (for review, see Lisman et al,, 2012),
these findings were unexpected. However, these findings are in line with the observation
that the PSD composition seems to be largely unaffected by the absence of CAMK2. Hence,
synaptic strength in the CA3-CA1 synapse can be maintained independently of the presence
of CAMK2A and CAMK2B. These findings are in contrast to a recent study that found a role
for CAMK2A, but not CAMK2B, in basal synaptic strength in a subset of neurons (Incontro et
al., 2018). Using CRISPR/Cas9 in slices and in utero electroporation to induce sparse deletion
of CAMK2, these authors found that basal AMPA receptor- and NMDA receptor-dependent
synaptic transmission requires CAMK2A, but not CAMK2B, that CAMK2A signaling is critically
dependent on its binding to the NMDA receptor. Possibly, the discrepancy between our findings
and theirs is explained by the different approaches. Targeting a subset of neurons, as done by
Incontro et al. (2018), could induce a transcellular competitive process, which is absent in our
global knock-out mutants.

Forskolin-induced LTP has been shown to be primarily PKA-dependent (Sokolova
et al.,, 2006), but also NMDA-dependent components have been described (Otmakhov et al.,
2004). Thus the impairment seen in cLTP in our Camk2a”;Camk2b”;CAG-Cre®* could be
caused by the selective loss of the NMDA (CAMK2)-dependent pathway while leaving the PKA-
dependent pathway intact.

The finding that presynaptic CAMK?2 is dispensable for LTP at the CA3-CA1 synapse is
surprising, considering that CAMK2 was first discovered as a presynaptic protein (DeLorenzo
et al, 1979; Kennedy and Greengard, 1981; Kennedy et al., 1983a). Indeed, CAMK2A has long
been shown to play a role in presynaptic plasticity and regulation of neurotransmitter release
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at the CA3-CA1 synapse in brain slices (Llinds et al., 1985; Nichols et al., 1990; Chapman et al.,
1995; Hinds et al., 2003; Hojjati et al., 2007; Jiang et al., 2008; Pang et al., 2010; Achterberget al.,
2014).Additionally,a previous study reported arole for presynaptic CAMK2 in LTP in dissociated
hippocampal neurons (Ninan and Arancio, 2004). In this study, the role of presynaptic CAMK2
was assessed using different CAMK2 inhibitors, which when applied resulted in reduced LTP.
Thus, in light of these studies, we expected to find a requirement for presynaptic CAMK2A
and CAMK2B in synaptic transmission and LTP at the CA3-CA1 synapse. However, we found
that presynaptic CAMK?2 is completely indispensable for LTP at the Schaffer collateral pathway.
There are a few reasons to explain the discordance between literature and our findings. First, @
in our model CAMK?2 is already absent from as early as P5. We cannot exclude that the lack of
effect in our experiments is because of presynaptic compensatory mechanisms during this
phase of development. Second, to study the role of presynaptic CAMK2 in LTP in hippocampal
cultures, CAMK?2 inhibitors were used to block presynaptic CAMK2 activity. These are general
CAMK?2 blockers, blocking not only CAMK2A or CAMK2B, but also CAMK2D and CAMK2G. It
could be that in our experiments CAMK2D and CAMK2G are compensating for the absence
of CAMK2A and CAMKZ2B. Indeed, evidence for a neuronal role for CAMK2G is emerging (Ma
et al, 2014; Cohen et al.,, 2018; Proietti Onori et al., 2018). Together, it is clear that complete
understanding of the precise role of presynaptic CAMK2 at the CA3-CA1 Schaffer collateral
syn- apse is still lacking.

CA3-CA3 LTP shares many characteristics with Schaffer collateral (CA3-CA1) LTP.
Most notably, both CA3-CA3 and CA3-CA1 LTP depend on NMDA receptor activation and a
postsynaptic rise in Ca?* (Bradler and Barrionuevo, 1990; Zalutsky and Nicoll, 1990; Debanne
et al, 1998, 1999; Bains et al., 1999; Smith and Swann, 1999; Pavlidis et al., 2000; Kakegawa
et al, 2004). We show here that CA3-CA3 LTP is impaired when deleting both CAMK2A and
CAMK2B, but not upon deletion of either CAMK2A or CAMK2B, indicating that one of the two
CAMK?2 isoforms needs to be present to support normal LTP. These results are in agreement
with a previous study using a pharmacological approach, which described a presynaptic and
postsynaptic role for CAMK2 in LTP at the CA3-CA3 synapse (Lu and Hawkins, 2006). Using
a CAMK?2 synthetic peptide (281-309) CAMK2 inhibitor, on organotypic slice cultures the
authors saw a decrease of 50% in theta burst LTP when CAMK2 was blocked presynaptically
or postsynaptically. This inhibitor does not distinguish between the four different CAMK?2 iso-
forms, leaving open the question which CAMK?2 isoform is responsible for the LTP deficit. Here
we showed that the loss of either CAMK2A or CAMK2B isoform does not affect LTP, but that
only the simultaneous absence of both CAMK2A and CAMK2B causes a CA3-CA3 LTP deficit.
Interestingly, whereas CA3-CA1 LTP is completely abolished in absence of CAMK2, CA3-CA3
LTP is only reduced indicating that there are some fundamental differences underlying CA3-
CA1 LTP compared with CA3-CA3 LTP.

Together, our results show that despite our vast knowledge about CAMK2, there are
many aspects of CAMK2 function that remain to be uncovered.
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ABSTRACT

Calcium/calmodulin-dependent protein kinase Il (CAMK2) is one of the first proteins shown
to be essential for normal learning and synaptic plasticity in mice, but its requirement for
human brain development has not yet been established. Through a multi-center collaborative
study based on a whole-exome sequencing approach, we identified 19 exceedingly rare de
novo CAMK2A or CAMKZB variants in 24 unrelated individuals with intellectual disability.
Variants were assessed for their effect on CAMK2 function and on neuronal migration. For
both CAMK2A and CAMKZB, we identified mutations that decreased or increased CAMK2
auto-phosphorylation at Thr286/Thr287. We further found that all mutations affecting auto-
phosphorylation also affected neuronal migration, highlighting the importance of tightly
regulated CAMK2 auto-phosphorylation in neuronal function and neurodevelopment. Our data
establish the importance of CAMK2A and CAMKZB and their auto-phosphorylation in human
brain function and expand the phenotypic spectrum of the disorders caused by variants in key
players of the glutamatergic signaling pathway:.

INTRODUCTION

Modification of synaptic strength, i.e., synaptic plasticity, is a cornerstone in human capacity
to adapt to environmental change. The ability of synapses to modulate their strength is critical
for learning and memory processes (Grant and Silva, 1994). Both strengthening (known as
long-term potentiation [LTP]) and weakening (known as long-term depression [LTD]) of
synaptic transmission have been shown to contribute to distinct types of learning and long-
term memory (Malenka and Bear, 2004; Lisman et al., 2012; Buffington et al., 2014; Fan et al,,
2014). Abnormal synaptic plasticity is a well-recognized cause of numerous neurological and
psychiatric disorders (Bliss et al., 2013), as exemplified by dysfunctional ionotropic glutamate
receptor signaling, notably a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptors
(AMPAR) and N-methyl-D-aspartate receptor (NMDAR) signaling (Lau and Zukin, 2007; Mony
etal, 2009; Traynelis et al., 2010; Zhang and Abdullah, 2013; Barkus et al., 2014). For example,
pathogenic variants in AMPAR genes GRIA3 (MIM: 305915) (GluA3, associated with mental
retardation, X-linked 94 [MIM: 305915]) (Wu et al,, 2007; Philips et al., 2014) and CACNGZ2
(MIM: 602911) (stargazin, associated with mental retardation, autosomal-dominant 10 [MIM:
614256]) (Hamdan et al, 2011), and in genes of NMDAR subunits GRIN1 (MIM: 138249)
(GluN1, associated with mental retardation, autosomal-dominant 8 [MIM: 614254]), GRIN2A
(MIM: 138253) (GIuN2A, associated with focal epilepsy, with speech disorder, and with or
without mental retardation [MIM: 245570]), GRIN2B (MIM: 138252) (GIuN2B, associated
with early infantile epileptic encephalopathy, 27 [MIM: 616139] and mental retardation,
autosomal-dominant 6 [MIM: 613970]), and GRIN2D (MIM: 602717) (GIuN2D, associated with
epileptic encephalopathy, early infantile, 46 [MIM: 617162]) (Hamdan et al., 2011; Carvill et
al.,, 2013; Lemke et al., 2013; Lesca et al., 2013; Endele et al., 2014; Li et al., 2016) are a cause
of neurodevelopmental disorders.

Another major regulator of synaptic plasticity is the calcium/calmodulin (Ca?*/
CaM)-dependent serine/threonine protein kinase CAMK2, whose activation is necessary and
sufficient for hippocampal LTP induction (Lisman et al., 2002). In the hippocampus, CAMK2
forms a dodecameric holoenzyme that is mainly composed of its two predominant subunits,
alpha (CAMK2A) and beta (CAMK2B), which together represent 2% of the total hippocampal
protein content (Erondu and Kennedy, 1985). The CAMK2A and CAMK2B subunits share
a very high degree of homology and consist of four distinct domains: a catalytic domain
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containing the active site required for CAMK?2 kinase activity, a regulatory domain comprising
the Ca**-CaM binding site (including the auto-inhibitory sub-domain of the Thr286/Thr287
phosphorylation site required for autonomous [Ca*-independent] activity), a variable
domain, i.e., the domain in which CAMK2A and CAMK2B show the largest difference, and an
association domain necessary for assembly of the (mixed) holoenzyme with 10-12 CAMK2
subunits (Lisman et al, 2002; Colbran, 2004; Kim et al., 2016). Subunits combine mainly to
form CAMK2A homomers or CAMK2A-CAMK2B heteromers (Lisman et al., 2012).

CAMK2 contributes in various ways to synaptic plasticity, but most critical is its
regulation of ionotropic glutamate receptors. In particular, CAMK2 binding to the NMDAR and
its ability to regulate the membrane insertion and activity of AMPAR are crucial for regulating
synaptic strength (Lisman et al., 2012; Hoffman et al.,, 2013; Paoletti et al., 2013; Kim et al.,
2016). This process is triggered by Ca?* entry through the NMDAR, resulting in Ca%*/CaM
binding to the CAMK2 regulatory domain (Kim et al., 2016). Subsequent auto-phosphorylation
of amino acid residue Thr286 in the inhibitory domain of the a-subunit isoform (or Thr287 in @
the B-subunit isoform) of CAMK2 allows the enzyme to maintain its activated conformation,
thereby effectively converting a very brief Ca?* signal into a long-lasting enzymatic change.
Activated CAMK?2 translocates from the dendritic shaft to post synaptic densities (PSDs) of
dendritic spines, where it binds to NMDAR (GluN1, 2A and 2B) and enhances the insertion
and function of AMPAR GluAl (GRIA1 [MIM: 138248]), stargazin, and SAP97 (DLG1 [MIM:
601014]) (Kim et al.,, 2016) in the PSD. The importance of these events is highlighted by
the observation that Camk2 knock-in mice with mutations interfering with CaM binding, or
silencing the autonomous or kinetic activity of the protein, result in profound learning and
plasticity deficits (Giese et al., 1998; Elgersma et al., 2002; Yamagata et al., 2009).

Paradoxically, although the CamkZa knock-out was the first murine knock-out in the
field of neuroscience to establish a critical role for NMDA receptor-mediated Ca?* signaling in
learning and synaptic plasticity (Silva et al., 1992a, 1992b), the importance of CAMKZA (MIM:
114078) for cognitive function has not yet been established. Similarly, Camk2b has been shown
to beimportant for learning and synaptic plasticity in mice (van Woerden et al., 2009; Borgesius
et al, 2011) but mutations in CAMKZB (MIM: 607707) have not yet been described. In the
present study, we report 19 rare variants in CAMKZ2A or CAMKZ2B in 24 unrelated individuals
with intellectual disability (ID), with 23 individuals shown to have de novo occurrence of the
variants. We also provide evidence that most of these alterations of CAMK?2 are likely to affect
protein and neuronal function.

METHODS
Inclusion of the Individuals and Connection between the Participating Studies

The 24 affected individuals selected in the present study were enrolled together with their
healthy parents in 14 different programs or centers investigating the molecular basis of
developmental disorders in a research or clinical setting: (1) the Baylor Genetics (BG)
Laboratories (Houston, TX, USA; individuals 1 and 16), (2) the Western France consortium
HUGODIMS (Projet inter-régional Frangais des Hopitaux Universitaires du Grand Ouest pour
I'exploration par approche exomique des causes moléculaires de Déficience Intellectuelle
isolée ou syndromique Modérée a Sévere; individuals 2 and 7), (3) the Wellcome Trust Sanger
Institute British program Deciphering Developmental Disorders (DDD, UK; individuals 3, 14,
18, and 21), (4) the University Medical Center Utrecht (the Netherlands; individuals 4 and
12), (5) the Simons Simplex Collection (SSC) (USA; individuals 5 and 6), (6) the University
Hospital Center (CHU) of Lyon (France; individual 8), (7) Leiden University Medical Center
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(the Netherlands; individual 9), (8) the Children’s Hospital of Philadelphia (USA; individual
10), (9) the Institute of Human Genetics, University Hospital Heidelberg (Germany; individual
11), (10) the Arkansas Children’s Hospital, St. Louis Children’s Hospital, and Seattle Children’s
Hospital via GeneDx laboratory (USA; individuals 13, 15, 19,and 22), (10) the Boston Children’s
Hospital (USA; individual 17), (11) the Undiagnosed Diseases Network (UDN) through the
Boston Children’s Hospital and Harvard Clinical Site and BG laboratories sequencing site (USA;
individual 20), (13) the University of Illinois College of Medicine at Peoria via Ambry Genetics
(USA; individual 23), and (14) the Telemark Hospital Trust in Skien (Norway; individual 24).
Connecting the 14 centers was facilitated by the web-based tools GeneMatcher (Sobreira et al.,
2015) and DECIPHER (Firth et al.,, 2009).

In each participating center, clinical assessment was performed by at least one expert
clinical geneticist. Routine clinical genetic and metabolic screenings performed during initial
workup was negative in each case, which warranted further investigation on a research basis.
All families gave written informed consent for inclusion in the study and consent for the
publication of photographs was obtained for individuals 3, 7, 15, 16, 17, 22, and 23. The study
has been approved by the CHU de Nantes-ethics committee (number CCTIRS: 14.556).

Whole-Exome Sequencing Strategy

Except BG Laboratories, which performed clinical singleton exome sequencing as a first-tier
molecular test in individuals 1 and 16, all other centers followed a trio-based approach. Most
of the methods used by the centers were detailed previously: HUGODIMS program focused on
intellectual disabilities (ID) in 76 trios from simplex families (Isidor et al., 2016), DDD analyzed
more than 4,293 children with severe developmental disorders and their parents (Deciphering
Developmental Disorders, 2017), SSC parsed data from 2,508 trios with an autism spectrum
disorder (lossifov et al., 2014), GeneDx laboratory analyzed 11,388 case subjects with ID or
developmental disorder (DD) with 8,897 of them being sequenced with both parents and
following the method described previously (Retterer et al., 2016), the Boston Children’s
Hospital analyzed more than 300 trios including 50 trios with developmental disabilities
(Brownstein et al., 2016), the Children’s Hospital of Philadelphia sequenced 400 whole exomes
(323 trios) including 138 trios with developmental delay that were analyzed according to the
method described previously (Nesbitt et al., 2015), Ambry Genetics sequenced 2,583 parent-
proband trios where the child had childhood-onset neurological disorder applying the strategy
described earlier (Farwell et al.,, 2015), the University Medical Center Utrecht analyzed the
exomes of more than 500 parent-proband trios that were negative after analyzing the gene
panel for intellectual disability (~800 known ID genes) (Hempel et al.,, 2015), the Telemark
Hospital Trust in Skien analyzed 531 exomes including 99 trios (Holla et al,, 2015), Leiden
University Medical Center tested 825 exomes including 579 trios with a child presenting ID
following a strategy described previously (Santen et al., 2012), BG Laboratories queried its
internal database of ~5,900 clinical exomes including about 100 trios regarding CAMK2A
and ~6,400 clinical exomes including about 200 trios regarding CAMKZB, which comprised
UDN exomes and had been analyzed following clinical diagnostics protocol defined previously
(Bainbridge et al., 2011; Yang et al,, 2013), and the Institute of Human Genetics, Heidelberg,
analyzed trios from 57 families with 63 probands with (neuro) developmental disorders as
previously described (Evers et al., 2017).

The CHU of Lyon included individual 8 in a cohort of children with typical or atypical
Rolandic epilepsy. This last one is among the most common epileptic syndromes in childhood
and may be associated with cognitive impairment or autistic features in a subset of affected
children. Individual 8 was recruited in the Department of Epilepsy, Sleep and Pediatric
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Neurophysiology, at the Lyon University Hospital. The IRB approval number was 05/78, CPP
Strasbourg Alsace 1. Exome sequencing was performed with a trio design (in blood DNA from
the affected individual and his parents) using in-solution exome capture kits (Sure Select
Human All exome 50MB kit, Agilent Technology, or Illumina TruSeq exome Enrichment,
[llumina) and Illumina HiSeq sequencing platforms (Illumina) to generate paired end reads
sequences (Centre National de Genotypage [CNG], Evry, France).

Following their respective analysis pipelines, participating centers generated a
list of candidate variants filtered against public database variants and according to modes
of inheritance. Save for families from BG in which de novo events in CAMK2A and CAMKZB
were sought post hoc, all other variants reported in the present study were determined
independently by participating centers. Candidate variants were confirmed by Sanger capillary
sequencing for all but individuals 4, 9, 18, and 21.

Transfection Constructs @

The cDNA sequences from human CAMK2A"" (GenBank: NM_015981.3) and
CAMK2B"" (GenBank: NM_001220.4) were obtained from a human brain cDNA
library by PCR (Phusion high fidelity Thermo Fisher) using the following
primers: for CAMK2A  Fw  5-GAATCCGGCGCGCCACCATGGCCACCATCACCTGCAC-3'
and Rev 5-GGATTCTTAATTAATCAGTGGGGCAGGACGGAGG-3; for CAMK2B
Fw 5-GAATCCGGCGCGCCACCATGGCCACCACGGTGACCTG-3’ and Rev
5-GGATTCTTAATTAATCACTGCAGCGGGGCCACAG-3' and they were cloned into our dual
promoter expression vector (Figure S5). The dual promoter expression vector was generated
from the pCMV-tdTomato vector (Clontech), where the CMV promoter was replaced with a
CAGG promoter followed by a multiple cloning site (MCS) and transcription terminator
sequence. To assure expression of the tdTOMATO independent from the gene of interest, a
PGK promoter was inserted in front of the tdTomato sequence. For all the in vivo and in vitro
experiments, the vector without a gene inserted in the MCS was taken along as control (control
vector). The different point mutations were introduced with site-directed Mutagenesis
(Invitrogen for CAMKZ2A-c.327G>C, CAMK2A-c.845A>G, CAMK2B-c.328G>A and NEB Q5
Site-Directed Mutagenesis Kit for others) using the following primers: CAMK2A-c.293T>C
(p-Phe98Ser), Fw 5’-GGGGAACTGTcTGAA GATATCG-3’ and Rev 5-ACCAGTGACCAGGTCGAA-3’;
CAM K2A-c.327G>C  (p.Glul09Asp), Fw 5-GGAGTATTACAGTGACGCGGATGCCAGTCAC-3’
and Rev 5’-GTGACTGGCATCCGCGTCACTGTAATACTCC-3’; CAMK2A-c.412C>G (p.Pro138Ala),
Fw  5-GGACCTGAAGgCTGAGAATCTGTTG-3* and Rev 5-CGGTGCACCACCCCCATC-3’;
CAMK2A-c.548A>T (p.Glu183Val), Fw 5’-CTCTCCCCAGtAGTGCTGCGG-3’ and
Rev  5-ATATCCAGGAGTCCCTGCAAAC-3’;  CAMKZ2A-c.635C>T  (p.Pro212Leu), Fw
5’-GGGTACCCCCtGTTCTGGGAT-3’ and Rev 5’-AACCAGCAGGATGTACAGG-3’; CAMK2A-c.704C>T
(p-Pro235Leu), Fw 5" TTCCCATCGCtGGAATGGGAC-3’ and Rev 5’-ATCATAGGCGCCGGCTTT-3’;
CAMK2A-c.845A>G (p.His282Arg), Fw 5-GG CATCCTGCATGCGCAGACAGGAGACCG-3’ and
Rev  5-CGGTCTCCTGTCTGCGCATGCAGGATGCC-3’; CAMK2A-c.856A>C  (p.Thr286Pro),
Fw 5’-CAGACAGGAGcCCGTGGACTG-3’ and Rev 5-TGCATGCAGGATGCCACG-3’; CAMK2B-
¢.328G>A (p.Glu110Lys), Fw 5-GAGAGAGTACTACAGCAAGGCTGATGCCAGTCA-3’ and Rev
5-TGACTGGCATCAGCCTTGCTGTAGTACTCTCTC-3’; CAMK2B-c.416C>T (p-Pro139Leu),
Fw 5’-GACCTCAAGCtGGAGAACCTG-3’ and Rev 5-TCTGTGGACGACCCCCAT-3’;
CAMKZB-c.709G>A (p-Glu237Lys), Fw 5’-CCCGTCCCCTaAGTGGGACAC-3’ and
Rev 5’-AAGTCATAGGCACCAGCC-3’; CAMK2B-c.901A>G (p-Lys301Glu), Fw
5’-GAGAAAGCTCgAGGGAGCCATC-3’ and Rev 5-CTGGCATTGAACTTTTTCAGAC-3’. For the
control mutations of CAMKZA, the different point mutations were introduced with site-
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directed Mutagenesis (Invitrogen) using the following primers: CAMK2A-c.125,126AG>GA
(p-Lys42Arg), Fw 5-GGCCAGGAGTATGCTGCCAGAATCATCAACACAAAGAAGC-3' and Rev
5-GCTTCTTTGTGTTGATGATTCTGGCAGCATACTCCTGGCC-3’;  CAMK2A-c.856-858ACC>GCT
(p-Thr286Ala),Fw5’-ATCGCTATGATGCATAGACAGGAGGCTGTGGACTGCCTGAAGAAGTTCAAT-3’
and Rev 5’-AGTGTGATGCATGCAGGATGCCACGGTGGAGCGGTGCGAGAT-3’;
CAMK2A-c.856,857AC>GA (p-Thr286Asp), Fw
5’-ATCGCTATGATGCATAGACAGGAGGACGTGGACTGCCTGAAGAAGTTCAAT-3’ and Rev
5’-AGTGTGATGCATGCAGGATGCCACGGTGGAGCGGTGCGA-3".

shRNA constructs were obtained from the MISSION shRNA library for mouse genomes
of Sigma Life Sciences and The RNAi Consortium (TRC). For knockdown of CAMK2A we had five
differentshRNAplasmids,eachwithadifferenttargetsequence: (1) GCGTTCAGTTAATGGAATCTT,
(2) CCTGGACTTTCATCGATTCTA, 3) CGCAAACAGGAAATTATCAAA, 4)
GCTGATCGAAGCCATAAGCAA, and (5) GTGTTGCTAACCCTCTACTTT. For knockdown of
CAMK2B, we had five different shRNA plasmids, each with a different target sequence: (1)
CCACCTTGTTATCTCCACAAA, (2) GTACCATCTATACGAGGATAT, (3) CCTGCTGAAGCATTCCAACAT,
(4) GACTGTGGAATGTCTGAAGAA, and (5) CTGACCTCATTTGAGCCTGAA. The control shRNA
plasmid is the MISSION non-target shRNA control vector: CAACAAGATGAAGAGCACCAA.

Mice

For the neuronal cultures, FvB/NHsD females were crossed with FvB/NHsD males (both
ordered at 8-10 weeks old from Envigo). For the in utero electroporation, FvB/NHsD (Envigo)
females were crossed with C57B16/] males (ordered at 8-10 weeks old from Charles River).
All mice were kept group-housed in IVC cages (Sealsafe 1145T, Tecniplast) with bedding
material (Lignocel BK 8/15 from Rettenmayer) on a 12/12 hr light/dark cycle in 21°C (51°C),
humidity at 40%-70% and with food pellets (801727CRM(P) from Special Dietary Service)
and water available ad libitum. All animal experiments were approved by the Local Animal
Experimentation Ethical Committee, in accordance with Institutional Animal Care and Use
Committee guidelines.

Cell Culture and Analysis of Protein Stability in Transfected Cells

HEKZ293T Cell Transfections

We used Thr286/Thr287 auto-phosphorylation as a readout of kinase function. To test the
expression vector with the CAMKZ2 constructs and to measure the phosphorylation levels of
CAMK?2, we used a cell line that is easy to transfect and culture, so we chose HEK293T cells.
These cells were mycoplasma-free and authenticated (293T-ATCC CRL-3216). HEK293T cells
were cultured in DMEM/10% Fetal Calf Serum (FCS)/1% penicillin/streptomycin in 6-well
plates and transfected when 50% confluent with the following DNA constructs: control vector,
CAMK2A"", CAMK2ApPhe8ser) - CAMK2 Ap(Clu1094sp) - CAMK2AP-(Pro1384la) CAMK2 AP (Clu183val) - CAMK2AP
(ProZlZLeu)’ CAMKZAp,(Pr0235Leu), CAMKZAp,(HisZEZArg)' CAMKZAp.(ThrZEGPm] and CAMKZBWT, CAMKZBp
(Cu110lys) - CAMK2 B (Pro139lew) and CAMK2BP(€2379) and CAMKZ2BP <301 (3ll 3 mg per coverslip).
Transfection of the plasmids was done using polyethylenimine (PEI) according to the
manufacturer instructions (Sigma). 6-12 hr after transfection, the medium was changed to
reduce toxicity. Transfected cells were then used for western blot.

Western Blot
2-3 days after transfection, HEK cells were harvested and homogenized in lysis buffer (10 mM
Tris-HCl [pH 6.8], 2.5% SDS, 2 mM EDTA), containing protease inhibitor cocktail (#P8340,
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Sigma), phosphatase inhibitor cocktail 2 (#P5726, Sigma), and phosphatase inhibitor cocktail 3
(#P0044, Sigma). Protein concentration in the samples was determined using the BCA protein
assay kit (Pierce) and then lysate concentrations were adjusted to 1 mg/mL. Western blots were
probed with the following primary antibodies: CAMK2A (6G9, 1:40,000, Abcam; validated in
Elgersma et al., 2002), CAMK2B (CB-b1, 1:10,000, Invitrogen; validated in van Woerden et al.,
2007), ph-Thr286/Thr287 (autophosphorylated CAMK2 antibody; #06-881; 1:1,000; Upstate
Cell Signaling Solutions; validated in Elgersma et al., 2002), and RFP (#600401379, 1:2,000,
Rockland, validated in this study by overexpression experiments). Secondary antibodies used
were goat anti-mouse (#926-32210) and goat anti-rabbit (#926-68021) (all 1:15,000, LI-
COR). Blots were quantified using LI-COR Odyssey Scanner and Odyssey 3.0 software. Analysis
was done by an experimenter blinded for the transfection conditions.

Testing the Efficiency and Specificity of the shRNA Constructs

Primary Hippocampal Cultures

Primary hippocampal neuronal cultures were prepared from FvB/NHsD wild-type mice
according to the procedure described in Banker and Goslin, 1991. Briefly, hippocampi were
isolated from brains of E16.5 embryos and collected altogether in 10 mL of neurobasal
medium (NB, GIBCO) on ice. After two washings with NB, the samples were incubated in pre-
warmed trypsin/EDTA solution (Invitrogen) at 37°C for 20 minutes. After 2 times washing in
pre-warmed NB, the cells were resuspended in 1.5 mL NB medium supplemented with 2%
B27, 1% penicillin/streptomycin, and 1% glutamax (Invitrogen), and dissociated using a 5
mL pipette. After dissociation, neurons were plated in a small drop on poly-D-lysine (25 mg/
mL, Sigma)-coated 15 mm glass coverslips at a density of 1 x 10° cells per coverslip in 12-
well plates containing 1 mL of supplemented NB for each coverslip. The plates were stored at
37°/5% CO, until the day of the transfection.

Neuronal Transfection and Immunocytochemistry

Neurons were transfected after 3 days in vitro (DIV) with a pool of either the CAMK2A shRNAs
or CAMK2B shRNAs with an RFP plasmid (Addgene) or the control shRNA with an RFP plasmid
(all in total 4 mg per coverslip). Lipofectamine 2000 was used to transfect neurons, according
to the manufacturer instructions (Invitrogen). To measure level of knockdown of CAMK2A and
CAMK2B, neurons were fixed 5 days post-transfection with 4% paraformaldehyde (PFA)/4%
sucrose and stained for CAMK2A or CAMK2B. The following primary antibodies were used:
MAP2 (1:500, #188004, Synaptic System, validation can be found on the manufacturer’s
website), CAMK2A (6G9, 1:200, Abcam), and CAMK2B (CB-b1, 1:100, Invitrogen). For
secondary antibodies, anti-mouse-Alexa488 (#715-545-150) and anti-guinea-pig-Alexa647
(#706-605-148) conjugated antibodies (all 1:200, Jackson ImmunoResearch) were used.
Slides were mounted using mowiol-DABCO (Sigma) mounting medium. Confocal images were
acquired using a LSM700 confocal microscope (Zeiss).

For the analysis of the protein levels upon shRNA transfection, the “Measure RGB”
plugin for Image] software was used to measure the intensity of the fluorescent signal of the
transfected cell, which was normalized against non-transfected cells on the same coverslip and
then normalized against the mean value of control shRNA transfected cells. Analysis was done
by an experimenter blinded for the transfection conditions.

Analysis of Neuronal Migration

In Utero Electroporation

65



Chapter 111

The procedure was performed in pregnant FvB/NHsD mice at E14.5 of gestation to target
mainly the progenitor cells giving rise to pyramidal cells of the layer 2/3. The DNA construct
(1.5-3 mg/mL) was diluted in fast green (0.05%) and injected in the lateral ventricle of the
embryos while still in utero, using a glass pipette controlled by a Picospritzer III device. To
ensure the proper electroporation of the injected DNA constructs (1-2 mL) into the progenitor
cells, five electrical square pulses of 45V with a duration of 50 ms per pulse and 150 ms inter-
pulse interval were delivered using tweezer-type electrodes connected to a pulse generator
(ECM 830, BTX Harvard Appartus). The electrodes were placed in such a way that the positive
pole was targeting the developing somatosensory cortex. The following plasmids were injected:
control vector, CAMK2A"", CAMK2Aphe%8ser), CAMK2AP(Clu1094se) - CAMK2Ap(Pro1384ia) - CAMK2 AP
[GIuISS’Val}' CAMKZAp.[PrDZIZLeu)‘ CAMKZAP'{Pr0235LEMJ, CAMKZAP,[HiSZBZArg}, CAMKZAp.{ThrZBGPrO)’ CAMKZAp
[ThrZSﬁAIa)' CAMKZAp.(ThrZQGASp)' CAMKZAp.[ThrZBGPrD/p,[LyS‘!ZArg} and CAMKZBWT‘ CAMKZBp.(GIuIlULyS)' CAMKZBp
(Pro139Llew) - CAMK2 Br(Glu237s) | CAMKZ2 BP <3916 or for knockdown experiments with a pool of the
CAMK2A shRNAs with an RFP plasmid (Addgene) or CAMKZB shRNAs with an RFP plasmid,
or the control shRNA with an RFP plasmid. After birth, pups (M/F) were sacrificed at PO for
histochemical processing.

Immunohistochemistry
Mice were deeply anesthetized with an overdose of Nembutal and transcardially perfused with
4% paraformaldehyde (PFA). Brains were extracted and post-fixed in 4% PFA. Brains were
then embedded in gelatin and cryoprotected in 30% sucrose in 0.1 M phosphate buffer (PB),
frozen on dry ice, and sectioned using a freezing microtome (40/50 mm thick). Free-floating
coronal sections were washed in 0.1 M PB and a few selected sections were counterstained
with 4’6-diamidino-2-phenylindole solution (DAPI, 1:10,000, Invitrogen) before being
mounted with mowiol on glass.

For the migration analysis, at least 9 confocal images (10x objective, 0.5 zoom, 1,024
x 1,024 pixels) were taken from 2-3 non-consecutive sections from at least 3 successfully
targeted animals per plasmid. Images were rotated to correctly position the cortical layers, and
the number of cells in different layers was counted using Image] (Analyze particles option),
and the results were exported to a spreadsheet for further analysis. Cortical areas from the
pia to the ventricle were divided in 10 equal-sized bins and the percentage of tdTOMATO-
positive cells per bin was calculated. To calculate the total percentage of cells that reached
the outer layers of the cortex, the sum of the percentage of targeted cells of bin 1 to 4 was
calculated, based on the observation that in the control vectors, the sum of these first four bins
corresponded to the outer layers of the cortex. Analysis was done by an experimenter blinded
for the transfection conditions.

Structural Modeling

Homology modeling of the CAMK2B was performed using the [-TASSER protein structure
prediction server (Zhang, 2008). The protein sequence of the CAMK2B (GenBank:
NP_001211.3) without the F-actin binding domain (amino acids 316-504) was submitted as
input for structure prediction. The model with the highest confidence (C-score) and topological
similarity (Tm-score) was used for structural representation.

Statistical Analysis

All data were assumed to be normally distributed. Statistical difference between each single
mutant and its wild-type control for the western blot analyses (stability and phosphorylation)
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was determined using the two-tailed unpaired t test (dual comparison), since each mutation
was tested against its own wild-type control. For the in vitro knock-down experiments,
statistical difference was assessed using one-way ANOVA followed by Dunnet’s multiple
comparison test.

For the in vivo experiments on neuronal migration, the analysis was performed on the
amount of targeted cells (measured as area under the curve) of the first four bins, considered
to correspond to the layers 2/3 of the somatosensory cortex. Statistical analysis was performed
using one-way ANOVA, followed by Bonferroni’s multiple comparison tests. Based on previous
experiments performed in our lab, we considered that for the knock-down experiments in
vitro, at least 10 neurons were necessary. For the western blot analysis, we considered at least
3 replicates, and for the IUE experiments, previous experiments in our laboratory showed
that at least 3 targeted pups and a minimum of 2 pictures from different brain slices per pup
were necessary to draw any conclusion about the migration. Data are represented as box and
whisker plots with the minimum and maximum of all the data and p values less than 0.05 are @
considered significant. All the data were analyzed using the graphpad prism 6.0 software.

RESULTS

Distribution of the Variants in CAMK2A and CAMK2B

Nineteen different heterozygous variants in CAMK2A or CAMK2B were identified in 24
unrelated individuals with ID (Table 1). The de novo status of these was confirmed for 18 of
the 19 variants; it could not be confirmed in individual 1, whose paternal DNA sample was
unavailable. The vast majority of the distinct variants—eight in CAMK2A and four in CAMK2B
(Figure 1 and Table 1)—are missense substitutions; eight of the missense variants are predicted
to affect the catalytic domain of the protein and the remainder to affect the regulatory domain
(Figure 1). Two variants, one in CAMK2A and the other in CAMKZB, induce the production of
mRNA transcripts with a premature stop codon. These transcripts are either eliminated by
nonsense-mediated mRNA decay (NMD) or result in a severely truncated and non-functional
protein (Figure 1 and Table 1). According to EXAC, the probability of being loss-of-function
(LoF) intolerant (pLI) is high for CAMK2A (pLI1=1) butlower for CAMK2B (pL1=0.47). However,
when one takes into account only the LoF variants observed in the most abundant transcript in
brain, GenBank: NM_172079.2 (Ensembl: ENST00000457475), pLl increases to 1 (Figure S9).
In the context of a neurodevelopmental disorder, it suggests that CAMKZ2B is also intolerant to
LoF variants. The five remaining variants affect canonical splice sites (Table 1), according to
bioinformatic predictions and in vitro assessment by mini-gene system: three of them would
induce skipping of in-frame exons encoding a part of the CAMK2A kinase domain or the entire
CAMKZ2B regulatory domain, while the fourth variant would entail loss of most of the CAMK2
association domain by out-of-frame skipping of exon 17 (Figure S3).

Except variants ¢.635C>T (p.Pro212Leu) and c¢.704C>T (p.Pro235Leu), which were
depositedin dbSNP, all variants are absentin available public databases (Table S4) and represent
the only confirmed de novo events in CAMK2 genes in more than 68,123 in-house exomes,
including 19,980 complete trios whose proband had developmental delay of unknown etiology.
Individual 10’s variant c.704C>T (p.Pro235Leu) was assigned dbSNP accession number
rs864309606 (with no frequency) after its submission to ClinVar under accession number
SCV000258098; to our knowledge it was reported in no other study than the present one. With
respect to variant rs926027867 (p.Pro212Leu) (not validated; no frequency in dbSNP), it was
batch-submitted from the large project HUMAN_LONGEVITY|HLI-5-150251808-G-A. Because
the phenotype of the individuals from this cohort is not documented, it is possible that the
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individual carrying variant p.Pro212Leu has intellectual disability.

The variants identified affect amino acids that are highly conserved across CAMK2
paralogs (Figure S4) and species, and are predicted to be likely pathogenic by the majority of
bioinformatic programs tested (Table S4); for instance, all variants are predicted to belong to
the 5% to 0.05% most deleterious substitutions in the human genome (CADD PHRED score
between 16 and 35; Table S4).

Recurrence is noted for two variants located at CpG sites: CAMK2A c.635C>T
(p.Pro212Leu; n = 3 unrelated individuals) and CAMKZ2B c.416C>T (p.Pro139Leu; n = 4
unrelated individuals) (Table S4). Strikingly, homologous amino acid residues Glu109 in
CAMK2A and Glul110 in CAMK2B are altered in two individuals (c.327G>C [p.Glu109Asp]
in individual 3 and ¢.328G>A [p.Glu110Lys] in individual 16). The two CAMKZB splice site
variants c.820-1G>A and c.903+1G>A affect the canonical splice sequence and are predicted to
lead to in-frame skipping of exon 11 according to bioinformatic predictions and in vitro studies
(Figure S3). Their homologous counterpart in CAMKZ2A, c.817-1G>A4, is predicted to have a@
similar consequence on CAMK2A exon 11 (Figure S3).

We used denovolyzeR (Ware et al., 2015) to determine whether the 23 de novo variants
found among our case subjects could have been found by chance given the number of case-
ascertained trios studied. Based on the collection of 19,980 trios, and accounting for a gene’s
underlying mutability, the probability of seeing 13 non-synonymous CAMKZA de novo variants
by chance is p = 1.7 x 10! and p = 3.9 x 10°® for observing 10 CAMKZ2B non-synonymous de
novo variants by chance. Both these signals are genome-wide significant after correction for
the ~19,000 protein-coding genes where an enrichment could have been found (adjusted a =
2.6 x 10%). Furthermore, we found that the case missense de novo variants within our series
were preferentially affecting the most missense intolerant sequence of these two genes. We
compared the missense tolerance ratio (MTR) scores (Traynelis et al., 2017) of the 17 CAMK2A
and CAMKZ2B de novo missense variants to 39 rare CAMKZA and CAMKZB missense variants
found among the DiscovEHR cohort of approximately 50,000 control individuals that do not
overlap with the gnomAD dataset. Remarkably, 16/17 (94%) of our case missense de novo
variant events and 12/39 (31%) of the novel control missense variants affect the 50% most
missense intolerant sequence of these two genes, as defined by the MTR (Figure S10; Fisher’s
exact test p = 1.8 x 10 OR 33.7 [95% CI 4.3-1,549.4]).

Inaddition to the 19 distinct de novo variants, we extended our functional investigations
to CAMKZ2A c.412C>G (p.Pro138Ala), reported as a de novo event in an individual showing
severe global developmental delay with seizures (S.E. Holder, personal communication) from
a large cohort study (Deciphering Developmental Disorders Study, 2015). Interestingly, this
variant lies in the region encoding the kinase domain, within the most missense-depleted
sequence of CAMKZ2A (Figure S10). It is predicted as pathogenic by bioinformatic programs
(Table S4) and affects amino acid P138, which is homologous to CAMK2B residue Pro139
altered by variant p.Pro139Leu found in individuals 17-20.

Phenotypic Characterization of Individuals with CAMKZ2A and CAMKZB Variants

CAMK2A/B variants cause a neurodevelopmental disorder associated with ID. The main
clinical features of affected individuals are summarized in Table 2 using Human Phenotype
Ontology terms. More detailed observations are described in Supplemental Note: Case Reports
and Tables S1 and S2. Key features are ID, language impairment, and behavioral anomalies.
All individuals (24/24) have mild to severe ID. Impaired language development is frequently
associated (23/24) with severe delayed speech (first words after age of 3 in 13/21 and no
speech or few words after 5 years in 12/15). Epilepsy is reported in 7/23 (absence, febrile,
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Figure 1. Molecular Genetic Findings in Individuals with CAMK2A and CAMK2B Variants (A) Schematic of
CAMK2A and CAMK2B protein domain organizations and corresponding mRNA structure (derived from PDB features
for QQUQM?7 and Q13554) indicating the positions of 12 missense variants, 1 stop-gain variant, 1 frameshift deletion,
and 5 splice site variants found in affected individuals, together with the variant CAMK2A p.Pro138Ala reported in the
literature as de novo (lossifov et al., 2014; Deciphering Developmental Disorders Study, 2015). (B and C) Representation
of the structure of a single human CAMK2A subunit obtained from the corresponding full-length holoenzyme structure
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present in the protein data bank (PDB ID: 3SOA) (B) and homology model of a single human CAMK2B subunit without
the F-actin binding domain (C). For both structures, the catalytic domain is represented in green, the autoregulatory
domain in yellow, and the association domain in cyan. The location of each single point variant (in magenta) in
CAMK2A and CAMK2B, respectively, is indicated in the 3D structure (two different orientations), showing that for
CAMK?2A seven of the missense variants are located in the catalytic domain, and two variants in the autoregulatory
domain. No variants were found in the association domain (B). For CAMK2B, three of the missense variants are
located in the catalytic domain and one in the autoregulatory domain. No variant was found in the association domain
(C). Structure representations were made with PyMol. Correspondence between the nomenclatures of amino acid
changes: F98S, p.Phe98Ser; G109D, p.Glu109Asp; A112V, p.Alal12Val; P138A, p.Pro138Ala; E183V, p.Glu183Val;
P212L, p.Pro212Leu; P235L, p.Pro235Leu; H282R, p.His282Arg; T286P, p.Thr286Pro; E110K, p.Glu110Lys; P139L,
p.Pro139Leu; E237K, p.Glu237Lys; K301E, p.Lys301Glu.

Rolandic, or tonic-clonic seizures). Behavioral issues (19/24) include irritability, low tolerance
to frustration, hyperactivity, anxiety, aggressiveness, or autistic traits. Brain imaging was
generally normal (mild corpus callosum anomalies in 3/21). The recurrent extra-neurological
anomalies include facial dysmorphism (11/24; e.g., hypotelorism, down-slanting palpebral
fissures, and epicanthus), visual problems (9/24, including 7/10 in subjects found with a
CAMK2ZB variant; e.g., strabismus [4/24], visual impairment, and visual tracking difficulty),
gastro-intestinal issues (8/21; e.g.,, feeding difficulties, reflux, and constipation; 7/9 related
to CAMK2B variants versus 1/12 related to CAMK2A), breathing irregularities (2/24), and
scoliosis (2/24). A few features tend to differ between the CAMK2A- and the CAMK2B-associated
groups, although the robustness of the comparison is based on a relatively small sample size
(Table S2). Cognitive impairment seems more severe when caused by CAMKZB variants, with
severe or mild-to-moderate ID present in 8 of 10 individuals with CAMK2B variants and 8
of 14 individuals with CAMK2A variants. Similarly, hypotonia is more predominant in the
CAMKZ2B subgroup (9/10, 90%) than in the CAMK2A subgroup (7/14, 50%). When CAMK2A
and CAMK2B variants are taken together, ID appears to be more severe when variants affect
the autoregulatory domain (6/6) compared to the kinase domain (10/17).

CAMKZ2A and CAMKZ2B Mutations Can Affect Protein Expression
Missense variants were tested using in vitro and in vivo assays to understand their possible
effect on protein stability and function (Figure 2A).

Confirming a recent study showing that the CAMK2Ap(¢"183%) yariant renders CAMK2A
unstable both in vitro and in vivo (Stephenson et al., 2017), transfection of HEK293T cells with
the CAMK2AP(©1u183Val) mutant construct showed a significant reduction of CAMK2A protein level
compared to CAMK2A"" (for all statistics, see Table 3) (Figure 2B). Of the additional seven
variants tested, the CAMK2Ap®#is282419) yariant also resulted in reduced CAMK2A protein levels
after transfection in HEK293T cells, whereas CAMKZ2Ap(Phe98Ser) - CAMK2 Ap-(Glu1094sp) - CAMK2 AP-
(Pro138dia) - CAMK2Ap-Proz12lew)  CAMK2AP-Fro35lew)  and CAMKZ2AP(M™r286P) did not affect CAMK2A
protein levels (Table 3 and Figure 2C). Variants CAMK2 BP(¢"1109) and CAMK2 BP-(re13%Lew) showed
reduced CAMK2B protein levels (Table 3 and Figure 2C).

Mutations in CAMK2 Have Heterogeneous Effects on CAMK2 Auto-phosphorylation

CAMK2A auto-phosphorylation at Thr286 is critical for autonomous (Ca?*-independent)
function (Giese et al., 1998). We therefore investigated how the variants affect Thr286
(CAMK2A) and Thr287 (CAMK2B) auto-phosphorylation. We found that CAMK2AP-(€lu1094sp)
as well as CAMK2APtHis2824r) despite reduced protein levels, showed a significant increase in
phosphorylation at Thr286 when compared to CAMK2A"™. In contrast, CAMK2AP-(he985er) and
CAMK2AP(u183Vah showed a significant reduction of Thr286 phosphorylation (Table 3 and
Figure 2D), the latter being again consistent with a recent study of Camk2ap (€183 knock-
in mice (Stephenson et al., 2017). As expected, we found no phosphorylation at Thr286
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Table 2. Main clinical features of the individuals with CAMK2A and CAMK2B mutations summarized using Human Phenotype Ontology (HPO) terms.

Individual 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Clinical feature:

Intellectual Disability + + + + + + + + + + + + + +

(HP:0001249) mod.  mod. sev. sev. mild sev. sev. mild/  mod. mild sev. sev. sev. mild
sev.

Delayed speech and + + + + + + + + + + + + +

language development

(HP:0000750)

Abnormal emotion/affect + + + + + + - + + + + + - +

behavior (HP:0100851)

Global Developmental + + + + + + + + + - + + +

Delay (HP:0001263)

Delayed gross motor + + + + + + + + + B + + +

development

(HP:0002194)

Hypotonia (HP:0001252) - + + + - - + + - - + - +

Abnormal facial shape + + + - - - + - - +

(HP:0001999)

Abnormality of the - - - - - - - - - R + ND B ¥

digestive system

(HP:0025031)

Growth abnormality - - - - - - + - - +

(HP:0001507)

Visual impairment - - - - - B - - - - + R - ¥

(HP:0000505)

Seizures (HP:0001250) - - + - - - + + - - +

EEG abnormality ND ND - - ND - - + - ND + - ND ND

(HP:0002353)

Microcephaly - - - - - - - - - R +

(HP:0000256)

Abbreviations: mod, moderate; sev, severe; ND, not determined

when overexpressing CAMK2AP(M286Pro) jn HEK293T cells underscoring the specificity of the
antibody. CAMK2AP(*ro1384a) - CAMK2 Ap-(Prozi2Lew)  and CAMKZ2AP 235k showed similar levels of
Thr286 phosphorylation compared to CAMK2A"™ (Table 3 and Figure 2D). We observed nearly
abolished Thr287 phosphorylation of the CAMK2BPLys3016) protein, whereas the CAMK2BP
(Clu110lys)  CAMK2BP(Pro139tew)  and CAMK2BP(Cu237ys) proteins showed a significant increase in
phosphorylation at Thr287 (Table 3 and Figure 2E).

Taken together, these results indicate that the identified CAMK2A and CAMKZB
variants can exert very diverse effects on CAMK2 auto-phosphorylation.

CAMKZ2A and CAMKZB Mutations that Affect Auto-phosphorylation also Affect Neuronal
Function

Neuronal migration is a key aspect of cortical development. The ability of neurons to migrate
from the subventricular zone to layer 2/3 of the somatosensory cortex is highly sensitive to
changes that perturb normal neuronal function, resulting in migration deficits (Saito and
Nakatsuji, 2001; Tabata and Nakajima, 2001; Taniguchi et al., 2012). Hence, we used in utero
electroporation of E14.5 mouse embryos to transfect neurons in the subventricular zone to
study the functional effects of variants in CAMK2A and CAMKZB.

We first assessed whether reduced or increased levels of (wild-type) CAMK2A and
CAMK2B affect neuronal function. Neither increasing nor reducing CAMK2A expression levels
affected neuronal migration, whereas changing the protein level of CAMK2B in either direction
resulted in clear migration deficits (Tables 4 and 5 and Figures 3A-3C). For efficiency and
specificity of the shRNAs used, see Figure S6. These differences may reflect the presence of
a unique F-actin binding domain in CAMK2B, which is required to target the entire CAMK2
holoenzyme to the F-actin cytoskeleton (Shen et al, 1998). Moreover, CAMK2B is the
predominant CAMK?2 isoform of the developing brain (Bayer et al., 1999).

We next electroporated the different mutant CAMKZ2 constructs and analyzed their
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Table 2. (continued)

Individual 15 16 17 18 19 20 21 22 23 24

Clinical feature: Occurrence

Intellectual Disability + + + + + + + + + + 24/24 (100%)
(HP:0001249) mild mild sev. sev. sev. severe sev. sev. sev. mild/sev.

Delayed speech and + + + + + + + + + + 23/24 (95.8%)
language development

(HP:0000750)

Abnormal - + + + + - + - + + 19/24 (79.2%)
emotion/affect behavior

(HP:0100851)

Global Developmental - - + + + + + + - + 19/24 (79.2%)
Delay (HP:0001263)

Delayed gross motor - - + + + + + + - + 19/24 (79.2%)
development

(HP:0002194)

Hypotonia (HP:0001252) - + + + + + + + + + 16/24 (66.7%)
Abnormal facial shape - - + + + + + - + - 11/24 (45.8%)
(HP:0001999)

Abnormality of the - + + + + + + + - + 10/23 (43.5%)
digestive system

(HP:0025031)

Growth abnormality - - + + + + + - + + 9/24 (37.5%)
(HP:0001507)

Visual impairment - + + + + + - + - + 9/24 (37.5%)
(HP:0000505)

Seizures (HP:0001250) + - - - - - + - + + 8/24 (33.3%)
EEG abnormality ND + - - ND ND + - + + 6/15 (40.0%)
(HP:0002353)

Microcephaly - - + - + + - - + + 6/24 (25.0%)
(HP:0000256)

effects on neuronal migration. Even though overexpression or knockdown of CAMK2A did
not affect migration, overexpression of CAMK2A mutants with reduced (CAMK2AP-(Pheo8ser)
and CAMK2AP@usVa)) or jncreased (CAMK2APEu1094s) and CAMK2AP(Hisz8248))  Thr286
phosphorylation systematically showed reduced migration when compared to overexpression
of CAMK2AYT (Tables 4 and 5 and Figures 44, 4C, and 4D). These results strongly suggest that
these variants exert a dominant change of function on the CAMK2 holoenzyme. Conversely,
overexpression of the mutant CAMK2A proteins that did not show any effect on Thr286
phosphorylation (CAMK2AP-(Fro138ala) - CAMK2AP-Fro2iziew)  gand CAMK2APFroz3stew) (Figure 2C)
also did not affect migration (Tables 4 and 5 and Figures 4A and 4B).

Notably, overexpression of the CAMK2AP(Th285Pro) mutant completely blocked neuronal
migration (Figures 5A and 5B). Since this variant destroys the Thr286 phosphorylation site,
it is conceivable that this dramatic effect on migration is caused by severely reduced CAMK2A
activity. However, when testing CAMK2AP{T286413) (phospho-dead CAMK2A mutant) (Elgersma
et al., 2002; Giese et al, 1998) and CAMK2AP(T2864sp) (hbhosphomimetic CAMK2A mutant)
(Mayford et al., 1995; Mayford et al., 1996), only the latter mimicked the migration pattern
found in the CAMK2AP(M™r286Pr) mytant (Figures 5A and 5C). These results indicate that, even
though the CAMK2AP(Tr286Pr0) cannot be auto-phosphorylated at the Thr286 site, the variant
likely functions as a phosphomimetic mutation, resulting in a gain of function. To further test
this hypothesis, we introduced a second variant in the CAMK2AP(T™286Pr) mytant, the p.Lys4 2Arg
variant, which blocks all kinase activity (Yamagata et al., 2009). We found that overexpression
of the CAMK2 Ap(Thr286Pro)/p.(Lys42Are) hrotein no longer caused a major delay in migration (Figures
5A and 5D), further confirming that the CAMK2AP{T™286Pr9) yariant acts as gain-of-function
variant. Taken together, these results highlight the importance of tightly controlled CAMK2A-
Thr286 auto-phosphorylation for normal neuronal function and are consistent with the
observation that Thr286 mutations that either abolish auto-phosphorylation or mimic auto-
phosphorylation impair synaptic plasticity and learning (Mayford et al., 1995; Giese et al.,
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Figure 2. Transfection of HEK293T Cells with the Different CAMK2 Mutants Shows Changes in Stability as
well as Phosphorylation at Thr286/287 (A) Schematic overview of the in vitro and in vivo assays. (B and C) Top,
Representative western blots of HEK293T cells transfected with either CAMK2A or CAMKZB constructs, probed
with an antibody against CAMK2A, CAMK2B, and RFP. Below, quantification of the normalized protein levels of
CAMK2A or CAMK2B, showing instability for CAMK2AP(Gu183val - CAMK2 Ap-(His2824r) - CAMK2BP-(Cu110Lys) and CAMK2BP
(Pro139Lew) proteins. (D and E) Top, Representative western blots of HEK293T cells transfected with either CAMK2A or
CAMK2ZB constructs, probed with a specific antibody against the phosphorylation site Thr286/287 and an antibody
against CAMK2A and CAMK2B, respectively. Below, quantification of the normalized levels of CAMK2A-Thr286
phosphorylation and normalized levels of CAMK2B-Thr287 phosphorylation. Number in the box and whisker plot
graphs indicates the n per construct. Error bars indicate the minimum and maximum of all data. Individual data points
are shown in the box and whisker plots. Correspondence between the nomenclatures of amino acid changes: F98S,
p.Phe98Ser; G109D, p.Glu109Asp; A112V, p.Alal12Val; P138A, p.Pro138Ala; E183V, p.Glu183Val; P212L, p.Pro212Leu;
P235L, p.Pro235Leu; H282R, p.His282Arg; T286P, p.Thr286Pro; E110K, p.Glu110Lys; P139L, p.Pro139Leu; E237K,
p.Glu237Lys; K301E, p.Lys301Glu.

1998).

Although overexpression of CAMK2B"T affects neuronal migration, we found that
overexpression of CAMK2Br(Cu110lys)  CAMK2BpFrot3dte  or CAMK2BPE237lys) - disrupted
migration even more severely (Tables 4 and 5 and Figures 6A-6C). This is entirely in line with
the finding that these three variants result in increased activity as judged by Thr287 auto-
phosphorylation (Figure 2E). Overexpression of CAMK2BP®s3016W which displays reduced
CAMK?2 activity (Figure 2E), showed a less severe migration deficit compared to overexpression
of CAMK2B"T (Tables 4 and 5 and Figures 5A-5C), indicating that this variant alleviates the
deleterious effect of CAMK2B overexpression. Hence, similarly to CAMK2A mutations, these
results indicate that all CAMK2B missense mutations that affect Thr287 auto-phosphorylation
exert a dominant effect, regardless of whether phosphorylation is increased or decreased.

DISCUSSION

The first mouse mutant with impaired learning and memory was reported 25 years ago
when the Camk2a knock-out was shown to have impaired hippocampus-dependent learning
and impaired hippocampal synaptic plasticity (Silva et al., 1992a, 1992b). Subsequently, an
overwhelming amount of data has highlighted the importance of CAMK2A and CAMK2B for
many brain areas (Lisman et al., 2002; Lisman et al., 2012; Hell, 2014). The regulation of kinase
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Figure 3. Increased or
EAMIQAWT SLlear Decreased Levels of the

CAMK2B but Not the CAMK2A
Protein In Vivo Cause Deficits
in Neuronal Migration in Mice
(A) Representative images of
E14.5 in utero electroporated
PO brains (overexpression
of CAMK?2), with the cortical
plate (CP, dashed lines) and the
—~100 subventricular zone (SVZ, arrow)
indicated. tdTomato-positive
80 @ x cells represent the successfully
transfected neurons.
(B) Left: Quantification of the
neuronal migration pattern
observed in the different
conditions. The cortex was
divided into 10 bins of equal size
and the percentage of tdTomato*/
8 9 9 RFP* cells per bin was counted.
vector CAMK2A CAMK2B Right: Analysis of the percentage
only WT WT of targeted cells that reach
the outer layers of the cortex
measured as the sum of bin 1 to 4.
(C) Representative images of
E14.5 in utero electroporated
PO brains (knockdown of
endogenous CAMK2), with the
cortical plate (CP, dashed lines)
and the subventricular zone (SVZ,
arrow) indicated. RFP-positive
cells represent the successfully
transfected neurons.
(D) Left: Quantification of the
neuronal  migration  pattern
observed in the different
conditions. The cortex was
divided into 10 bins of equal size
and the percentage of tdTomato*/
RFP* cells per bin was counted.
Right: Analysis of the percentage
of targeted cells that reach
6 10 9 the outer layers of the cortex
0= control CAMK2A CAMK2B measureq as the sum of bin 1_t0 4.
1z ShRNA SshRNA shRNA  Number in the box and whisker
plot graphs indicates the number
of pictures analyzed per construct. Error bars indicate the minimum and maximum of all data. Individual data points
are shown in the box and whisker plots.
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activity by auto-phosphorylation has been demonstrated to be essential for the role of CAMK2
in murine neuronal function (Mayford et al., 1995; Giese et al., 1998; Lisman et al., 2012). We
now provide evidence that proper CAMK2A and CAMK2B functioning is also important for
the human brain. We report 24 individuals with a neurodevelopmental disorder who carry
a rare heterozygous nonsense, missense, or splice site variant in CAMKZ2A or CAMKZB—the
majority (23/24) were proven de novo. The core clinical findings in affected heterozygous
individuals are neurological and consistent with the knockout mouse models for CamkZa and
Camk2b (the majority of which are homozygous knock-out) (Silva et al., 1992b; van Woerden
et al,, 2009; Achterberg et al., 2014; Bachstetter et al., 2014). Variants in CAMK2A or CAMK2B
result in a non-dysmorphic neurodevelopmental phenotype characterized by a variable
degree of ID. Language development is particularly impaired and behavioral problems are
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Figure 4. Transfection of CAMK2A Mutations with Changes in Thr286 Phosphorylation In Vivo Induces
Migration Deficits (A) Schematic overview of CAMK2A with the location of the variants with increased (green),
decreased (red), or unchanged (gray) Thr286 phosphorylation.

(B) Representative images of E14.5 in utero electroporated PO brains. tdTomato-positive cells represent the
successfully transfected neurons.

(C-E) Left: Quantification of the neuronal migration pattern observed in the variants with unchanged (C), decreased
(D), or increased (E) Thr286 auto-phosphorylation. Right: Analysis of the percentage of targeted cells of the different
constructs that reach the outer layers of the cortex measured as the sum of bin 1 to 4. Dotted line indicates the WT
level. Number in the box and whisker plot graphs indicates the number of pictures analyzed per construct. Error bars
indicate the minimum and maximum of all data. Individual data points are shown in the box and whisker plots.
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Figure 5. Transfection of the CAMK2AP(Thr286Pro)
Mutation In Vivo Reveals a Constitutive Active
Phenotype (A) Representative images of E14.5 in
utero electroporated PO brains. tdTomato-positive cells
represent the successfully transfected neurons.

(B) Left: Quantification of the neuronal migration pattern
observed when overexpressing CAMEK2AP(Thr286Pro),
Right: Analysis of the percentage of targeted cells of the
p-Thr286Asp p.Thr286Pro/Lys42Arg different constructs that reach the outer layers of the
cortex measured as the sum of bin 1 to 4.

(C) Left: Quantification of the neuronal migration pattern
observed when overexpressing CAMK2AP(Thr2868a) - oy
CAMK2AP(Thr286Pro) - Right: Analysis of the percentage of
targeted cells of the different constructs that reach the
outer layers of the cortex measured as the sum of bin 1
to 4.
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helped us to draw an outline of the clinical
entity caused by CAMKZA or CAMKZB variants. The 23 proven de novo events reported here
occur in two genes bioinformatically predicted to be intolerant to functional variations (Table
S4). They are the only such events in the CAMKZ genes noted in 19,980 trios. The extremely rare
variants were identified in individuals who shared the same main clinical phenotype, making
it unlikely that they represent incidental findings. The probability of observing 13 or more
CAMKZ2A and 10 or more CAMKZB non-synonymous de novo variants by chance among 19,980
trios is extremely low (CAMK2A p = 1.7 x 10 and CAMK2B p = 3.9 x 10®), implicating CAMKZ2A
and CAMKZB as genome-wide significant developmental delay associated genes (exome-wide
multiplicity adjusted p < 2.6 x 10°9).

In order to test this assumption further, we employed a number of functional assays
to investigate the pathogenicity of the CAMKZ2A/B missense variants. We analyzed their effect
on protein stability, Thr286/Thr287 (auto) phosphorylation, and neuronal function by using
a neuronal migration assay. Whereas overexpression or knockdown of CAMK2A does not lead
to aberrant migration, we found that five out of eight tested missense variants (CAMK2AP
(PheQSSer)’ CAMKZAp.[GlulO‘BAsp)’ CAMKZAp.(Glu183Val)’ CAMKZAp.[HisZSZArg), and CAMKZAp.(ThrZBGPrO))
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Figure 6. Transfection of CAMK2B Mutations In Vivo Causes Changes in the Migration Pattern of the Targeted
Neurons (A) Schematic overview of CAMK2B with the location of the mutations with increased (green), decreased
(red), or unchanged (gray) Thr286 phosphorylation. (B) Representative images of E14.5 in utero electroporated PO
brains. tdTomato-positive cells represent the successfully transfected neurons. (C) Left: Quantification of the neuronal
migration pattern observed when overexpressing the mutations. Right: Analysis of the percentage of targeted cells
of the different constructs that reach the outer layers of the cortex measured as the sum of bin 1 to 4. Dotted line
indicates the WT level. Number in the box and whisker plot graph indicates the number of pictures analyzed per
construct. Error bars indicate the minimum and maximum of all data. Individual data points are shown in the box and
whisker plots.

affect neuronal migration when expressed in vivo. Notably, all these mutants showed either
increased or decreased Thr286 phosphorylation in our cellular assays. Auto-phosphorylation
of the Thr286 residue has been shown to be essential for CAMK2A function: it renders the
protein autonomously active and facilitates interaction with the carboxy-terminal region of
GRIN2B (GluN2B) NMDAR subunit (Lisman et al., 2012; Fan et al., 2014; Barcomb et al., 2016).
Based on our results we further conclude that the CAMK2AP*he985e) and CAMK2 Ap-(Glu183val)
variants result in a dominant acting loss of function (LoF) of the protein, whereas CAMK2AP
(Cu1094sp) apnd CAMK2AP-(His2824r8) induce a dominant acting gain of function (GoF). Surprisingly,
the CAMK2AP-(Tr286Pro) yariant, which cannot be auto-phosphorylated at Thr286, behaves as a
dominant acting GoF mutation. For CAMK2AP-(Pre138Al) CAMK2 Ap-(Pro212lew) gy CAMK2 AP-(Proz35Leu),
we found minimal effect on stability, autophosphorylation, and neuronal migration; thus, the
pathogenicity of these variants by functional assay cannot be definitively confirmed. However,
they likely affect other aspects of CAMK2 and neuronal function that were not examined in
this study. For instance, the CAMK2AP(Pro212lew) yariant recurs in three individuals with similar
phenotypes, is located in the most missense depleted sequence of CAMK2A (Figure S10), and
does not appear in large variant databases like EXAC or gnomAD, which is consistent with
pathogenicity. This example underscores the necessity of designing additional tests to assess
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Table 3. Overview of the Statistical Analysis on the Western Blot Experiments for Stability and
Thr286/7 Phosphorylation

Stability Thr286/7 Phosphorylation
p value df t-value p value df t-value
CAMKZ2A
WT versus p.(Phe98Ser) 0.19 14 1.36 0.01* 14 2.98
WT versus p.(Glu109Asp) 0.06 13 2.02 0.01* 14 2.87
WT versus p.(Pro138Ala) 0.12 14 1.63 0.13 14 1.62
WT versus p.(Glu183Val)  <0.0001* 14 6.56 0.0006* 14 3.23
WT versus p.(Pro212Leu) 0.29 14 1.11 0.06 14 2.03
WT versus p.(Pro235Leu) 0.53 14 0.64 0.23 14 1.27
WT versus p.(His282Arg) 0.01* 13 2.99 0.004* 14 3.35
WT versus p.(Thr286Pro) 0.07 14 1.98 <0.0001* 14 39.23
CAMK2B
WT versus p.(Glu110Lys) <0.0001* 14 52.11 0.006* 15 3.21
WT versus p.(Pro139Leu) 0.0002* 16 4.78 0.03* 16 2.32
WT versus p.(Glu237Lys) 0.18 16 1.39 0.02* 16 2.66

Statistical test performed is the two-tailed unpaired t test. Asterisks (*) indicate statistical significant difference.

the effects of variants that could not be confidently classified by our screening.

We found that increased as well as decreased levels of CAMK2B during neuronal
development caused migration defects, indicating that cortical development requires an
optimal amount of CAMK2B protein. Of the four tested missense variants in CAMK2B, we
found that CAMK2BPys3016) acts as a LoF mutation, showing reduced phosphorylation of
Thr287 with less impaired migration compared to increased levels of CAMK2B"™. In contrast,
increased Thr287 phosphorylation severely affected neuronal migration (compared to
CAMK2B"Y"), suggesting that CAMK2Br(Clul1olys)  CAMK2BP(Fro13ote)  gand CAMK2BP(Gu237Lys)
act as GoF mutations. Taken together, these results indicate that not only LoF but also GoF
mutations in CAMKZB can disturb neurodevelopment, consistent with the notion that cortical
development is highly sensitive to dosage of CAMK2B protein.

Considering that three of the variants, p.His282Arg, p.Thr286Pro, and p.Lys301Glu,
are positioned in the regulatory domain, their effect on CAMK2 function could have potentially
been predicted a priori. The CAMK2A His residue at 282 has been shown to be one of the
important amino acid residues for potent inhibition of CAMK2A. Indeed, substitution of the
histidine with an alanine at this position reduced the inhibitory potency about 25-fold (Smith
et al, 1992). This is consistent with our findings of increased Thr286 autophosphorylation
found in the CAMK2Ap-(His2824r8) mytant. Similarly, the CAMK2A p.Thr286Pro variant blocks the
critical Thr286 auto-phosphorylation of CAMK2A and hence is likely to be highly pathogenic.
Surprisingly, however, we found that instead of acting as a LoF mutant, the variant renders
the CAMK2A protein constitutively active and that silencing the kinase activity of this mutant
form of CAMK2A normalizes migration. This is a rather unexpected finding, but one possible
explanation could be that the change from a threonine into a proline causes a conformational
change that is similar to undergoing phosphorylation at this site or to introducing a negatively
charged amino acid (Mayford et al., 1995, 1996). Whether this is indeed the case will be
subject of future research. Lastly, the CAMK2B p.Lys301Glu variant is located in the Ca?*/CaM
binding domain of CAMK2B and is therefore likely to interfere with Ca*/CaM binding and
hence its activity. Indeed, our in vitro data show that phosphorylation of CAMK2B at Thr287
is largely absent. A knock-in mutation in CAMK2A (CAMK2P{Tr3054sp)) that interferes with Ca®*/
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CaM binding has a dramatic effect
on synaptic plasticity and learning
(Elgersma et al, 2002). However,

Table 4. Overview of the Statistical Analysis on the In Utero
Electroporation Experiments: SumPercentage Targeted
CellsBin 1- 4 (One-way ANOVA)

p value F the Camk2bp(41a3034r9) mouse mutant,
shRNA <0.0001* (2,22) 53.58 in which CaM can no longer bind to
CAMK2 WT <0.0001* (2,23) 17.70 Camk2b (Shen and Mayer, 1999),
CAMK2A <0.0001* (3,24) 51.07 has severe motor deficits (Kool
CAMK2B <0.0001* (4,38) 17.54 et al, 2016) but no clear spatial
CAMK2A controls mutants___ <0.0001* (3,24) 51.07 learning or plasticity phenotype

(Borgesius et al., 2011). Individual
23, in whom the CAMK2Bp-(lys301Gly)
variant was identified, also presents the hemizygous variant NLGN3 (GenBank: NM_018977;
€.214dupG; p.Val72Glyfs*17), inherited from his mother who has microcephaly but no other
cognitive or developmental impairments. Hence, it is still possible that the combination of
both variants resulted in the clinical features.

The remainder of the missense variants found in our cohort all lie in the catalytic
domain of the kinase and their effect is harder to predict a priori. The CAMK2A p.Glu183Val
(CAMK2AP@183va) yariant was recently published by the Simons Simplex Collection as part
of a large cohort study on autism spectrum disorders (lossifov et al., 2014) and studied in
a mouse model (Stephenson et al., 2017). In this study, the authors show that the CAMK2AP
(@u1ssvah yariant results in reduced expression and activity of CAMK2A and causes behavioral
deficits (Stephenson et al., 2017). These results are in line with our finding that the variant
CAMK2AP(Cu183vah repders the protein unstable, reduces autonomous activity, and affects
neuronal migration. The parallel findings emphasize the usefulness of the assays we employed
to assess pathogenicity.

We observed that some variants resulted in increased and others in decreased CAMK?2
activity and that all such variants also affected neuronal migration. However, the precise
underlying pathogenic mechanisms may nevertheless be more complex and require further
functional studies. An unresolved issue is whether haploinsufficiency could also lead to the
same phenotype, as suggested by frameshift CAMKZ2A c.65del (p.Gly22Glufs*10) and nonsense
CAMK2B c.85C>T (p.Arg29*) variants and by CAMK2A c.1204+1G>A which leads to out-of-frame
skipping of exon 17. According to variant databases, CAMKZA and CAMKZB are predicted to be
haploinsufficient (Table S4).Indeed, loss-of-function variants are exceedingly rare, in particular
for the most abundant transcripts in brain, which are GenBank: NM_171825.2 for CAMK2A and
GenBank: NM_172079.2 for CAMKZB (Figures S7 and S8). For these two transcripts combined,
only three LoF variants were identified in 62,000 exomes sequenced by EXAC, and three in more
than 69,500 exomes sequenced by centers participating in the study. A small deletion in 5q32
encompassing CAMKZA and four other genes was reported in two case subjects with Treacher
Collins syndrome in which ID was suspected to be due to the deletion of CAMK2A (Vincent et
al. 2014). The haploinsufficiency hypothesis is consistent with our knockdown experiments
that showed that reduced CAMK2B disrupts migration. Yet, given that the amount of protein
was reduced to 20%, this experiment may not be an appropriate test for haploinsufficiency.
Our migration assay was insensitive to reducing CAMK2A levels, but this is not surprising
given that CAMK2A is hardly expressed at this time point. Even if haploinsufficiency accounts
for some of the case subjects, it is noteworthy that, CAMK2A and CAMKZB taken together, the
ID seen in individuals included in our study seems more severe when associated with GoF
variants (4/5) than when associated with LoF variants (1/6) (Table S2). This is consistent with
the rather weak phenotypes of heterozygous Camk2a and Camk2b knock-out mice (Elgersma

Asterisks (*) indicate statistical significant difference.
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Table 5. Post-hoc Analysis of the In Utero Electroporation

Experiments: Sum Percentage Targeted Cells Bins 1-4 (Bonferroni’s
Multiple Comparison Test)

p Value
shRNA
ctr versus CAMK2A 0.7
ctr versus CAMK2B <0.0001*
CAMK2 WT
ctr versus CAMK2A 0.07
ctr versus CAMK2B <0.0001*
CAMK2A
WT versus p.Phe98Ser 0.36
WT versus p.Glu109Asp <0.0001*
WT versus p.Pro138Ala 0.99
WT versus p.Glu183Val 0.002*
WT versus p.Pro212Leu 0.99
WT versus p.Pro235Leu 0.99
WT versus p.His282Arg <0.0001*
WT versus p.Thr286Pro <0.0001*
CAMK2B
WT versus p.Glu110Lys 0.008*
WT versus p.Prol139Leu 0.0007*
WT versus p.Glu237Lys 0.005*
WT versus p.Lys301Glu 0.019*
shRNA
WT versus p.Thr286Ala 0.002*
WT versus p.Thr286Asp <0.0001*
WT versus p.Thr286Pro/p.Lys42Arg 0.02*

Asterisks (*) indicate statistical significant difference.

etal, 2002; Giese et al., 1998; Silva et

al.,, 1992a, 1992b; Bachstetter et al.,
2014; Chen et al.,, 1994), in contrast

with the more severe phenotypes of

mice with variants affecting auto-

phosphorylation.

Of note, the case of variant
CAMKZ2A c.1204+1G>A contrasts with
the other variants in the series, as
this is the only variant to interrupt
the association domain. A similar
observation was made in a recessive
form of ID (B. Reversade, personal

communication).

Our functional

studies

highlight the variety of mechanisms
leading to ID related to CAMK2A/B
mutations. Most certainly, this variety
reflects the multiple ways CAMK?2
acts on synaptic plasticity (Kim et al.,
2016). We can therefore postulate
that the spectrum of neurological

disorders associated with CAMK2A/B

variants could extend to other rare or
common neurological or psychiatric

disorders, as already suggested by
others (Takemoto-Kimura

et al,

2017). In our series, we stressed the
frequency of abnormal behaviors,

which is in line with a previous study

suggesting a relationship between

CAMKZA mutations
spectrum  disorder
et al, 2017). CAMK2A involvement was also recently shown in bipolar disorders (Ament

autism

(Stephenson

et al, 2015). Given their tight link in NMDA-dependent LTP process, it is very tempting to

draw a comparison between CAMKZ2 and GRINZB or GRINZA. Variants in the latter genes may

cause ID (Endele et al,, 2010; O’Roak et al.,, 2012a; de Ligt et al., 2012) and infantile epileptic
encephalopathy (Lemke et al.,, 2014), epileptic aphasia (Lesca et al., 2013), or be associated

with Tourette syndrome (Che et al., 2015), schizophrenia (Yang et al., 2015), or autism (Pan et

al, 2015).

In conclusion, our observations highlight a rare genetic cause of developmental delay/
ID due to alterations in genes encoding subunits of CAMK2, a key holoenzyme in learning and
memory processes in the AMPAR- and NMDAR-dependent signaling pathways. Our findings

expand the phenotypic spectrum of the disorders caused by variants in other key actors of
this pathway. We have identified mutations in two CAMKZ paralogous genes as the cause of

a neurodevelopmental phenotype characterized by ID. Functional studies performed in this
study suggest that CAMK2A and CAMKZB may be involved in a broad range of neurologic and

psychiatric disorders.
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Supplemental note: case reports

Individual 1 is the child of non-consanguineous parents. Regarding family history, it is noteworthy that his
mother and older maternal half-sister both attended special education classes, albeit having normal development and
no behavioral issues. He also has two healthy maternal half-sisters. His younger brother was diagnosed with attention
deficit hyperactivity disorder (ADHD) but showed no other behavioral anomalies, and he has been receiving a normal
school education. Pregnancy was uncomplicated with normal screening. The individual rolled over at 6 months.
Other motor milestones were delayed as he sat at 2 years and walked at 18 months. He does not have hypotonia. He
spoke his first word at age 3 years, was able to use two-word phrases at 4 years and sentences at 5 years of age. He
carries a diagnosis of ADHD and also has aggressive and self-injurious behavior. Intellectual disability was moderate
but not formally assessed by an IQ test. Physical examination showed mild dysmorphic features with epicanthal
folds. Growth parameters are all normal (Frontal-Occipital Circumference 49 percentile, height 24 percentile and
weight 92 percentile). MRI has not been performed. Initial investigations, including chromosomal microarray, FMR1
trinucleotide repeat analysis, plasma amino acids, and urine organic acids were within normal limits. Clinical WES
revealed a heterozygous variant of unknown significance in EP300, which was also carried by the mother.

Individual 2 is the only child of non-consanguineous parents (French father and Mexican mother). Family
history was unremarkable. Pregnancy was uncomplicated with normal screening ultrasounds. She had a normal birth
weight and occipitofrontal circumference (OFC) and a birth length at the 90 percentile. She had developmental delay
as she was able to sit independently after 9 months and to walk at 31 months. She was able to use two-word phrases at
age 3 % years. Physical examination showed very mild dysmorphic features such as hypotelorism, a large mongolian
spot, mild joint hyperlaxity and axial hypotonia. Brain magnetic resonance imaging (MRI) and serum creatine kinase
(SCK) were normal. FMR1 gene sequencing was negative.

Individual 3 is the first child of unrelated Irish parents with two unaffected siblings. He was born by a
normal delivery with birth weight of 3.2 kg. He was noted to be floppy with poor muscle tone and had significant
developmental delay at nine months. His brain MRI was normal. He was also investigated for Prader Willi syndrome.
At five years of age he had severe developmental delay and was predominantly wheelchair-bound, although mother
mentioned that he walks at home with a wide and unsteady gait. He had mild dysmorphic features such as straight
eyebrows, almond shaped eyes and small ears. He was thought to have absence seizures, but EEG was reported
normal. Array CGH was normal.

Individual 4 is the second child of non-consanguineous parents. Her sister and brother are healthy and
family history is unremarkable. Pregnancy and delivery were uneventful. She has a delayed development since infancy:
roll over at age 9-10 months, sitting at 12 months and walking at 24 months. At age 24 months she had a developmental
delay of 12 months. Her speech development was also delayed. She uses short sentences to communicate. She has had
sleeping problems (frequent awakenings during the night) since she was an infant. Melatonin patterns were normal.
According to her parents she has autistic features, but she has not been officially evaluated for an autistic disorder.
At age 7 years and 6 months a multidisciplinary evaluation for her intellectual disability was performed: her SON-1Q
was <55; neurological exam was normal, except for a somewhat decreased tonus; mild hypermobility of the joints;
no dysmorphic features, except for sandal gaps at both feet; normal ophthalmic evaluation. Brain MRI scan, standard
metabolic screening and array CGH were normal. At age 10 years her IQ was <35.
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Individual 5 is a boy with a diagnosis of autism who was enrolled in the Simons Simplex Collection (SSC) at
the age of 5.25 years. He has one unaffected sister who has no recorded medical issues. No de novo CNVs were identified
with a SNP genotyping array and a single de novo missense variant was observed in the gene CAM2KA (E183V). He was
born by normal vaginal delivery at 41 weeks and 1 day gestation with normal Apgar scores. He said his first words
at 18 months, followed by his first phrase at 3.3 years of age. He took his first unaided steps at 22 months. At the age
of 5.25 years the SSC recorded a non-verbal I1Q of 60 and a verbal 1Q of 81, fluent speech with expressive language
equivalent to 4.3 years of age, receptive language equivalent to 6.5 years of age and writing language equivalent to 2.8
years of age. These results suggest mild delays in expressive language use. In addition, the parents report concerns
in the area of externalizing behaviors (e.g., attention problems and aggressive behaviors). There was no history of
seizures, and cranial imagining was normal. No formal assessment of dysmorphology was recorded.

Individual 6 is a boy with a diagnosis of autism who was enrolled in the SSC at the age of 11 years. He has
no brothers or sisters. No de novo CNVs were identified with a SNP genotyping array. Three de novo variants were
predicted using whole exome sequencing: a missense variant in the gene SLC26A7 (p.lle638Val; predicted benign by
PolyPhen-2), a synonymous variant in the gene MAMLZ2 (p.GIn605GIn), and an intronic variant adjacent to the splice
donor site in CAMK2A. He was born by normal vaginal delivery at 38 weeks and 3 days gestation with normal Apgar
scores. Initially, language was not delayed, as he said his first words at 12 months and his first phrase at 2 years of age.
He took his first unaided steps at 3 years. At the age of 11 years the SSC recorded a non-verbal IQ of 38 and a verbal
1Q of 35, phrased speech with expressive language equivalent to 5 years of age, receptive language equivalent to 4.5
years of age and writing language equivalent to 8.8 years of age. These results are consistent with expressive language
delay. In addition, the parents reported concerns with internalizing (reflecting anxious, withdrawn/depressed, and/
or somatic complaints) and externalizing behaviors (rule-breaking and aggressive behaviors), as well as elevated
activity levels (relative to other children in SSC). There was no history of seizures, and cranial imagining/EEG were
both normal. No formal assessment of dysmorphology was recorded.

Individual 7 is the first child of non-consanguineous French parents (with two healthy sisters). Family
history was unremarkable, and pregnancy was uncomplicated. He had normal birth parameters but in the first year, he
developed an overgrowth (weight +3SD, height +2.5 SD, head circumference +2 SD) that persisted through adolescence.
He was also hypotonic. He was able to sit independently at 15 months and walked at 33 months. He was able to use
two-word phrases at 4 % years old. At the age of 18 years, his language was underdeveloped, and he had not learned
to read and write. Physical examination showed mild dysmorphic features with frontal cowlick, brachycephaly, and
large mouth. He was still hypotonic with a severe scoliosis requiring arthrodesis and genu valgum. Brain MRI, serum
creatine kinase, bone age, and array-CGH were normal. FMR1 trinucleotide repeat analysis was negative.

Individual 8 is the third child of non-consanguineous parents. His sisters are healthy and family history is
unremarkable. Pregnancy and delivery were uneventful and biological parameters at birth were normal. Neurological
exam was marked by hypotonia, slowly regressive after several years. Walking was achieved at 27 months. Speech
delay was prominent. He associated two words at age 5.5 years and sentences containing three words were noticed at
the age of 8 years. His agitation diminished after age 6 years but hyperactivity and attention deficit disorder remained
and grapho-motor skills are still impaired at age 10 years. Social competences increased progressively and the initial
diagnosis of autistic behavior has been revised. He is attending a special school. His neurological exam is normal
and he has no dysmorphic features except a micropenis. Epilepsy started at age 7 years with focal motor seizures of
oropharyngeal type with salivation. He presented also rare secondary generalized seizures. EEGs showed bilateral
independent biphasic rolandic spikes, becoming sub continuous in sleep. Background rhythm was normal. Seizures
and EEG paroxysms diminished with aging consistent with benign childhood epilepsy with centro-temporal spikes.
Brain MRI and standard metabolic screening were normal. GRIN2A mutation was suspected based on the cognitive
profile (Vineland at age of 5 years and 9 months: communications skills 48; motor skills 71; social competences 68)
and the significant activation of paroxysmal focal activity in sleep EEG, but it was ruled out by genetic analyses.

Individual 9 is the only child of healthy consanguineous parents from Turkey. Pregnancy was uneventful.
Delivery was without complications, and head circumference was not measured at birth. Developmental delay was
detected at the age of 6-8 months. Her motor development is slightly delayed. At the age of 3 years she uses some
words. On physical examination, no dysmorphic features were noted. MRI and CT scan were normal.

Individual 10 is a boy born at 38 weeks gestation after a pregnancy complicated by polyhydramnios and
concern for short femurs. He first presented to clinical genetics at 8 months of age due to mild speech delay, delayed
growth, relative macrocephaly and large fontanelle. He had normal thyroid and growth hormone studies and normal
skeletal films. He sat at 6 months, walked at 20 months and began to develop speech at 20 months. He received speech
services for several months, but subsequently tested out of the need. At 35 months, he had three-word sentences.
Family history is notable for a 13-year-old maternal half-brother with expressive and receptive language apraxia. His
physical exam was notable for head circumference at the 95th percentile with height and weight at 50th and 25th
percentiles, respectively. He had a nevus flammeus on his forehead and downslanted palpebral fissures. His fontanelle
had closed by 23 months, when he was noted to have a prominent metopic suture, telecanthus, a mildly flat chest,
diastasis recti, intermittent periods of staring at the room lights, mild ulnar deviation of the proximal interphalangeal
joint of the second finger and mild prominence of the heels. Testing included a normal Illumina CRC 850K BeadChip
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chromosome microarray, normal Russell-Silver testing (11p methylation, UPD7 testing and CDKNIC sequencing).
Noonan syndrome genes were analyzed with the exome sequencing and were normal. Exome sequencing noted a de
novo CAMK2A c.704C>T; p.(Pro235Leu) variant not seen in his parents or maternal half-brother.

Individual 11 is the second daughter of unrelated German parents, born after an uneventful pregnancy
by CS because of breech presentation. She showed psycho-motor delay and hypotonia from the beginning. At age
one year, mild microcephaly was noted and she showed an irritable behavior with stereotypies. At 15 months, she
started to have complex focal seizures. On examination at age 3 years 10 months, she was still hypotonic, showed
breathing irregularities, hyperkinetic-dystonic movements, drop feet and mild microcephaly (-2.1 SD). She could roll
over but was unable to sit, crawl or stand up and had no speech. Under therapy with valproate she suffered from
seizures once in 3 to 4 weeks. Her behavior was characterized by hyperkinesia, unrest and autistic traits. At the age of
6 years, she was reported to be still unable to walk and to pronounce words. Investigations prior to exome sequencing
included chromosome analysis, SNP-array, MECP2 analysis, extensive metabolic investigations and analysis by next
generation sequencing of targeted gene panels for epileptic encephalopathies and for intellectual disability, all with
normal results. Repeated cranial MRI showed an unspecific deficiency of white matter and periventricular FLAIR
hyperintense signals.

Individual 12 is the only child of non-consanguineous parents. Mother has a daughter with another
partner. Family history was unremarkable except a cousin of the grandmother who had psychomotor retardation and
autism. The affected individual was born after an uncomplicated pregnancy of 41 weeks. He was a quiet baby with a
delayed development since birth. He was able to sit independently after the age of 15 months and walk after the age of
36 months. He is uttering sounds from the age of 3 years. He is not able to speak at the age of 7 years and 10 months
except some simple words. He shows severe behavior problems: he is easily distracted by stimuli, hyperactive, anxious,
with stereotypical movements, and he has been diagnosed with having a pervasive developmental disorder. Physical
examination at the age of 6 years and 10 months showed a head circumference of 51.3 cm (-0.4 SD), height of 116 cm
(-1.72 SD), mild full lips, mild valgus and flexion of the knees and bilateral pes planovalgus. Male genitalia are normal.
Brain MRI showed a relative thick corpus callosum but no other specific abnormalities. Metabolic investigations,
ophthalmological examination and SNP array analysis ([llumina® CytoSNP-850K SNP-array) are normal.

Individual 13 is the second child to non-consanguineous American parents. Family history is unremarkable.
Pregnancy was complicated by preterm labor at 35 weeks gestation. After a period of bed rest, the individual was born
at 38 weeks gestation with normal growth parameters. Initially, she had hypotonia and poor head and trunk control.
Physical therapy started at 6 months of age. This individual is currently 20 months of age, and there are no additional
health concerns. She does not track objects consistently. She has poor use of her hands and often has non-purposeful
hand movements. Physical examination showed a profoundly hypotonic nondysmorphic child in constant motion,
who repeatedly brings hands to mouth. Brain MRI, SNP microarray, SNRPN methylation, very long chain fatty acids,
and metabolic studies were all normal. An 18-gene Rett/Angelman sequencing panel was also done, and a variant of
unknown significance identified in the ZEB2 gene (Next Generation Sequencing technology at Fulgent Diagnostics).
This variant was later confirmed by whole exome sequencing to be paternally inherited and ruled out as the cause.

Individual 14 is a 3-year and 9-month-old female who was referred to genetics for behavioral issues. She
had sleeping difficulties due to nightmares, and showed anxiety and aggressiveness manifesting by temper tantrums.
Her developmental delay was mild, as she reached most developmental milestones at expected times. She sat at
8 months and first walked at 15 months. She spoke 100 words at 21 months. At last examination, her intellectual
disability was mild. In addition, she had duodenal atresia, ventricular septal defect, and hypoplastic thumb and radius.
Exome sequencing revealed a de novo splice site variant c.1204+1G>A p.? in CAMKZ2A.

Individual 15 is a 6-year-old female who was referred to genetics at 2 years of age for possible ectodermal
dysplasia. She was born at full term via vaginal delivery and had normal growth and development as an infant and
toddler. She was essentially bald until around 2 years of age when some scalp hair started growing in. She has no
body hair. Her fingernails and toenails grow but they are thin and tear easily. She had no teeth until 22 months of age.
She does not sweat normally. When she is overheated, she turns red and becomes fatigued. She never sweats with
fevers, and her fevers can get quite high (104-105) without relief from antipyretics. She has required IV hydration
with viral illnesses due to her high fevers. She has eczema and dry skin. She was diagnosed with Mycobacterium avium
intracellulare (MAI) at 18 months of age and had a mediastinal mass that was resected. Given her history of an unusual
infection plus sparse hair growth and delayed tooth eruption, she was sent to genetics for evaluation for ectodermal
dysplasia, specifically an ectodermal dysplasia associated with immune dysfunction. She has had intermittent
neutropenia. No specific form of immunodeficiency has been identified through extensive testing by immunology.
Aside from her MAl infection, she has never has any other unusual or atypical infections. She had a recurrent laryngeal
nerve injury from the surgery and has a persistent left vocal cord paralysis with aspiration requiring thickened liquids.
She has a history of speech delays, primarily in speech enunciation, unrelated to her vocal cord paralysis. She has
normal fine and gross motor development. With regard to her development, she had a kindergarten screen done
and tested at the 7th percentile. She has an IEP and an aide in the classroom. With regard her verbal skills, she has
gained a lot of language skills between ages 2 and 4. Mother feels that she is very intelligent and has good receptive
language skills. She is able to speak in full sentences but pauses frequently due to her vocal cord paralysis. She had her
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first tonic-clonic seizure with loss of consciousness at 3% years. Since then she has multiple seizures including “drop
seizures” and cluster seizures. The tonic-clonic seizures are focal with right facial twitching and right upper and lower
extremities jerking. Her small clusters also only involve right side of body. She has been on various anticonvulsants,
and seizures have been under better control on Keppra. EDA1, EDAR, EDARADD, WNT104, and NEMO sequencing
results were all normal. She underwent whole exome sequencing through GeneDx Laboratory. The lab reported
several variants which were possibly associated with the reported phenotype. She was heterozygous for a maternally
inherited p.Q31H variant of unknown significance in the ALOXE3 gene. This gene encodes a lipid processing enzyme
which is crucial for formation of the epidermal lipid barrier. Loss-of-function mutations in this gene are associated
with autosomal recessive congenital ichthyosis. She was found to be heterozygous for a maternally inherited p.Q242R
variant in the RAG1 gene. This gene is associated with severe combined immune deficiency and Omenn syndrome
which are both autosomal recessive forms of immunodeficiency. Mother was also heterozygous for the same change.
Her immunological testing is not consistent with severe combined immune deficiency, and she only had one sequence
variant in this gene; affected individuals would be expected to have mutations in both alleles. She was also found to
be heterozygous for a paternally inherited p.W616R variant in the TLRI gene. This gene encodes the toll-like receptor
1, and the laboratory thought that it was a candidate gene with a potential relationship to the phenotype. To date,
no mutations in TLR1 have been reported in association with a specific human disease. This protein may play a role
in susceptibility to mycobacterial infections. Subsequently, her exome was reanalyzed, and she was found to have
a de novo heterozygous variant in the CAMK2B, c.85C>T p.(R29*). This variant has not been reported previously as
a pathogenic variant or as a benign variant. It is predicted to cause loss of normal protein function, either through
protein truncation or nonsense-mediated mRNA decay. She was last seen at 5 years of age. She got her first tooth at
22 months of age, and subsequently all of her deciduous teeth have come in. She does not have any missing teeth. She
has had no dental cavities. Her teeth are crowded together. Her hair growth has improved. She has had 2 trims of her
hair total, and her hair is getting thicker over time. Her nails are thin, but they do not tear as much as they used to. She
trims the nails once a week. She has never had sweat production to date. She uses an umbrella when she is outside as
well as a misting fan. She gets tired easily in the heat. On physical exam at 5 years of age, she was a well-nourished,
white female. Height was 84th centile, and weight was 64th centile for age. Head shape was normal. She had more
scalp hair than when she was younger, and it was thicker than before. Facial features were non-dysmorphic. Pupils
were equal and round. Extraocular movements were intact. Eyebrows and eyelashes were present. Nose and mouth
were normal. Examination of the oropharynx showed that she had normal deciduous dentition for her age. Palate
was intact. Ears were normally formed. Neck was normal. Lungs were clear. She had a right thoracotomy scar. Cardiac
exam showed a regular rate and rhythm, with no murmur. The abdomen was soft with no organomegaly or masses. GU
exam was normal female. The limbs were normal. She had very little to no body hair. She had sweating on the soles of
her feet and the palms of her hands but nowhere else on the body. Nails were present on all digits but were relatively
thin and soft.

Individual 16 is a 10-year-old girl with a history of developmental delay, hypotonia and periodic behavior
disturbances. She was born by spontaneous vaginal delivery at 37+1 weeks gestation to a 33-year-old G1P0O mother
and a 33-year-old father. Pregnancy was complicated by preterm labor at 20 weeks treated with terbutaline and bed
rest. Apgar scores were 4 and 8. Individual 16 was floppy at birth and required positive pressure ventilation for two
minutes. At 20 hours of age the individual had an episode of redness and stiffening lasting 15-30 seconds. Evaluation
for sepsis was negative, and no further episodes were observed. The individual first walked at 18 months and spoke
her first word at approximately 30 months. She has had a history of constipation since one year of age. She was
diagnosed with esotropia at age 2 years 10 months and underwent strabismus surgery at age 5. Her gait has always
been slightly unsteady. MRI of the head has been unremarkable at ages 3, 8 and 10. Magnetic resonance spectroscopy
was included in the first two studies. Since the age of 7 she has had recurrent episodes of atypical behavior featuring
irritability, decreased appetite, aggression, and sometimes urinary retention or incontinence. Initially these episodes
occurred roughly monthly and lasted approximately one week. She is reported to have always returned to her
baseline between episodes. An EEG performed at the time of an early episode showed mild slowing. Subsequent
studies have not redemonstrated this finding. Over time the episodes have decreased in severity, frequency and
duration concurrent with the administration of lithium and verapamil. Previous trials of olanzapine, risperidone,
quetiapine, nortriptyline, cyproheptadine, gabapentin, levetiracetam, selective serotonin reuptake inhibitors and
benzodiazepines were not associated with symptomatic improvement. Individual 16 additionally has a history
of eczema and food allergies. Her growth parameters have been typical for age. Prior laboratory evaluations have
included DNA microarray, mitochondrial genome sequencing, muscle biopsy with electron transport chain studies,
fragile X testing, cerebrospinal fluid (CSF) amino acids, CSF neurotransmitters, plasma and urine creatine studies,
lysosomal enzyme panel, carbohydrate deficient transferrin screen, urine organic acids, plasma amino acids, plasma
ammonia, plasma lactate, acylcarnitine profile and urine purines and pyrimidines.

Individual 17 is the second child to non-consanguineous American parents. She was born by caesarean
section due to breech position after an uncomplicated pregnancy. At age 3 months, she was diagnosed with reflux and
was noted to be “fussy” despite treatment of her reflux symptoms. She was evaluated at age 4 months for continued
irritability and poor visual interaction in terms of eye contact and smiling responsiveness. Ophthalmology noted
visual inattentiveness with possible delayed visual development, but she had an otherwise normal eye examination.
At 5 months, she was diagnosed with developmental delay with head lag, lack of any verbalizations and delayed
ability to step, walk or bear weight. Early intervention therapies, including physical, occupational and visual therapies
were started. Brain MRI at 9 months was normal with no structural abnormalities or acute anomalies seen, and a

85



Chapter 111

repeat MRI at 2 years was unchanged. EEG at 19 months was normal, with no history of seizure activity reported. A
thorough genetic evaluation was inconclusive and included a normal karyotype, chromosomal microarray, CDKL5,
MECP2, UBE3A sequencing and methylation and deletion and duplication studies for Angelman/Prader-Willi locus
on chromosome 15. Other normal evaluations included thyroid hormone levels, urine organic acids and plasma
amino acids. She was 3 years, 10 months at her last evaluation and was noted to have gastrointestinal dysmotility, a
movement disorder, microcephaly with bitemporal narrowing, growth delay, and mild dysmorphic features (Figure
S1) in addition to the findings noted above.

Individual 18 is the first child born to non-consanguineous parents. She has a younger unaffected sister.
She was born at 41 weeks by caesarean section due to an abnormal cardiotocography trace. It was noted later that
she had poor visual fixation and was diagnosed with delayed visual maturation. At four months she was found to have
significant hypotonia. She was also noted to have irritability, gastroeosophageal reflux and constipation. Although
head circumference was normal at birth, it was apparent that as she grew older she developed microcephaly. In
addition to significant global developmental delay, Teeth grinding and abnormal breathing pattern consisting of
hyperventilation and apneas led to investigations for Rett syndrome and then Pitt-Hopkins syndrome. MRI and EEG
were normal, as were metabolic investigations and a microarray. She has sleep abnormalities, disturbed behaviour
consisting of episodes of screaming, aggression to self and others and head nodding and autistic traits. Walking was
attained between 4 and 5 years of age, but no speech developed. Mild dysmorphic features were also present.

Individual 19 is a 9-year and 7-month-old girl with a complex neurodevelopmental syndrome characterized
by hypotonia, postnatal microcephaly, abnormal movements, autistic features, and constipation. She was born to
her 43-year-old gravida 2, para 0-1 SAB 1 mother and unrelated 38-year-old father after a pregnancy complicated
by preterm labor at 5 months requiring cerclage. There were no exposures reported during the pregnancy and her
mother was given some betamethasone prior to delivery. Prenatal ultrasounds were within normal limits. She was
born at 34 weeks of gestation by urgent caesarean section for fetal distress. She was noted to be small for gestational
age with a birth weight of 1.93 kg, approximately the 10th percentile for gestational age. Birth length was 17.5 inches,
and OFC was 31 cm, at the 50th percentile for gestational age. Some abnormalities were reported in the placenta, but
pathology results are unknown. She remained in the Neonatal Intensive Care Unit for the first 11 days and had one
small apneic event but did not require respiratory support. Feeding difficulties were treated with nasogastric feeds,
but she progressed to breast feeding during her first 2 months of life. She had significant problems with spitting up,
reflux, and poor feeding abilities in the first 6 months of life. There were concerns about her development starting
at about 6-9 months of age. She stopped rolling over after a short while, and her head OFC was noted to be small at 1
year of age, so concern for microcephaly was raised. During her first formal evaluation at that time, she was noted to
have microcephaly with progressive ataxia, developmental delays and visual inattention. On last assessment at 9 years
and 7 months, she was noted to have the following medical issues: severe intellectual delays, postnatal microcephaly,
hypotonia, severe gastrointestinal problems, including severe gastroesophageal reflux status post G-tube feeds,
history of epilepsy, autistic features, abnormal movements and intermittent dysautonomia. Her seizures consisted of
alteration of consciousness without any generalized tonic-clonic activity. She has not been started on any antiepileptic
medications. She has undergone an extensive array of genetic and imaging studies including the following:

- metabolic workup that includes urine organic acids, serum amino acids, and acylcarnitine profile.

- CSF (cerebrospinal fluid) studies.

- normal enzyme testing for GM1 gangliosidosis, beta mannosidosis, and beta hexosaminidase A, Tay-
Sachs, arylsulfatase-A for metachromatic leukodystrophy, and galactocerebrosidase for Krabbe’s disease.

- Chromosomal microarray that revealed a duplication of 6q27.

- Angelman syndrome testing, including FISH for 15q11-q13, and UBE3A sequencing.

- MECP2 sequencing and deletion/duplication analysis.

- Prader-Willi methylation testing.

- CDKL5 sequencing.

- IGF-1 and IGFBP-3 testing and TTG level as well.

She previously had a brain MRI scan that revealed a low sloping forehead consistent with postnatal
microcephaly, with mild cerebral and cerebellar atrophy. She did not have any cortical brain malformations or
ventriculomegaly. The basal ganglia and thalami were normal.

Individual 20 is a 4-year-old girl who was evaluated in the NIH-funded Undiagnosed Diseases Network
at the Harvard Clinical Site (Boston Children’s Hospital). She had severe global developmental delay, hypotonia,
feeding intolerance, short stature, hyperkinesia with some dyskinesia, and high pain threshold. She was born at 38
weeks’ gestation following an unremarkable pregnancy with no known exposures to any teratogens, weighing 3.06 kg
(25%-50" centile) and measuring 43.2 cm (less than 3™ centile) in length. She had meconium aspiration at birth, and
prior to discharge suffered an apneic episode requiring intubation for 16 hours. She has severe global developmental
delay, but has not had any developmental regression. At 3 years old, she was functioning at a 6-7 month-old level.
She was able to sit with support but was unstable. She was able to move her limbs symmetrically and against gravity,
but she had mild diffuse hypotonia. Her expressive language consisted of non-specific babbling with no definite
words. Socially, she had poor eye contact (attributed to inattention and perhaps difficulty with visual processing);
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she does not typically respond to her name. Since infancy, she had had involuntary movements of the limbs, primarily
hyperkinesia with occasional dyskinesia, and occasional arching of her back. These movements would resolve during
sleep, raising the possibility of basal ganglia pathology, but her brain MRIs had been normal. There was no history
of seizures. She has had sleep disturbances, characterized by long sleep latency and multiple nocturnal awakenings,
since early infancy. She has also had extensive gastrointestinal issues, including poor weight gain, constipation, and
feeding intolerance, and was dependent on her gastrostomy tube. She had short stature and her bone age was delayed,
but there was no biochemical evidence for growth hormone deficiency, suggesting her short stature was related to her
underlying diagnosis. Family history was unremarkable apart from a paternal first cousin with epilepsy. On physical
examination, her height was at approximately -2.4 SD, weight was at approximately -2.9 SD, and head circumference
was at approximately -3.4 SD. The height and weight were plotted on the United States Centers for Diseases Control
and Prevention Growth Charts, while the head circumference was plotted on the United States head circumference
charts published by Rollins ]D, et al. (] Pediatr. 2010 Jun;156(6):907-13). She had mild dysmorphic facial features,
including a slightly prominent forehead, midface retrusion and slightly deeply-set eyes with prominent lashes, short
chin, and widely spaced teeth. Prior genetic and metabolic testing, including methylation studies for Prader-Willi/
Angelman syndromes, chromosomal microarray, fragile X molecular analyses, and metabolomics studies on plasma,
urine, and cerebrospinal fluid, was all negative. Muscle biopsy with electron transport chain analysis was also normal.
Brain, spin, and abdominal MRIs were normal. Whole exome sequencing on individual 16 and both unaffected
parents performed at Baylor Genetics Laboratories (Houston, TX) identified a de novo heterozygous CAMKZ2B variant:
c.416C>T (p.P139L).

Individual 20 was born at term. The only notable feature of the pregnancy was marked maternal
nausea during the pregnancy. She had normal growth parameters at birth, although weight was on a lower centile
than head circumference. She was hypotonic with frequent apneas from birth. Originally an EEG was said to show
Otahara burst suppression, but the diagnosis of epilepsy is uncertain as subsequent EEGs have been normal. She has
persistent poor growth, hypotonia, a need for gastrostomy feeding and no speech development. She has never walked.
Extensive metabolic and reasonably up-to-date genetic investigation was normal until inclusion in the DDD study and
identification of a de-novo CAM2KB variant. There were no convincing abnormalities on MRI scan.

Individual 21 was born at term. The only notable feature of the pregnancy was marked maternal
nausea during the pregnancy. She had normal growth parameters at birth, although weight was on a lower centile
than head circumference. She was hypotonic with frequent apneas from birth. Originally an EEG was said to show
Otahara burst suppression, but the diagnosis of epilepsy is uncertain as subsequent EEGs have been normal. She has
persistent poor growth, hypotonia, a need for gastrostomy feeding and no speech development. She has never walked.
Extensive metabolic and reasonably up-to-date genetic investigation was normal until inclusion in the DDD study and
identification of a de-novo CAMZ2KB variant. There were no convincing abnormalities on MRI scan.

Individual 22 is the only child of non-consanguineous parents of mixed Scandinavian, Russian, and Irish
ancestry. Pregnancy, delivery and birth parameters were normal. The individual was normal until one month of life
when the parents noticed abnormal eye movements and body posturing with arm extension and jerking, head tilting
and back arching. At two months of age, she was tracking 180 degrees, lifting her shoulders and head off the bed in
prone position, cooing and vocalizing, and was attentive to auditory stimuli. At four months of age the individual was
noted to be hypotonic, have poor neck control, and was diagnosed with nystagmus and esotropia with poor eye contact
and tracking. Brain MRI and electroencephalogram at four months were normal and she was treated for clinical reflux.
At eight months of age, the individual still was significantly hypotonic with head lag but was able to hold onto toys
placed at her chest. She underwent surgery for strabismus at 13 months of age, which improved her ability to fix and
follow. At 14 months of age, she was able to sit with significant support but not independently, was able to hold her
bottle, but was not able recognize her parents, point, or communicate. Loud noises and crowded areas cause distress
for the individual 22. Growth parameters have been normal throughout, and the individual has been able to eat pureed
and soft foods without aspiration. No developmental regression has been noted. Prior laboratory evaluations were
unremarkable and included thyroid function tests, morning cortisol and ACTH, creatine kinase, ammonia, lactate,
pyruvate, uric acid, plasma amino acids, plasma acylcarnitine profile, urine organic acids, plasma and urine creatine
studies, very long chain fatty acids, plasma oxysterols, carbohydrate deficient transferrin screen, chromosomal oligo
microarray with SNP analysis, and Prader-Willi and Angelman Syndrome methylation analysis. AST and ALT were each
1-2 points above the upper limit of normal, and carbohydrate deficient transferrin analysis was essentially normal
with slight elevation in mono-oligo/di-oligo, and Apo CIII0/Apo CIII2 ratios. The only variant of interest detected by
exome trio sequencing was a de novo CAMKZB splice site variant.

Individual 23 is an 8-year-old boy who has been followed due to microcephaly, epilepsy and global
developmental delays and intellectual disability. Pregnancy and birth history were unremarkable. Since early
childhood, his growth parameters have shown height and weight above the 95th percentiles but head circumference
below the 3rd percentile. Family history is significant for microcephaly in mother, but she has no cognitive deficiencies
or history of seizures. There are 2 maternal male relatives with autism spectrum disorder. Previous genetic and
metabolic testing had been non-diagnostic. Whole exome sequencing was performed in 2015 through Ambry Genetics
Lab. He has a maternally inherited pathogenic mutation in the NLGN3 gene. Mutations in this gene are associated
with X-linked autism and intellectual disabilities. With this individual history of microcephaly, seizures and severe
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intellectual disability, the NLGN3 mutation did not appear to explain all of his findings. He was then also identified to
have a de novo variant in the CAMKZB gene.

Individual 24, an 11-year-old boy with a static encephalopathy, is the first child of non-consanguineous
Norwegian parents. His younger sister is healthy, and family history is unremarkable. High maternal titers of irregular
anti-D and anti-C antibodies were noted antenatally, and delivery was induced at 38 weeks. Measurements at birth
were: weight 2495 g (4™ centile), length 46 cm (6™ centile), occipitofrontal head circumference 33 cm (10" centile). An
uncomplicated exchange transfusion was performed during the first day of life, and his neonatal course was otherwise
unremarkable. The child was hospitalized in early infancy because of poor weight gain and developmental concerns.
Global developmental delay and frequent involuntary movements, the latter beginning between age one and two
years, resulted in an initial diagnosis of dyskinetic cerebral palsy. The movements are not epileptic in nature, not
present during sleep and lessen when he is tired. At age 11 years he lacks speech but communicates by gestures and
can write by pointing at letters. He is able to read. His cognitive level is difficult to judge. He still cannot sit without
support and has never walked. He is able to swallow puréed food. He continues to receive liquids via a gastrostomy
that was placed at age nine years. Recurrent serous otitis was an issue previously, but he hears well now. He was
thought to be cortically blind until age six years but now sees reasonably well at close range and uses glasses to
correct for mild nearsightness and astigmatism. However, his involuntary movements also interfere with his ability
to sustain gaze and to track objects visually. A major parental concern is unexplained monthly bouts of irritability
and apparent discomfort, possibly due to abdominal pain. The duration and severity of these episodes has decreased
somewhat over time. Current medical issues include gastroesophageal reflux which is treated medically and brief
complex partial seizures for which he is not medicated. On examination he is microcephalic but not dysmorphic. He
has frequent, non-rhythmic, large amplitude, non-purposeful movements of limbs and head as well as poor head
control. Truncal hypotonia is still present while spasticity of the lower limbs has developed. Cranial MR findings are
non-specific. A 400k oligo array CGH was normal. Two de novo variants were detected by exome trio sequencing, a
canonical splice site variant in CAMKZ2B and a substitution in intron 10 of PSMD12 (Chr17 (GRCh37): g.65337173A>C
NM_002816.3(PSMD12):c.1162-5T>G, p.?). Although the latter variant is not present in gnomAD or ExAC, we have
classified it as likely benign based on prediction programs (predicted change at acceptor site 5 bps downstream
-9.3%, MaxEnt -22.6%, NNSPLICE -1.4%, HSF -3.8%). Of note is the absence of features (other than ID) described
in individuals with PSMD12 mutations (eg. dysmorphic facial features, structural thumb abnormalities, structural
renal abnormalities, anomalous shape and positioning of the outer ears, micro- or retrognathia) (Kiiry et al., 2017a).
Although we cannot rule out a blended phenotype to which both de novo variants contribute, the clinical features in
the child we report here are in consistent with the findings in individuals with CAMK2A/B mutations as described in
this report.

Supplemental figures and legends

16 years

-

20 months ] 7 years ‘

Figure S1. Photographs of individuals with CAMK2A or CAMK2B variants.
Individual numbers in bold and ages at the time of the photographs are indicated at the left of and below the pictures respectively.
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Family 1: CAMK2A:c.65del, p.(Gly22Glufs*10)

Family 2: CAMK2A:c.298T>C, p.(Phe98Ser)

(unavailable)

1.1
G/

Family 4: CAMK2A:c.335C>T, p.(Ala112Val) Family 5: CAMK2A:c.548A>T, p.(Glu183Val)

[ O——— [

11 1.2 11 1.2
c/c c/c A/A A/A
BAM BAM CHELRLTICIRREED CRELRETTCTRERRE
0/30 reads 0/39 reads
(1Y V
Reverse sequence Reverse sequence
1] ] 1]
1 n2
1
c/T A/T A/A
BAM CRRCRCTTICTIRREEN CRECRCTTICTRGEEN
21/34 reads ' \
|
Ly A 1V}

Reverse sequence Reverse sequence

Family 7: CAMK2A:c.635C>T, p.(Pro212Leu) Family 8: CAMK2A:c.635C>T, p.(Pro212Leu)

—J |

12
c/c

BAM

Family 10: CAMK2A:c.704C>T, p.(Pro235Leu)

Figure S2. Segregation analysis of CAMK2A and CAMK2B variants (1/2).

Family 3: CAMK2A:c.327G>C, p.(Glu109Asp)

o—r—0

12
G/G

G/C

Reverse sequence

01

T/TT
SERRETEANEENNANY

Reverse sequence

Family 9: CAMK2A:c.635C>T, p.(Pro212Leu)

1.1 1.2
c/c c/c
BAM
0/45 reads

BAM
0/49 reads

1
c/T

BAM
21/45 reads

Family 12: CAMK2A:c.845A>G, p.(His282Arg)

5}
A/G

This figure shows genealogical trees of families presented in the study for which genotypes identified by whole exome sequencing data
were validated by Sanger sequencing. Electropherograms related to mutations found in Families by Sanger sequencing figure below

each individual of the trios whenever traces were available (except for families 4, 9, 18 and 21).

89



Chapter 111

Family 13: CAMK2A:c.856A>C, p.(Thr286Pro)

Family 20: CAMK2A:c.416C>T, p.(Pro139Leu)

Family 14: CAMK2A:c.1204+1G>A, p.? Family 15: CAMK2A:c.85C>T, p.(Arg29*)

11
G/G

No Sanger

sequence

Family 22: CAMK2A:c.820-1G>A, p.?

1.1
G/G
% "
.(L’4l.¢

i

M"\!l*”“'

IVYVUVY

i
R

1
c/T

Family 23: CAMK2A:c.901A>G, p.(Lys301Glu)

11 12
A/A AlA

i
A/G

Figure S2 (continued 2/2).
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Figure S3. Predicted effect of splice site variants. According to prediction programs Splice Site Finder-like, MaxEntScan, NNSplice,
Gene Splicer, and Human Splicing Finder compiled by Alamut Visual v2.9 rev. 0 (Interactive Biosoftware, Rouen, France), the five
variants CAMK2A c.598+2dup, c.-817G>A and ¢.1204+1G>A, and CAMK2B ¢.820-1G>A and ¢.903+1G>A induce a loss of canonical
acceptor and donor splice sites (see panels on the left). The most likely consequence is a skipping of in-frame CAMK2A exon 8 for
¢.598+2dup, in-frame CAMK2A exon 11 for c.-817G>A, out-frame CAMK2A exon 17 for ¢.1204+1G>A, and in-frame CAMK2B exon
11 for ¢.820-1G>A and c.903+1G>A. Predictions about the effects of variants CAMK2A c.1204+1G>A and CAMK2B c.903+1G>A were
confirmed in vitro by used of a mini-gene system (see lower panels); PCR products were visualized on 1.% agarose gel for variants
CAMK2A ¢1204+1G>A and CAMK2B ¢.903+1G>A, and with a LabChip GX (PerkinElmerInc(USA); Software Version 4.2.1745.0) for
variant CAMK2B exon 11 for ¢.820-1G>A. Asterisk indicates a non-physiological splicing artifact for c¢.1204+1G>A. At the protein
level, CAMK2A variants would therefore result in a partial loss of the kinase domain of CAMK2A as concerns ¢.598+2dup, and of a
replacement of most of the association domain of CAMK2A by a 178 amino acids long tail as regards c.1204+1G>A. On the other hand,
CAMK2A c.-817G>A and the two CAMKZB variants would cause the loss of the autoinhibitory domain in CAMK2A and CAMK2B -which
contains respectively phosphorylation sites T286 and T287- and of the calmodulin-binding site. DNA variants are described according
to the nomenclature established by the Human Genome Variation Society. Nomenclature HGVS V2.0 is defined according to mRNA
reference sequence NM_171825.2 for CAMK2A and NM_172079.2 for CAMK2B. Nucleotide numbering uses +1 as the A of the ATG
translation initiation codon in the reference sequence, with the initiation codon as codon 1.
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Figure S4. High conservation across CAMK2 paralogues of amino acid residues affected by CAMK2A and CAMK2B variants.
Alignment by Clustal Omega program of the four homo sapiens CAMK2 protein sequences (Alpha, Beta, Gamma and Delta) released
by UniProt and formatted using the Jalview program (Waterhouse et al., 2009; Sievers et al., 2011; UniProt, 2015) Red and green text
boxes indicate coding variant positions found respectively in CAMK2A and CAMK2B.
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Figure S5. Transfection constructs. Schematic representation of the control vector consisting of a CAGG promoter followed by a
multiple cloning site (MCS) to insert genes of interest. The presence of specific restriction sites (Ascl and Pacl in this case) allows
the insertion of both the wild-type (WT) and mutated CAMK2A and CAMK2B genes. The tdTomato gene is expressed under the PGK
promoter, to allow for independent expression of the two genes of interest and tdTomato.
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Figure S6. Efficiency and specificity of shRNAs. (A) Representative confocal images of hippocampal neurons cotransfected with
shRNAs directed against either CAMK2B or CAMK2A and an RFP plasmid. Transfected neurons (indicated by the white arrow) are
identified by the RFP plasmid (red). Neurons were stained with an antibody directed against the microtubules (MAP2) (blue) and
with an antibody directed against CAMK2B or CAMK2A respectively (green). (B) shRNA knock-down of either CAMK2A or CAMK2B
induces a reduction of around 80% of the protein levels for both CAMK2s (p<0.0001, F[2,27]=45.18, one-way ANOVA; CAMK2A versus
control: p<0.0001; CAMK2B versus control: p<0.0001, Bonferroni’s multiple comparison test), and the pool of shRNAs directed against
CAMK2A does not affect the protein level of CAMK2B and vice versa, as shown in the right bar graph (p=0.46, F[3,36]=0.87, one-way
ANOVA). Number in the box and whisker plot graphs indicates the n per construct. Individual datapoints are shown in the box and
whisker plots.

93



Chapter 111

CAMK2B

CAMK2A

9

14 15

13
» HIP o MD

¢ AMY o CBC

® NCX o STR

12

1"

10

23456 7

Period: 1

14 15

13

® AMY o CBC|

12

8

234586 7

Period: 1

(z6017) Aususyur [eubig

30000

10000

2000

500

100 200

50

30000

10000

2000

100 200 500

50

Age (Days)

CAMK2G

Age (Days)

CAMK2D

13 14 15

12

1 23456 7 8

Period:

13 14 15

12

23456 7 8

Period: 1

> HIP © MD
* AMY © CBC

® NCX o STR

* HIP o MD
® AMY © CBC

® NCX o STR

(z607) Aususyur [eubis

30000

10000

2000

500

100 200

50

30000

10000

2000

100 200 500

50

Age (Days)

Age (Days)

Dynamic gene expression along entire development and adulthood in the cerebellar cortex (CBC), mediodorsal nucleus of the thalamus

(MD), striatum (STR), amygdale (AMY), hippocampus (HIP) and 11 areas of neocortex (NCX). The data were extracted from the Human
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Figure S8. Overview of the gene expression of CAMK2A, CAMK2B, CAMK2D and CAMK2G in human tissues. The data used for
the analyses described here were obtained from the Genotype-Tissue Expression (GTEx) Portal on 03/06/17. The figure shows the
comparative expression of the different isoforms related to the four genes according to transcriptome data. Expression in brain tissues
is highlighted in pink. The brain-specific expression of CAMK2A and CAMK2B contrasts with the wider throughout various tissues. The
most abundant transcripts in brain are ENST000045475 (NM_171825.2) for CAMK2A and ENST00000513132 (NM_172079.2) for
CAMK2B. RPKM : Reads Per Kilobase per Million mapped reads.
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Figure S9. Distribution across CAMKZ2B isoforms of the loss-of-function variants reported by EXAC (Lek et al., 2016).

Six out of the seven loss-of-function (LOF) variants recorded in EXAC database are absent in the most abundant transcript in brain,
NM_172079.2 (ENST00000457475). They are present in minor transcript NM_001220 (ENST00000395749). In the context of a
neurodevelopmental disorder, where the most important transcript is NM_172079.2, this changes the status of CAMK2B from ‘rather
tolerant’ to ‘intolerant’ to LOF variants. Indeed, the number of LOF variants observed would therefore be lower than accounted by
ExAC, which would increase the probability of LOF intolerance for CAMK2B to pLI=1 (one variant observed versus 27.4 variants
expected) compared to the one calculated by EXAC (pLI = 0.47; six variants observed versus 27.4 variants expected).
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Figure $S10. gnomAD Missense Tolerance Ratio (MTR) plots.

gnomAD MTR plots are provided for CAMK2A (A) and CAMK2B (B). MTR is one estimate of the extent of purifying selection acting
specifically on missense variants in a given protein-coding window, entirely independent of known functional boundaries within
a gene. It is estimated across 31 codon sliding windows (default) using exome-sequencing standing variation data in the gnomAD
database, version 2.0. An MTR =1 (blue dashed line) represents neutrality (i.e., observe the same proportion of missense variants in
the window as expected based on the underlying sequence context). Red segments of MTR plot achieved exome-wide FDR < 0.10 for
a significance test of a window’s deviation from MTR = 1. Black dashed line (gene-specific median MTR), brown dashed line (gene-
specific 25th percentile MTR) and orange dashed line (gene- specific 5th percentile MTR). Data available at http://mtr-viewer.mdhs.
unimelb.edu.au/. The location of our 17 case-ascertained de novo missense variants is denoted by red stars and the location of 39
DiscovEHR novel control missense variants is denoted by blue circles along the MTR plot. Novel control missense variants were defined
as missense variants reported among the DiscovEHR cohort that are not reported in the gnomAD database.

For CAMK2A, 9/10 (90%) case variants resided below the gene-specific median MTR compared to 6/17 (35%) novel control variants
(Fisher’s Exact test p = 0.01). For CAMK2B, 7/7 (100%) case variants resided below the gene-specific median MTR compared to 6/22
(27%) novel control variants (Fisher’s Exact test p = 0.001). Collectively, 16/17 (94%) case variants and 12/39 (31%) novel control
variants resided below their gene-specific median MTR (Fisher’s Exact test p = 0.000018).

Correspondence between the nomenclatures of amino acid changes: F98S: p.(Phe98Ser); G109D: p.(Glul09Asp); A112V:
p.(Ala112Val); P138A:p.(Pro138Ala); E183V: p.(Glu183Val); P212L: p.(Pro212Leu); P235L: p.(Pro235Leu); H282R: p.(His282Arg);
T286P: p.(Thr286Pro); E110K: p.(Glu110Lys); P139L: p.(Pro139Leu); E237K: p.(Glu237Lys); K301E: p.(Lys301Glu).
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Supplemental Tables

Tables S1-S2-S4 can be found at:
https://www.cell.com/ajhg/fulltext/S0002-9297(17)30423-8#supplementaryMaterial

Table S3. Candidates genes inferred from trio-based whole-exome sequencing data.

Putative de novo Newly New Newly Compound
Individual mutations Hemizygous Heterozygous Homozygous Heterozygous
genotype inherited genotype genotype
variants
1 CAMK2A 0 EP300 0 0
2 CAMK2A 0 0 0 SSPO
SH2D3C
3 CAMK2A ND ND ND ND
4 CAMK2A ND ND ND ND
CAMK2A
5 TUSC1 TERF2 0 0 0 0
CAMK2A
6 SLC26A7 0 0 0 0
RAB43 *
CAMK2A
MAN2C1 ADCY9
7 NAE1 0 0 0 FAT4
SDK2
8 CAMK2A 0 0 0 0
9 CAMK2A 0 0 0 ND
10 CAMK2A 0 0 0 0
CAMK2A
11 PLCH2 RIPK4 0 0 0 RANBP2
CAMK2A LUZP1 ALOXE3
12 0 RAG1 TLR1 0 0
13 CAMK2A 0 ZEB2 0 0
FUS
14 CAMK2A ND ND ND ND
15 CAMK2B
16 CAMK2B 0 MED12 0 0
17 CAMK2B 0 0 0 0
AK4
18 CAMK2B ND ND ND ND
19 CAMK2B 0 0 0 0
20 CAMK2B 0 0 0 0
21 CAMK2B ND ND ND ND
22 CAMK2B 0 0 0 0
23 CAMK2B NLGN3 0 0 ROBO3
DPP3 (PLXNA3)
24 CAMK2B 0 0 0 0
PSMD12

* Inferred from a SSC re-analysis by Krumm et al. 2015
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ABSTRACT

The abundantly expressed calcium/calmodulin-dependent protein kinase II (CAMK2),
alpha (CAMK2A), and beta (CAMK2B) isoforms are essential for learning and memory
formation. Recently, a de novo candidate mutation (p.Arg292Pro) in the gamma isoform of
CAMK?2 (CAMK2G) was identified in a patient with severe intellectual disability (ID), but the
mechanism(s) by which this mutation causes ID is unknown. Here, we identified a second,
unrelated individual, with a de novo CAMK2G p.Arg292Pro mutation, and used in vivo and
in vitro assays to assess the impact of this mutation on CAMK2G and neuronal function. We
found that knockdown of CAMK2G results in inappropriate precocious neuronal maturation.
We further found that the CAMK2G p.Arg292Pro mutation acts as a highly pathogenic gain-of-
function mutation, leading to increased phosphotransferase activity and impaired neuronal
maturation as well as impaired targeting of the nuclear CAMK2G isoform. Silencing the catalytic
site of the CAMK2G p.Arg292Pro protein reversed the pathogenic effect of the p.Arg292Pro
mutation on neuronal maturation, without rescuing its nuclear targeting. Taken together, our
results reveal an indispensable function of CAMK2G in neurodevelopment and indicate that
the CAMK2G p.Arg292Pro protein acts as a pathogenic gain-of-function mutation, through
constitutive activity toward cytosolic targets, rather than impaired targeting to the nucleus.

INTRODUCTION

Intellectual disability (ID), characterized by an 1Q score of <70 and moderate to severe
limitations in adaptive functioning, often has a genetic cause. Next generation sequencing
(NGS) offers a powerful diagnostic modality for undiagnosed ID patients. Currently, despite
the recent identification of more than 700 genes associated with ID, in approximately half of ID
cases, the genetic pathogenicity cannot be established with certainty, since the mutation has
not been identified before (Vissers et al., 2016).

Calcium/calmodulin-dependent protein kinase type Il (CAMK2) is a Ser/Thr protein
kinase family consisting of four isozymes (CAMK2A, CAMK2B, CAMK2G, and CAMK2D).
CAMK2A and CAMK2B have a highly abundant and neuron-selective expression. Targeted
deletion of CAMK2A or CAMK2B in mice has revealed their indispensable requirement for
normal cognition (Borgesius et al., 2011; Silva et al., 1992a, 1992b; Giese et al., 1998; Elgersma
et al.,, 2002; Lisman et al., 2002; Lisman et al., 2012; van Woerden et al., 2009; Hell, 2014;).
Moreover, human CAMK2A and CAMK2B mutations have recently been established as a cause
of ID (Kiiry et al., 2017b). In contrast to CAMK2A and CAMK2B, much less is known about
the other CAMK2 isoforms, CAMK2G and CAMK2D. However, recently a de novo mutation
in the CAMK2G gene (c.875G > C p.Arg292Pro, henceforth denoted as CAMK2G*'8292Pr0) was
identified in a patient with severe ID (de Ligt et al, 2012). In addition, here, we describe a
second, unrelated individual with ID carrying the ¢.875G > C p.Arg292Pro mutation, strongly
suggesting a causative role for CAMK2G in ID.

Even though the expression of CAMK2G in the adult brain is relatively low compared
to CAMK2A and CAMK2B (Tobimatsu & Fujisawa, 1989), CAMK2G is highly abundant in the
developing nervous system in rats (Bayer et al., 1999) and in humans, where it is the dominant
isoform in the first trimester in the hippocampus (Figure 1A). Other than a few studies,
reporting associations of common variation in CAMK2G with reduced memory performance
(de Quervain & Papassotiropoulos, 2006), depression (Lietal., 2013) and chronicinflammatory
pain (Pan et al, 2014), and a recent study proposing that CAMK2G functions as a calcium/
calmodulin (Ca?/CaM) shuttle (Ma et al., 2014), the mechanistic function of CAMK2G during

100



The intellectual disability-associated CAMK2G p.Arg292Pro mutation acts as a pathogenic gain-of-function

neurodevelopment has remained largely unknown.

Here, we describe the clinical features of both individuals carrying the CAMK2G
p.Arg292Pro mutation, the contribution of CAMK2G to neuronal migration in vivo and
neuronal maturation in vitro and how the CAMK2GA¢?92P mutation affects CAMK2G function.
We found that reduced expression of CAMK2G leads to inappropriate precocious neuronal
maturation. Moreover, we demonstrate that the p.Arg292Pro mutation is a pathogenic gain-
of-function mutation, which renders the CAMK2G protein constitutively active, and causes
a severe impairment of neuronal migration and maturation. Although the mutation also
interferes with nuclear import, we found that the pathogenic effect we describe is not related
to Ca?*/CaM shuttling. Taken together, our findings establish CAMK2G as a critical regulator of
neurodevelopment and propose a novel mechanism by which the ID mutation, CAMK2 GAr292Pr
exerts its pathogenic effect.

MATERIAL AND METHODS

Identification of the CAMK2G p.Arg292Pro patients

Patient 1 was part of a whole-exome sequencing study performed on patients with severe
intellectual disability in Nijmegen, the Netherlands (de Ligt et al., 2012). Written consent for
use of the patients’ photos were obtained from the parents. Patient 2 was identified by clinical
whole-exome sequencing done as part of a diagnostic evaluation through the Greenwood
Genetic Center in South Carolina.

Constructs

The cDNA sequence from human CAMK2G"" (NM_172171.2, variant without NLS) was
obtained from a human brain cDNA library by PCR (Phusion high fidelity, Thermo Fisher)
using the following primers: Fw 5’ ACATCTGGCGCGCCACCATGGCCACCACCGCCACCTG
3" and Rev 5 AAGTCCTTAATTAATTATCACTGCAGCGGTGCGGCAG 3’ and cloned into our
dual promoter expression vector (Suppl. Fig. S1). The cDNA sequence from rat CAMK2A""
and CAMK2B"" were kindly provided by Tobias Meyer and was cloned into our expression
vector. The NLS version of CAMK2G"" was generated using the following primers: Fw
5" CGAGTTCCAGCGTGCACCTAATGCCACAGAGCAACAACAAAAACAGTCTCG 3’ and Rev 5’
CATTAGGTGCACGCTGGAACTCGACTTCCTTTTCTTGACACCGCCATCCGAC 3'. The p.Thr287Ala
point mutation cDNA was synthesized by and ordered from GeneCust. The different point
mutations were introduced with site-directed mutagenesis (Invitrogen) using the following
primers: CAMK2G-¢.875G > C (p.Arg292Pro), Fw 5’ CTGTGGAGTGTTTGCCCAAGTTCAATGCCCG
3" and Rev 5 CGGGCATTGAACTTGGGCAAACACTCCACAG 3'; CAMK2G- c.128A >
G (plys43Arg), Fw 5  ACGCAGGAGTACGCAGCAAGAATCATCAATACCAAGAAG 3’
and Rev 5 GTATTGATGATTCTTGCTGCGTACTCCTGCGT 3'; CAMK2G-c.859-860AC
> GA (p.Thr287Asp), Fw 5 GCATCGTCAGGAGGATGTGGAGTGTTTG 3’ and Rev 5’
CAAACACTCCACATCCTCCTGACGATGC 3'; CAMK2G-c.916-919ACGA > GTGG (p.Thr306Val/
Thr307Ala), Fw 5" CTGAAGGGTGCCATCCTCGTGGCCATGCTTGTCTCCAGGA 3’ and
Rev 5 TCCTGGAGACAAGCATGGCCACGAGGATGGCACCCTTCAG 3'; CAMK2G-c.907-
909GCC > AGA (p.Ala303Arg), Fw 5 GAAAACTGAAGGGTAGAATCCTCACGACCAT
3" and Rev 5’ ATGGTCGTGAGGATTCTACCCTTCAGTTTTC 3’. CAMK2G-c.1000T > G
(p.Ser334Ala), Fw 5 GGTGTCAAGAAAAGGAAGGCGAGTTCCAGCGTGCACCT 3’ and Rev 5’
AGGTGCACGCTGGAACTCGCCTTCCTTTTCTTGACACC 3'. CAMK2A-c.871-873 AAG > CCT
(p.Lys291Pro), Fw 5 GGAGACCGTGGACTGCCTGCCTAAGTTCAATGCCAGGAGGA 3’ and Rev
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5" TCCTCCTGGCATTGAACTTAGGCAGGCAGTCCACGGTCTCC 3'; CAMKZ2B-c.874-876AAG
> CCT (p.Lys292Pro), Fw 5 GGAGACTGTGGAATGTCTGCCTAAGTTCAATGCAAGGAGGA 3’
and Rev 5’ TCCTCCTTGCATTGAACTTAGGCAGACATTCCACAGTCTCC 3'. The dual promoter
expression vector was generated from the pCMV-tdTomato vector (Clonetech), where the
CMYV promoter was replaced with a CAGG promoter followed by a multiple cloning site (MCS)
and transcription terminator sequence. To assure expression of the tdTOMATO independent
from the gene of interest, a PGK promoter was inserted in front of the tdTomato sequence.
For all the in vivo and in vitro experiments, the vector without a gene inserted in the MCS was
taken along as control (control vector). shRNA constructs were obtained from the MISSION
shRNA library for mouse genomes of Sigma Life Sciences and The RNAi Consortium (TRC). For
knockdown of CAMK2G, we used three different shRNA plasmids, each targeting a different
sequence: (1) GCCCGAGATCATCAGAAACTA, (2) CCTGAGGTCTTGAGGAAAGAT, and (3)
CTACGCAGGAATATGCTGCAA. The control shRNA plasmid is the MISSION non-target shRNA
control vector: CAACAAGATGAAGAGCACCAA.

Mice

For the neuronal cultures, FvB/NHsD females were crossed with FvB/NHsD males (both
ordered at 8-10 weeks old from Envigo). For the in utero electroporation, female FvB/NHsD
(Envigo) were crossed with male C57Bl16/] (ordered at 8-10 weeks old from Charles River).
All mice were kept group-housed in IVC cages (Sealsafe 1145T, Tecniplast) with bedding
material (Lignocel BK 8/15 from Rettenmayer) on a 12/12 h light/dark cycle in 21°C (£1°C),
humidity at 40-70% and with food pellets (801727CRM(P) from Special Dietary Service)
and water available ad libitum. All animal experiments were approved by the Local Animal
Experimentation Ethical Committee, in accordance with Institutional Animal Care and Use
Committee guidelines.

HEK-293T cell transfections

To test the expression vector with the CAMK2 constructs, to measure the phosphorylation
levels of CAMK2, and for immunoprecipitation (IP) experiments, we chose HEK-293T cells,
a cell line that is easy to transfect and culture. These cells were mycoplasma-free but not
authenticated. HEK-293T cells were cultured in DMEM/10% Fetal Calf Serum (FCS)/1%
penicillin/streptomycin in 6-well plates (or 10 cm dishes for IP experiments) and transfected
when 50% confluent with the following DNA constructs: control vector, CAMK2G"", CAMK2G-
NLSYT, CAMK2G#9#92Pre,  CAMK2G-NLS#9?%%r0,  CAMK2GA1®30349,  CAMK2AY", CAMK2AY1ro,
CAMKZ2B"", and CAMK2B"Ys?%?Pr (3 ug per 6-well and 18 ug per 10 cm dish). Transfection of the
plasmids was done using polyethylenimine (PEI) according to the manufacturer instructions
(Sigma). Six to twelve hours after transfection, the medium was changed to reduce toxicity.
Transfected cells were then used for western blot and Immunoprecipitation experiments.

Western blot

Two to three days after transfection, HEK cells were harvested and homogenized in lysis
buffer (10 mM Tris-HCI 6.8, 2.5% SDS, 2 mM EDTA), containing protease inhibitor cocktail
(#P8340, Sigma), phosphatase inhibitor cocktail 2 (#P5726, Sigma) and phosphatase
inhibitor cocktail 3 (#P0044, Sigma). Protein concentration in the samples was determined
using the BCA protein assay kit (Pierce) and then lysate concentrations were adjusted to 1
mg/ml. Western blots were probed with primary antibodies against CAMK2G (C-18; raised
against the 478-495 C-terminal peptide, 1:1000, sc-1541, Santa Cruz; validated in this study
by overexpression experiments), CAMK2A (6G9, 1:40.000, Abcam; validated in Elgersma et
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al. (2002)), CAMK2B (CB-1, 1:10.000, Invitrogen; validated in van Woerden et al. (2009)),
Actin (MAB1501R, 1:20.000, Chemicon; validated in Antibodypedia (https://Antibodypedia.
com), Ph-Thr286/Thr287 (auto-phosphorylated CAMK2 antibody; #06-881; 1:1000; Upstate
Cell Signaling Solutions; validated in Elgersma et al. (2002)) and RFP (#600401379, 1:2000,
Rockland, validated in this study by overexpression experiments), and secondary antibodies
(goat anti-mouse (#926-32210), goat anti-rabbit (#926-68021), and donkey anti-goat (#926-
68074), all 1:15.000, LI-COR). Blots were quantified using LI-COR Odyssey Scanner and
Odyssey 3.0 software.

Immunoprecipitation

Two to three days after HEK transfection in 10 cm dishes, cells were harvested in PBS and
cell pellets were taken up in 500 pl of IP lysis buffer (20 mM Tris pH 8.0, 150 mM NaCl, 1%
NP40) supplemented with protease inhibitor cocktail (#P8340, Sigma), phosphatase inhibitor
cocktail 2 (#P5726, Sigma), and phosphatase inhibitor cocktail 3 (#P0044, Sigma). Protein
concentration in the samples was determined using the BCA protein assay kit (Pierce) and 600
g of total protein adjusted to a volume of 800 pl was used for immunoprecipitation. 20 pl of the
total volume was saved as “input.” Cell lysates were incubated with 50 pl of prewashed 50 %
slurry Protein A Sepharose CL- 4B beads (#17-0780-01, GE Healthcare) at 4°C for >1 hr. Beads
were then isolated and discarded by spinning down samples at 1000 rpm for 1'. Lysates were
placed in a new tube with 3 pl of mouse calmodulin antibody (C3545, Sigma) and allowed to
mix overnight at 4°C. The next morning, lysates were incubated with 50 pl of prewashed 50%
slurry Protein G Sepharose beads (#17-0618-01, GE Healthcare) at 4°C for > 1 hr. Beads were
then washed 3x with cold lysis buffer and after final wash proteins were eluted adding 20 ul of
2x Laemmli sample buffer and boiling for 5’ at 95°C before processing by western blot.

Primary hippocampal cultures

Primary hippocampal and cortical neuronal cultures were prepared from FvB/NHsD wild-type
mice according to the procedure described in Banker and Goslin (1991). Briefly, hippocampi
were isolated from brains of E16.5 embryos and collected altogether in 10 ml of neurobasal
medium (NB, Gibco) on ice. After two washings with NB, the samples were incubated in pre-
warmed trypsin/EDTA solution (Invitrogen) at 37°C for 20 min. After 2x washing in pre-
warmed NB, the cells were resuspended in 1.5 ml NB medium supplemented with 2% B27, 1%
penicillin/streptomycin, and 1% glutamax (Invitrogen), and dissociated using a 5 ml pipette.
Following dissociation, neurons were plated in a small drop on poly-d-lysine (25 mg/ml,
Sigma) coated 15 mm glass coverslips at a density of 1x10° cells per coverslip in 12 well plates
containing 1 ml of supplemented NB for each coverslip. The plates were stored at 37°/5% CO,
until the day of the transfection.

Neuronal transfection and immunocytochemistry

Neurons were transfected after 7 days in vitro (DIV) with the following DNA constructs:
control vector (1.8 pg per coverslip), CAMK2G"", CAMK2G*9?92Pro, CAMKZ2 G¥*34'9, CAMK2 G»**34r9/
Arg292Pr0‘ CAMKZGT}!VZSVAIG’ CAMKZGThr287D/Thr306Va1/Thr307AIa' CAMKZGAI{L’S’OS’Arg' CAMKZG_NLSWT' CAMKZG_
NLSAY‘gZ9ZPrU’ CAMKZ G_NLSSer334Ala' CAMKZ G_NLSSer334Ala/Arg292Pr0’ CAMKZG_NLSLyS43Arg/Arg292PrO )
CAMKZA"™, CAMK2A»291Pro,. CAMK2BYT, and CAMK2B¥?%?P (all 2.5 pg per coverslip) or for
knockdown experiments with a pool of the CAMK2G shRNAs with an RFP plasmid (Addgene)
or the control shRNA with an RFP plasmid (all in total 4 pg per coverslip). Lipofectamine
2000 was used to transfect neurons, according to the manufacturer instructions (Invitrogen).
For the neuronal morphology analysis, neurons were fixed 5 days post-transfection with
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methanol and 4% paraformaldehyde (PFA)/4% sucrose, when stained for CAMK2G and
4% paraformaldehyde/4% sucrose, when stained for CAMK2A or CAMK2B and incubated
overnight at 4°C with primary antibodies in GDB buffer (0.2% BSA, 0.8 M NaCl, 0.5% Triton
X-100, 30 mM phosphate buffer (PB), pH 7.4). To measure level of knockdown of CAMK2G
and protein localization, neurons were fixed 5 days post-transfection with methanol and
4% paraformaldehyde/4% sucrose and stained for CAMK2G, but for morphological analysis
neurons were fixed with 4% paraformaldehyde/4% sucrose and processed without staining
for CAMK2G. The following primary antibodies were used: MAP2 (1:500, #188004, Synaptic
System, validation can be found on the manufacturers website: https://www.sysy.com/
products/map2 /ref.php), CAMK2G (C-18, 1:100, Santa Cruz), CAMK2A (6G9, 1:200, Abcam),
CAMK2B (CB-f1, 1:100, Invitrogen). For secondary antibodies, anti-mouse-Alexa488 (#715-
545-150), anti-goat-Alexa488 (#705-545-003), and anti-guinea-pig-Alexa647 (#706-605-148)
conjugated antibodies (all 1:200, Jackson ImmunoResearch) were used. For the localization
experiments, neurons were also stained with 4’',6-diamidino-2-phenylindole solution (DAPI,
1:10000, Invitrogen) for 15’ before being mounted on glass. Slides were mounted using
Mowiol-DABCO (Sigma) mounting medium. Confocal images were acquired using a LSM700
confocal microscope (Zeiss).

Fortheanalysis ofthe neuronal transfections, atleast 10 confocalimages (20x objective,
0.5 zoom, 1024 x 1024 pixels) of different transfected neurons (identified by the red staining)
were taken from each coverslip for each experiment with atleast two independent replications.
For the analysis of the neuronal morphology, the Neuron] plugin for Image] software was used
to trace the dendrites with their branches. Total neurite length and arborization were measured
and analyzed. All values were normalized against the mean value for each parameter of the
control (control vector). Sholl analysis for the in vitro knockdown experiment was performed
by counting the number of neurite intersections between the traced neurons and a series of
concentric circumferences at an interval of 10 um from each other with the center on the soma.
For the analysis of the protein levels upon shRNA transfection, the “Measure RGB” plugin from
Image] software was used to measure the intensity of the fluorescent signal of the transfected
cell, which was normalized against non-transfected cells on the same coverslip and then
normalized against the mean value of control shRNA transfected cells. For the analysis of the
protein localization experiments, the DAPI staining was used to identify the nucleus and define
a region of interest (ROI). To measure the intensity of the fluorescent signal relative to the
protein of interest of the ROI nucleus and the ROI cytoplasm of each transfected cell, we used
the “Measure” plugin of Fiji software. The intensity signal (Integrated density) was corrected
for the area of the ROI and the background signal by using the following formula: IntDen-(area
of the ROI x mean fluorescence of background reading). The ratio of the nucleus/cytoplasm
corrected intensity value for each construct was averaged and normalized against the averaged
ratio of the WT of the same neuronal batch. Analysis was done by an experimenter blinded for
the transfection conditions.

In utero electroporation

The procedure was performed in pregnant FvB/NHsD mice at E14.5 of gestation to target
mainly the progenitor cells giving rise to pyramidal cells of the layer 2 /3 (Saito, 2006; Taniguchi
etal, 2012). The DNA construct (1.5-3 pg/ul) was diluted in fast green (0.05%) and injected
in the lateral ventricle of the embryos while still in uterus, using a glass pipette controlled by
a Picospritzer Il device. To ensure the proper electroporation of the injected DNA constructs
(1-2 pl) into the progenitor cells, five electrical square pulses of 45 V with a duration of 50
ms per pulse and 150 ms inter-pulse interval were delivered using tweezer-type electrodes
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connected to a pulse generator (ECM 830, BTX Harvard Apparatus). The electrodes were placed
in such a way that the positive pole was targeting the developing somatosensory cortex. The
following plasmids were injected: control vector, CAMK2G"", CAMKZ2G"9?%?Pro, CAMK2G"*3*9,
CAMKZGLys43Arg/Arg292Pro’ CAMKZGThrZéWAIH' CAMKZGThr287Asp/Thr306Val/Thr307AIa’ CAMKZGAIQS(BArg' CAMKZG_
NLS"T, CAMK2G-NLS*9?92Fro, CAMK2 G-NLS»s#34ro/Arg292Pr0 - CAMK2AW", CAMK2AY?°1Pro, CAMK2B",
and CAMK2B"9?P or for knockdown experiments: a pool of the CAMK2G shRNAs with an RFP
plasmid (Addgene) or the control shRNA with an RFP plasmid. After birth, pups (M/F) were
sacrificed at P18-P22 for histochemical processing.

Immunohistochemistry

Mice were deeply anesthetized with an overdose of Nembutal and transcardially perfused
with 4% paraformaldehyde. Brains were extracted and post-fixed in 4% PFA. Brains were then
embedded in gelatin and cryoprotected in 30% sucrose in 0.1 M phosphate buffer, frozen on
dry ice, and sectioned using a freezing microtome (40-50 um thick). Free-floating coronal
sections were washed in 0.1 M PB and a few selected sections were counterstained with
4’ 6-diamidino-2-phenylindole solution (DAPI, 1:10,000, Invitrogen) before being mounted
with Mowiol on glass. Overview images of the coronal sections were acquired by tile scan
imaging using a LSM700 confocal microscope (Zeiss) with a 10x objective. Zoom in images of“
the targeted area were taken using a 20x objective. For the migration analysis, confocal images
(10x objective, 0.5 zoom, 1024 x 1024 pixels) were taken from 2 to 3 non-consecutive sections
from at least three successfully targeted animals per plasmid. Images were rotated to correctly
position the cortical layers, and the number of cells in different layers were counted using
Image] (Analyze particles option), and the results were exported to a spreadsheet for further
analysis. Cortical areas from the pia to the ventricle were divided in 10 equal-sized bins and
the percentage of tdTOMATO-positive cells per bin was calculated.

Statistical analysis

All data was assumed to be normally distributed. Statistical difference between the conditions
for the in vitro overexpression experiments was determined using one-way analysis of
variance (ANOVA) followed by Bonferroni’s post-hoc test for multiple comparisons and for
the knockdown experiments using the two-tailed unpaired t-test (dual comparison). For the
western blot analysis, one-tailed and two-tailed unpaired ¢t-test was used (dual comparison).
For the in vivo experiments on neuronal migration, the analysis was performed on the number
of targeted cells, measured as sum of the first four bins, considered to correspond to the
layers 2/3 of the somatosensory cortex. Statistical analysis was performed using one-way
ANOVA, followed by Bonferroni’s multiple comparison tests. Based on previous experiments
performed in our lab, we considered that for the neuronal experiments in vitro at least two
replicates, with 10 neurons each were necessary. For the western blot analysis, we considered
at least three replicates, and for the IUE experiments, previous experiments in our laboratory
showed that at least three targeted pups were necessary to draw any conclusion about the
migration. P-values are indicated in the figures with “*”: * indicates P < 0.05, ** indicates P <
0.01, ** indicates P < 0.0001.

RESULTS

CAMK2G p.Arg292Pro mutation causes severe intellectual disability
Patient 1 carrying the CAMK2Gp.Arg292Pro mutation has already briefly been described in
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a whole-exome sequencing study describing several individuals with severe ID (de Ligt et al.,
2012). Here, we identified a second, unrelated carrier of the heterozygous de novo CAMK2Gp.
Arg292Pro mutation (patient 2). He presented in infancy with generalized hypotonia and
developmental delay and has remained hypotonic with markedly delayed gross motor and
speech/language skills. He is currently diagnosed with severe ID and autism at 5 years of age.
His physical exams have been notable for relative macrocephaly, prominent capillary vascular
malformations on the forehead and glabella, minor dysmorphic facial features, and severe
hypotonia. A detailed description of both patients is provided in Suppl. Fig. S2. Both patients
suffer from severe ID and severe hypotonia. They both have some facial dysmorphisms (Suppl.
Fig. S2), though not strikingly similar. By comparison, although individuals with mutations in
CAMK2A or CAMK2B all suffer from ID and in most cases hypotonia, facial dysmorphisms are
not commonly observed among individuals carrying mutations in CAMK2A or CAMK2B (Kiiry
etal., 2017b).

Knockdown of CAMK2G causes increased neuronal arborization

Identifying two unrelated patients with a severe neurodevelopmental disorder carrying the
same mutation in CAMK2G, strongly suggests that CAMK2G plays a role in neurodevelopment
and neuronal functioning. However, whereas the indispensable roles of CAMK2A and CAMK2B
for neuronal plasticity and cognitive function are well established, the neuronal function
of CAMK2G remains poorly characterized. Considering the highly abundant expression of
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CAMK2G in the first trimester during which the nervous system starts to develop and the stable
expression during the rest of the prenatal period (Figure 1A), we set out to investigate the role
of CAMK2G during neuronal maturation in vitro, using shRNAs to effect knockdown of the
CAMK2G protein. We transfected mouse primary hippocampal neurons with shRNAs directed
against Camk2g or a control plasmid, together with a red florescent protein (RFP) reporter
plasmid to visualize transfected neurons. Despite the CAMK2G antibody cross-reactivity
with CAMK2A and CAMK2B (Suppl. Fig. S3), we nevertheless observed a 35% reduction
of immunofluorescent signal 5 days after transfection, without any change in CAMK2A or
CAMK2B levels (Suppl. Fig. S3) consistent with a robust decrease specifically of CAMK2G.
Transfection of CamkZ2g shRNA resulted in a substantial alteration of neuronal morphology,
with a clear increase in the complexity of the neurite tree compared to the control condition,
as measured by Sholl analysis (Figure 1C). Additional quantification of the neurite length and
arborization revealed that neurons with reduced levels of CAMK2G exhibited a 38% increase
in total neurite length and 55% increase of arborization compared to the control condition
(Figure 1B and D, see figure legend for statistics). Mice express three CAMK2G isoforms, one
of which contains a nuclear localization signal (NLS) (Suppl. Fig. S4A). This isoform is present
in both cytosol and nucleus and was recently proposed to shuttle Ca?*/CaM into the nucleus
(Ma et al,, 2014). In order to assess to what extent the observed effect on neurite length and
arborization was specific for the down-regulation of CAMK2G and whether there is differential
contribution of the CAMK2G isoforms, we co-transfected either the human CAMK2G isoform
lacking the NLS (CAMKZ2G), the CAMK2G isoform containing the NLS (CAMKZ2G-NLS), CAMK2A
or CAMK2B together with the shRNA against mouse CamkZ2g. Whereas co-transfection of
CAMKZ2A or CAMKZB with Camk2g shRNA had no effect on total neurite length (Suppl. Fig.
S4B and C), co-transfection of CAMK2G or CAMK2G-NLS with Camk2g shRNA both resulted
in a complete rescue of the neuronal morphology phenotype caused by the down-regulation
of CAMK2G (Figure 1B-D and Suppl. Fig. S4B and C). These results indicate that CAMK2G is
indispensable for regulating neuronal morphology, but that this function does not require its
nuclear import.

The CAMK2GA8292Pro mutation is pathogenic both in vitro and in vivo

To study the effect of the ID-associated CAMK2G missense variant on neuronal function,
we cloned the human CAMK2G gene with and without the ¢.875G > C mutation in a dual
promoter expression vector (see Section “Material and Methods”). Transfection of HEK-293T
cells with CAMK2GA#29%Pro achieved a 10-fold lower CAMK2G protein signal compared to that
achieved by transfection with CAMK2GWT, despite equal tdTomato levels, indicating that
the p.Arg292Pro mutation affects protein stability (Figure 2A and B). Next, we investigated
the effect of expression of CAMK2G"" and CAMK2GA™#29%P in primary hippocampal neurons.
Despite the reduced stability of CAMK2GA?9%Pro ]evels of CAMK2G were increased in neurons
transfected (tdTomato-positive) with CAMK2GA#?92P (Figure 2C). Whereas expression of
CAMK2G"T yielded no discernible morphological changes with respect to total neurite length
or arborization, expression of CAMK2GA?9?Pr strongly reduced total neurite length as well
as arborization, which was notably in the opposite direction as observed following Camk2g
knockdown (Figure 2D). These results suggest that the p.Arg292Pro mutation functions as a
pathogenic gain-of-function.

To evaluate the effect of CAMK2GA™29%Pro expression in vivo, we used in utero
electroporation at E14.5. This assay measures the ability of targeted neural cells in the
subventricular zone to successfully migrate to layer 2/3 of somatosensory cortex. This assay
is very sensitive for changes that perturb normal neural cell function (Saito & Nakatsuji, 2001;
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(R292P) transfected HEK-293T cells. (B)
Quantification of the levels of CAMK2G
expression, normalized against tdTOMATO
in the different conditions (CAMK2GWT
vs. CAMK2GAe29%Pro; t[10] = 16.62, P =
1.30E-08, two-tailed unpaired t-test).
(C) Representative confocal images
of hippocampal neurons transfected
on DIV7 with control vector (lacking
CAMK2G), CAMK2G"" or CAMK2GAre292Pre,
See also Supplement 1 related to Figure
2. Transfected neurons are identified
by the tdTOMATO (red). (D) Summary
bar graphs of total neurite length and
arborization measured for each condition
and normalized to the control vector (total
neurite length: one-way ANOVA F[2,89]
= 49,35, P = 3.79E-15; control vector vs.
CAMK2GY", P = 0.9; CAMK2G*e292Pro0, P =
0.0001; CAMK2GAte292Pro ys, CAMK2GYT, P
= 0.0001; arborization: one-way ANOVA
F[2,89] =31.8, P=3.80E-11; control vector
vs. CAMK2G"", P = 0.9; CAMK2GAre?9%Pro, p
= 0.0001; CAMK2GA™29%Pro ys, CAMK2GYT,
P =0.0001). (E) Representative images of
P20-P22 pups in utero electroporated at
E14.5 with control vector, CAMK2G"" or
CAMK2GAre292Pre tdTOMATO positive cells
indicate the successfully targeted neurons.
DAPI (blue) counterstaining is used to
identify general cortical structure. (F) Left:
quantification of the neuronal migration
pattern from the Layer 1 (L1) to the
intermediate zone (IZ); Right: analysis of
the percentage of targeted cells that reach
the outer layers of the cortex measured as
sum of bin 1-4 (one-way ANOVA, F[2,20]
= 58.88, P = 4.16E-09; control vector vs.
CAMK2GY", P = 0.07; CAMK2G*r2%2Pro, P =
0.0001; CAMK2G"" vs. CAMK2GAre292Pro, p
= 0.0001). Arrowheads indicate layer 2/3
of the somatosensory cortex, whereas
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zone (SVZ). Data in (B), (D), and (F) are
presented as mean + SEM. Numbers (X/Y)
depicted in the bar graphs represent the
number of samples (B), the total number
of cells (X) and number of independent
cultures (Y) (D) or the number of pictures
(F) analyzed

Tabata & Nakajima, 2001; Taniguchi et al.,, 2012). Strikingly, cells expressing CAMK2 GAre292Pre
exhibited a complete block of migration from the subventricular zone, despite more than 80%
of the cells expressing CAMK2G"" having migrated normally to layer 2/3 of the somatosensory
cortex (Figure 2E and F). These results further confirm the severe dominant effect of the
p-Arg292Pro mutation on CAMK2G function.

Taken together these data suggest that although CAMK2GA®292P has reduced protein
stability, this mutation does not lead to a loss of function of CAMK2G, but instead appears to
result in a paradoxical gain-of-function.
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CAMK2GAr292Pr0 has increased phosphotransferase activity
Considering that a gain-of-function mediates the effects of CAMK2GA®9?P and that the
p-Arg292Pro mutation is located within the a-helical auto-regulatory domain of CAMK2G that
maintains the kinase in an inactive state in the absence of Ca*/CaM (Hudmon & Schulman,
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2002a; Rellos et al,, 2010), we hypothesized that the mechanism for the gain-of-function
elicited by CAMK2G*™8292P might involve enhanced phosphotransferase or even constitutive
activity. Therefore, we first assessed the level of Thr287 phosphorylation in HEK-293T cells as
readout for the phosphotransferase activity by expressing either CAMK2G"T or CAMK2 G#8292Fro,
To allow for a direct comparison of their relative phosphorylation, we obtained equal protein
levels by titrating the amount of transfected DNA. We found a significant increase of Thr287
phosphorylation in cells expressing CAMK2GA292P compared to CAMK2GY" (Figure 3A and
B), suggesting that the p.Arg292Pro mutation enhances phosphotransferase activity and acts
as a gain-of-function mutation. To further test whether the p.Arg292Pro mutation affects
neuronal function by acting as a gain of function mutation, we first analyzed the effect of two
mechanistically well-established loss-of-function CAMK2 mutations on neuronal migration
and morphology. The CAMK2GA23%34% mutation prevents binding of Ca?*/CaM, and therefore
Ca?/CaM-dependent activation (Payne et al., 1988; Shen & Meyer, 1999 Fink et al., 2003). In
contrast, the CAMK2G"s*34"¢ mutation impairs phosphotransferase activity (Shen & Meyer,
1999; Fink et al.,, 2003). Notably, neither CAMK2 G334 nor CAMK2Gs*34r¢ altered neurite
length when expressed in cultured primary hippocampal neurons. Moreover, although a small
but statistically significant increase of arborization was observed in CAMK2G*#393Ar¢ expressing
neurons, no effect of arborization was found in neurons expressing CAMK2G¥s*3Ar¢ (Figure 3C
and D). Finally, in vivo neural cell migration was also unaffected by expression of CAMK2 GA123034r8
or CAMK2G"*34¢ (Figure 3E and F). Taken together these results show that expression of
these phosphotransferase loss-of-function variants does not phenocopy the severe effects of
the ID-associated CAMK2GA"#29%Pr indicating that the CAMK2GA292P mutation is not a loss-of-
function mutation.

We next tested the effect of the CAMK2GT287Asp/Thr306Val/Thr307Ala myytant, which has
previously been shown to significantly enhance autonomous activity due to the combination
of a Threonine 287 substitution by the phospho-mimetic aspartic amino acid (Waldmann et
al.,, 1990; Mayford et al.,, 1995;) together with prevention of inhibitory phosphorylation at
the Thr306 and 307 sites by substituting conserved but non-phosphorylatable amino acids
(Elgersmaetal, 2002; Pietal.,, 2010a, 2010b). Interestingly, expression of this CAMK2 G™2874sp/
Thr306val/Thr307Ala mytant in HEK-293T cells also achieved severe reduction of CAMK2G protein
signal compared to cells transfected with CAMK2G"™ (data not shown). Consistent with the
hypothesis that increased phosphor-transferase activity is a critical mediator of the gain-of-
function mechanism underlying the p.Arg292Pro mutation, expression of the CAMK2G™w287Asp/
Thr306val/Thr307Ala mytant phenocopied CAMK2GA'¢2°2P with similarly severe reductions of total
neurite length (Figure 3C), arborization (Figure 3D), and neuronal migration (Figure 3E and
F). These findings lend additional support to a model whereby the CAMK2GA292P° mutation
acts as a gain-of-function mutation by rendering CAMK2G constitutively active.

CAMK2G-NLSA#292Pre has impaired nuclear translocation while permitting calmodulin
binding

Recently, it was shown that CAMK2G functions as a shuttle for Ca?*/CaM into the nucleus (Ma et
al.,, 2014). Hence, we investigated if the p.Arg292Pro mutation impacts this shuttling function.
Using the nuclear localization signal-containing isoform of CAMK2G, we first confirmed
the functional impact of CAMK2G-NLS”'8292P gn neuronal maturation and migration, which
yielded the similarly severe neurodevelopmental impairments as CAMK2GA"29%Pr (Suppl. Fig.
S5). We then investigated whether CAMK2G-NLSA¢29%2Pr gffects CaM binding by performing a
CaM immunoprecipitation. Despite reduced expression levels, we found that more CAMK2G-
NLSA292Pro js pulled down using the CaM antibody compared to CAMK2G-NLS"T (Figure 4),
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suggesting that CaM binding is not disrupted, and even possibly that the affinity of CAMK2G-
NLSAr292Pr for CaM is increased.

Next, we assessed whether CAMK2G-NLS”™292P° has impaired nuclear translocation.
Neurons were transfected with CAMK2G-NLS*¢292P and CAMK2G-NLS"" to determine their
respective sub-cellular localization. As expected, we found that CAMK2G-NLS"" was located in
the nucleus as well as the cytoplasm. In contrast, CAMK2G-NLS*®292P was almost exclusively
localized to the cytoplasm (Figure 5A and B), suggesting that the p.Arg292Pro mutation
disrupts the nuclear localization of CAMK2G-NLS.

Nuclear translocation of NLS-containing CAMK2 isoforms requires a conformational
change previously been shown to be dependent upon dephosphorylation of a Serine
immediately adjacent to the NLS sequence (Ser334 in CAMK2G), resulting in exposure
of the NLS domain (Heist et al., 1998; Ma et al., 2014; Shioda et al., 2015). Given that the
p-Arg292Pro mutation enhances the Serine/Threonine kinase activity of CAMK2G, we sought
to investigate whether increased phosphorylation of the Ser334 residue is a critical mediator
of the abnormal localization of CAMK2G-NLSA¢?92P, Therefore, we generated the CAMK2G-
NLSSer33#Ala mytant and the CAMK2G-NLSAts292Pro/Ser334ala doyble mutant constructs to assess
their respective subcellular localization. Whereas CAMK2G-NLSSer33#4a was localized in both
the nucleus and the cytoplasm, CAMK2G-NLSAr292Pro/Ser334Ala ramained exclusively cytoplasmic,
indicating that the mislocalization resulting from the p.Arg292Pro mutation is not the result
of excessive Ser334 phosphorylation (Figure 5C and D). Taken together, these data show that
even though the p.Arg292Pro mutation does not reduce CaM affinity, it strongly impairs the
nuclear localization of CAMK2G.

Pathogenicity of CAMK2GA829%Pr js not related to nuclear shuttling of Ca?*/CaM
Our findings indicate that the p.Arg292Pro mutation has two major effects on CAMK2G: it
renders the protein constitutively active and interferes with its nuclear targeting. Therefore,
we next aimed to investigate whether the pathogenicity is caused by the constitutive activity
or by the impairment of nuclear targeting.
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To examine whether the constitutive activity results from the observed increase of
Thr287 auto-phosphorylation (Figure 3A and B), we mutated Threonine 287 to Alanine, a
mutation that strongly reduces autonomous activity (Fong et al., 1989; Hanson et al., 1989;
Waxham et al., 1990; Ohsako et al., 1991; Giese et al., 1998;). Expression of CAMK2GThr2874la
resulted in no discernible effects on morphology or neural cell migration (Figure 6). In
contrast, expression of CAMK2G™r287Ala/Arg292Pro ywas comparably disruptive as CAMK2 GArs292Pro
on neuronal morphology and migration (Figure 6). These results indicate that functional
consequences of the CAMK2G*'822Pe mutation are independent of Thr287 phosphorylation.

We next examined whether the p.Arg292Pro mutation gain-of-function requires the
catalytic function of the kinase by introducing a p.Lys43Arg mutation, known to severely
disable CAMK2G catalytic function. Compared to the severe neurodevelopmental impairments
resulting from expression of CAMK2GA®292Pro, CAMK2GA292Pro/lysd3Are. had a significantly
milder impact on total neurite length and fully rescued arborization (Figure 7A). Moreover,
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FIGURE 6 Auto-phosphorylation at the Thr287 site is dispensable for the phenotype caused by the p.Arg292Pro
mutation. (A) Representative confocal images of hippocampal neurons transfected on DIV7 with control vector,
CAMK2GAr29%Pre (R292P), CAMK2G™ 28742 (T287A), CAMK2G™r287Ala/Arg292Pro (T287A /R292P). Transfected neurons
are identified by the tdTOMATO (red). (B) Summary bar graphs of total neurite length and arborization measured
for each condition and normalized to the control vector (total neurite length: one-way ANOVA, F[3,70] = 69.33, P =
6.39E-21; control vector vs. CAMK2GA22", P = 0.0001; CAMK2G™28742 p = (0.9; CAMK2G™r287Ala/Arg292Pr0 P = ().0001;
CAMKZGArgZ‘)ZPrO VS. CAMKZGThr287Alal P = 00001, CAMKZGThl‘287Alﬂ/Arg292Pr0' P = 099' CAMKZGThr287A]a VS. CAMKZGThr287AIJ/
Arg292Pro P = 0,0001; arborization: one-way ANOVA, F[3,71] = 34.88, P = 5.74E-14; control vector vs. CAMK2G*"¢292Pro, p
=0.0001; CAMK2G™287Aa p = (0.9; CAMK2G™r287Al/Arg292Pr0 P = ().0001; CAMK2GA™8292Pro ys, CAMK2G™287A1 P = 0.0001;
CAMK2G™hr287Ala/Arg292Pr0 P = (0.99; CAMK2G™"267A1 yg, CAMK2Ghr28741a/Arg292Pr0 P = (0,0001). (C) Representative image of
a P20 pup in utero electroporated at E14.5 with CAMK2G™287A12 oy CAMK2 G™r287Ala/Arg292Pre tdTOMATO positive cells
represent neurons successfully targeted. DAPI (blue) counterstaining is used to identify general cortical structure. (D)
Upper graph: quantification of the neuronal migration pattern from the Layer 1 (L1) to the intermediate zone (1Z);
Lower graph: analysis of the percentage of targeted cells that reach the outer layers of the cortex measured as sum
of bin 1-4 (one-way ANOVA, F[2,16] = 24.34, P = 1.40E-05; CAMK2G"" vs. CAMK2G™287Aa P = (0.99; CAMK2G™287A1/
Arg292Pro - p = (0,0001; CAMK2G™"287Ak yg, CAMK2G™r287Ala/Arg292Pr0 - p = (0,0001). The dotted line represents the level
reached by the CAMK2G-WT (see Figure 2F for comparison). Arrowheads indicate layer 2/3 of the somatosensory
cortex, whereas the arrow indicates the subventricular zone (SVZ). Data in (B) and (D) are presented as mean + SEM.
Numbers (X/Y) depicted in the bar graphs represent the total number of cells (X) and number of independent cultures
(Y) (B) or number of pictures (D) analyzed
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CAMK2 GAre292Pro/lysisirs expressing cells targeted at E14.5 by in utero electroporation revealed no
discernible migration deficits compared to CAMK2G"™ (Figure 2F, Figure 7C and D), indicating
that the pathogenicity of CAMK2GA"#292Pr requires its kinase activity.

Since the introduction of the p.Lys43Arg mutation into the exclusively cytosolic
CAMK2G*8292Pro jsoform strongly attenuates the pathogenicity of the Arg292Pro mutation,
we hypothesized that the pathogenicity of the p.Arg292Pro mutation is independent of its
function as a nuclear Ca?*/CaM shuttle. To investigate this, we introduced the p.Lys43Arg
mutation into the CAMK2G that carries an NLS, resulting in CAMK2G-NLS#'8292P° Apalysis
of the CAMK2G-NLSys#3Are/Are292Pro doyble mutation showed that the Lys43Arg mutation did
not alter the nuclear targeting deficit (Suppl. Fig. S6A and B). Nevertheless, both neuronal
maturation and migration were again fully rescued by introducing the p.Lys43Arg mutation
(Suppl. Fig. S6C-E).

Taken together these experiments suggest that the p.Arg292Pro mutation renders
CAMK2G constitutively active and impairs neuronal maturation and migration independent of
its role as a Ca?*/CaM shuttle.

The CAMK2GA's292P apalogous mutations in CAMK2A and CAMK2B exhibit similar
neurodevelopmental pathogenicity as CAMK2 GArs292Pre

Given that CAMK2GA™29%Pr exerts the pathogenic phenotype we describe via a non-nuclear
function, we hypothesized that the analogous mutations in CAMK2A or CAMK2B lacking
an NLS might be similarly disruptive for neurodevelopment, given that they are almost
exclusively localized to the cytoplasm. Therefore, we generated the analogous mutations of
CAMK2GA™8292Pro jn CAMK2A and CAMK2B (Figure 8A). We first investigated the basal Thr286
and Thr287 phosphorylation levels of CAMK2A and CAMKZ2B, respectively. Whereas basal
auto-phosphorylation in HEK-293T cells of CAMK2GWT was clearly evident, that of CAMK2A"T
or CAMK2B"T was hardly detectible (Figure 8B). In contrast, both CAMK2A¥s291Pre and
CAMK?2Bs292Pro exhibited robust basal Thr286/287 phosphorylation (Figure 8C), indicating
that this Arg/Lys residue functions critically across multiple CAMK2 isoforms for constraining
phospho-transferase activity.

We next tested whether the expression of CAMK2AWs291Pro and CAMK2Blys292Pro
impacts the morphological development of cultured primary hippocampal neurons (Figure
8D). No changes in neuronal morphology were observed with expression of CAMK2AWT
(Figure 8E). Expression of CAMK2B"T did result in a small but significant decrease in
arborization, but without changes in total neurite length (Figure 8E). In contrast, expression
of either CAMK2Aws291Pre or CAMK2Bs292Pr each resulted in substantial alterations of neuronal
morphology (Figure 8D and E).

Lastly, we evaluated the impact of CAMK2As291Proand CAMK2BWs292Pr on jn vivo neural

cell migration. The majority of cells expressing either CAMK2A"T or CAMK2B"T migrated
normally to layer 2/3 of the somatosensory cortex (Figure 8F). However, expression of either
CAMK2AWs291Pro oy CAMK2BWs292Pre caused a severe disruption of migration, analogous to the
effect of CAMK2GAr¢292Pr (Figure 8F).
Therefore, our findings suggest a strong functional conservation across the major brain-
expressed CAMK2 isoforms of the ID-associated CAMK2Gp.Arg292Pro mutation for which
neurodevelopmental pathogenicity is mediated by a gain-of-function through enhanced
cytoplasmic phosphotransferase activity.
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FIGURE 7 Silencing the catalytic
activity of CAMK2GA?°?" normalizes
neuronal maturation and migration.
(A) Representative confocal images
of hippocampal neurons transfected
on DIV7 with control vector or
CAMK2Glyst3nre/Arg292Pro (K43R /R292P).
Transfected neurons are identified by
K43R/R292P the tdTOMATO (red). (B) Summary
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(SVZ). Data in (B) and (D) are presented as mean+SEM. Numbers (X/Y) depicted in the bar graphs represent the total
number of cells (X) and number of independent cultures (Y) (B) or number of pictures (D) analyzed
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DISCUSSION

In the present study, we describe two unrelated patients with severe ID, carrying a de novo
CAMK2Gp.Arg292Pro mutation and made use of an in vitro morphology and in vivo migration
assay to investigate the pathogenicity of this mutation.

Mutations in CAMK2A and CAMKZB have recently been shown to cause ID, severely
delayed speech and behavioral issues (Kiiry et al., 2017b). Apart from these common features,
there is much variability between the different CAMK2 patients. The two patients described
here carrying a mutation in CAMK2G share similar features with CAMK2A/CAMKZB-mutated
patients (e.g., ID and hypotonia), but also show clear differences such as facial dysmorphisms.
The continuous identification of individuals with ID carrying mutations in the CAMK2 genes,
may enable further characterization of specific characteristics for the CAMK2-dependent
syndrome.

We have established several lines of mechanistic evidence indicating that the
p.-Arg292Pro mutation acts as a gain-of-function, with regard to catalytic activity of the
kinase, but as a loss-of-function with regard to its nuclear localization. First, we showed that
expression of CAMK2G mutants that reduce kinase activity by interfering with Ca%*/CaM
binding or rendering the protein kinase-dead, do not recapitulate the neurodevelopmental
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FIGURE 8 CAMK2AYs29%P and CAMK2BWws292r exhibit similar neurodevelopmental pathogenicity as cAMK2GAre292Pro.
(A) Alignment of the protein sequence of CAMK2A, CAMK2B, and CAMK2G showing that the Arginine (R) at 292 in
CAMK2G is a Lysine (K) in CAMK2A and CAMK2B. (B) Representative western blot of HEK-293T cells transfected
with control vector, CAMK2A"T, CAMK2As291Pro (K291P), CAMK2B"", or CAMK2Bws292Pre (K292P). (C) Quantification
of the levels of CAMK2-Thr286/Thr287 phosphorylation, normalized against total CAMK2 in the different conditions
(CAMK2A"T vs. CAMK2As29tPro $[12] = 2.7, P = 0.01; CAMK2B"" vs. CAMK2B¥s2%2Pr0, ¢(8) = 2.18, P = 0.03, one-tailed
unpaired t-test). (D) Representative confocal images of hippocampal neurons transfected on DIV7 with control vector,
CAMK2AWT, CAMK2AWs29tPre. CAMK2BYT, or CAMK2Bs292Pr Transfected neurons are identified by the tdTOMATO (red).
(E) Summary bar graphs of total neurite length and arborization measured for each condition and normalized to the
control vector (CAMK2A total neurite length: one-way ANOVA, F[2,56] = 3.38, P = 0.04; control vector vs. CAMK2A"", P
=0.9; CAMK2AWws291Pre P = 0.1, CAMK2AY" vs. CAMK2AWs9tPro p = 0.06; CAMK2A arborization: one-way ANOVA F[2,56]
= 6.37, P = 0.003; control vector vs. CAMK2A"", P = 0.6; CAMK2Aws2%ro, P = 0,04, CAMK2A"" vs. CAMK2Als291Pro, p
= 0.003; CAMK2B total neurite length: one-way ANOVA, F[2,55] = 27.26, P = 5,9E-09; control vector vs. CAMK2B"T,
P = 0.5; CAMK2BWs2%2Pro p = 0.0001, CAMK2B"" vs. CAMK2BWws#%?Pro p = 0.0001; CAMK2B arborization: one-way
ANOVA F[2,55] = 29.07, P = 2.4E-09; control vector vs. CAMK2B"", P = 0.02; CAMK2B#?", P = 0.0001, CAMK2B""
vs. CAMK2Bws#92Pro, P = 0.0001). (F) Representative images of P20-P22 pups in utero electroporated at E14.5 with
control vector, CAMK2A"T, CAMK2As291Pre, CAMK2B"YT, or CAMK2BWs292Pre tdTOMATO positive cells represent neurons
successfully targeted. Arrowheads indicate layer 2/3 of the somatosensory cortex, whereas the arrowhead indicates
the subventricular zone (SVZ). Right: quantification of the neuronal migration pattern from the Layer 1 (L1) to the
intermediate zone (IZ); insets represent the percentage of targeted cells that reach the outer layers of the cortex
measured as the sum of bin 1-4 (CAMK2A"" vs. CAMK2AWs2°1Pro, £(29) = 12.97, P = 1.34E-13, unpaired two-tailed
t-test; CAMK2BY" vs. CAMK2Bws292Pre, ¢(23) = 13.33, P = 2.64E-12, unpaired two-tailed t-test). Data in (C) and (E) are
presented as mean + SEM. Numbers (X/Y) depicted in the bar graphs represent the number of samples (C) or the total
number of cells (X) and number of independent cultures (Y) (E) analyzed
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phenotypes exhibited by expression of CAMK2G"?°?Pro, Second, we showed that the
CAMK2Gp.Arg292Pro mutation causes increased phosphotransferase activity as well as
increased CaM affinity, resulting in increased Thr287 phosphorylation. Third, we showed that
expression of the constitutively active mutant CAMK2 GTh2874sp/Thr306val/Thr307Ala phenocopies the
neurodevelopmental impairments seen with expression of CAMK2G*™292P, Finally, we showed
that CAMK2G-NLSA¢292Projs deficient in nuclear localization. Taken together, we propose a model
whereby the p.Arg292Pro mutation renders CAMK2G constitutively active albeit with a reduced
protein half-life, either due to intrinsic instability or targeted degradation. Notably, expression
of the constitutively active CAMK2G™r287Asp/Thr306Val/Thr307A mytant in HEK-293T cells also
resulted in lower CAMK2G protein expression but the higher activity of the expressed protein
led to the gain-of-function phenotype. Additionally, mice expressing the CAMK2 ATh305Val/Thr306Ala
protein, which lacks auto-inhibitory function, exhibits a two-fold reduction in CAMK2A protein
but similarly produces a net gain-of-function phenotype (Elgersma et al., 2002). Since CAMK2
is highly dependent on a Ca* stimulus for activity, even low expression of a constitutively
active form such as CAMK2G"™292P may elicit gain-of-function effects. Future studies using
a targeted mouse mutant and genome-edited human pluripotent stem cells would provide
further insights regarding the endogenous regulation of CAMK2GA292Pr protein levels.

Although the effect of the CAMK2GA¢292Pe mutation has not previously been studied,
our finding that its pathogenicity derives from a gain-of-function is consistent with the rich
knowledge of CAMK2 biochemistry (for reviews see, Hudmon and Schulman (2002b); Lisman
et al. (2002)). In the basal state, the auto-regulatory domain functions to suppress catalytic
activity by maintaining the kinase in an inactive conformation and blocking access of external
substrates to the binding pocket. Binding of Ca?*/CaM to the auto-regulatory domain displaces
it to allow the active conformation and opening the substrate binding pocket. In the process,
it exposes Thr286 (CAMK2A)/Thr287 (CAMK2B and CAMK2G) for auto-phosphorylation,
which disables the inhibitory function of the auto-regulatory domain and results in Ca?**/
CaM independent (autonomous) activity. The auto-regulatory domain consists of several
residues that participate in auto-inhibition, one of which is located at amino acid position
291 in CAMK2A (Smith et al., 1992). Indeed, for CAMK2A it has previously been shown that
mutation of Lysine 291 (equivalent to Arginine 292 in CAMK2G) to Alanine increases the Ki for
inhibitory peptides and reduced the inhibitory potency of the auto-regulatory domain (Smith
et al., 1992). Notably, mutation of CAMK2A just three residues downstream, from Asparagine
294 to aspartic acid, generates an even greater enhancement of constitutive activity than the
phosphomimetic p.Thr286Asp mutation. Therefore, it is possible that the disruptive nature
of the Proline substitution in p.Arg292Pro reduces the contribution of the critical Asparagine
for auto-inhibition resulting in enhanced constitutive activity (Yang & Schulman, 1999).
Additionally, mutation of CAMK2A Lysine 291 to Glutamic acid reduced the relative K_, by
50%, thereby increasing CaM binding (Yang & Schulman, 1999). Hence, these structural and
biochemical findings are entirely consistent with our finding that the p.Arg292Pro mutation
would generates a constitutively active kinase that facilitates CaM binding and promotes
Thr287 phosphorylation that delinks kinase activity from complete dependence on Ca?
stimulus for activity.

Our finding that knockdown of CAMK2G affects neuronal arborization, which could
be rescued by CAMK2G expression with or without an NLS, but not by heterologous CAMK2A
or CAMK2B overexpression indicates that cytosolic CAMK2G plays a unique role in neuronal
development, and that loss-of-function mutations or haploinsufficiency could potentially be
disruptive. Indeed, according to EXAC, the probability of CAMK2G being LoF intolerant is high
(pLI = 0.99). However, to our knowledge no patient with a neurodevelopmental disorder has
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yet been found carrying an indel or a nonsense mutation in the CAMKZ2G gene. Interestingly,
another CAMK2G candidate variant (CAMK2G ¢.1075G > A p.Val359Met) was found in a
patient with a developmental disorder in the Deciphering Developmental Disorders Study
(Deciphering Developmental Disorders Study, 2017). In contrast to the p.Arg292Pro mutation,
this variant is located in the association domain of the protein, which makes it difficult to
predict a priori if and how it affects CAMK2G protein function.

Very few studies have looked at the function of CAMK2G in neurons. Only recently, a
first hint for CAMK2G having a unique function in spinal cord ganglion cells was published (Ma
et al,, 2014). This study indicated that CAMK2G functions as a shuttle to transport Ca?*/CaM
from the cell surface and cytoplasm to the nucleus, a function that does not require its catalytic
activity but depends on phosphorylation of its Thr287 by a second CAMK2 holoenzyme, and on
the integrity of its NLS to initiate changes in gene expression in response to specific Ca** signals.
Our study further expands the mechanistic evidence underlying the function of CAMK2G in
neurons by demonstrating that reduced levels of CAMK2G resulted in a significant elaboration
of neuronal morphology. Notably, this effect could be reversed by expression of CAMK2G with
or without an NLS, but not by expression of CAMK2A or CAMK2B. Therefore, we conclude that
cytosolic CAMK2G functions to constrain dendritic arborization. In contrast, whereas CAMK2A
knockdown does not affect dendritic arborization, CAMK2B knockdown has been shown to
reduce dendritic arborization of primary hippocampal neurons (Fink et al., 2003), together
suggesting distinct neurodevelopmental functions of the various CAMK2 isoforms.

Even though a subset of CAMK2G isoforms contains an NLS (Takeuchi et al., 2002), we
did not observe differential effects on neuronal morphology or neural cell migration that were
dependent on the presence of the NLS domain. However, we did find that CAMK2 G-NLSAre292Pre jg
localized predominantly to the cytosol, whereas CAMK2G-NLS"T is located in both the nucleus
and cytosol, indicating that the p.Arg292Pro mutation interferes with its nuclear localization.
However, given thatabrogation of the phospho-transferase activity (via the Lys43Arg mutation)
fully rescued the pathogenic effect of the p.Arg292Pro mutation, independently of the presence
or absence of the NLS domain, we conclude that the pathogenicity of the p.Arg292Pro mutation
is most likely unrelated to its nuclear function.

Our results also demonstrate that the combination of in vitro and in vivo
neurodevelopmental assays provide a robust platform for investigating the functional
pathogenicity of candidate CAMK2 mutations for ID. Furthermore, by exploiting the wealth
of previous data that has been gathered for the CAMK2 protein (Colbran, 1992; Hanson et al.,
1994; Yang & Schulman, 1999; Hudmon & Schulman, 2002a; Colbran & Brown, 2004; Rellos
et al, 2010;), we were subsequently able to carefully dissect the biochemical mechanism
underlying the pathogenicity of the mutation.

In conclusion, we show that CAMK2G is indispensable for normally developing
neurons. Moreover, we have demonstrated that the pathogenicity of the de novo CAMK2G
p.-Arg292Pro mutation is mediated by a gain-of-function through enhanced constitutive
enzymatic activity.
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SUPPLEMENTAL FIGURES
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Suppl. Fig. S1. Schematic representation of the dual-promoter expression vector with the CAMK2G constructs. (Control Vector)
Schematic representation of the control vector consisting of a CAGG promoter followed by a multiple cloning site (MCS) to insert genes
of interest. The tdTomato gene is expressed under the PGK promoter, to have independent expression of both the gene of interest and
tdTomato.
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Suppl. Fig. S2. Clinical information on the two individuals carrying the CAMK2G ¢.875G>C p.Arg292Pro mutation. (A)
Photographs of patient 1 in whom the p.Arg292Pro mutation was identified. This individual was already briefly described in a recent
whole exome study (Trio 32 in De Ligt et al., 2012). At 16 and a half years old the boy shows severe ID (IQ<35), speaks only in short
sentences, often repeating the same words, suffers from juvenile glaucoma, has short hands, brittle nails and prominent large first toes.
His height was 160 cm (-2.7 SD). When he was younger he showed generalized hypotonia, which resolved with age. MRI/MRS imaging
was done when he was 4 years old, which showed a mild increased signal of periventricular white matter and decreased amount of
choline in the grey matter. There were no structural brain anomalies. The boy did not show any seizures. Facial characteristics show
a narrow flat forehead, a small chin, long palpebral fissures, arched eyebrows, broad nose bridge and full nose tip, low-set prominent
ears and long philtrum.

(B) Photographs of patient 2 in whom the p.Arg292Pro mutation was identified. He is currently 5 years 5 months of age and was first
seen for genetic evaluation at 14 months of age for hypotonia and developmental delay. Over time, he has exhibited ongoing delays
in gross motor and speech/language skills along with severe generalized hypotonia. He has a history of night terrors but no seizures.
Brain and spine MRI scans were normal, and numerous metabolic and genetic studies done prior to whole exome sequencing were
non-diagnostic. A psychological evaluation at 5 years of age showed severe intellectual disability and an autism spectrum disorder.
Facial photos from ages 14 months (top left and top middle) and 25 months (top right) demonstrate prominent capillary vascular
malformation on forehead and glabella, tall forehead, tubular nose with upturned tip, relatively large ears, rounded cheeks, and facial
hypotonia. Photo from age 14 months (bottom) demonstrates severe truncal hypotonia with ventral suspension.
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Suppl. Fig. S3. Specificity of the shRNA against CAMK2G. (A) Western blot showing cross-reaction of the CAMK2G antibody with
CAMK2A and CAMK2B. Lysates of HEK cells transfected with CAMK2A, CAMK2B or CAMK2G constructs were used. (B) Quantification
of the levels of CAMK2G (left), CAMK2A (middle) or CAMK2B (right) expression in neurons transfected with shRNA against CAMK2G,
normalized against non-transfected neurons on the same coverslip and then normalized against neurons transfected with scrambled
shRNA (CAMK2G: t[18]=2.4, p=0.03; CAMK2A: t[16]=0.9, p=0.38; CAMK2B: t[24]=0.81, p=0.43, two-tailed unpaired t-test). Data are
presented as mean = SEM. Numbers depicted in the bar graphs represent the number of neurons analyzed.
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Suppl. Fig. S4. CAMK2G-NLS overexpression rescues the morphology phenotype caused by knockdown of CAMK2G. (A)
Schematic overview of the three CAMK2G isoforms present in mice, showing that the three isoforms only differ in the variable region,
with only isoform 1 containing the Nuclear Localization Signal (NLS). (B) Representative confocal images of hippocampal neurons
co-transfected on DIV7 with combinations of control shRNA, with control vector and an RFP plasmid (first row) or shRNA against
Camk2g with control vector and an RFP plasmid (second row) or shRNA against Camk2g with CAMK2A"" or CAMK2B"" or CAMK2G-
NLS"T and an RFP plasmid (third row). Transfected neurons are identified by the RFP plasmid (red). (C) Summary bar graphs of
total neurite length and arborization measured for each condition and normalized to the control shRNA with control vector (total
neurite length: one-way ANOVA, F[4,71]=11.48, p=3.05E-07; control vector+Camk2g-shRNA versus: control vector+control shRNA,
p=0.0001; CAMK2A""+Camk2g-shRNA, p=0.27; CAMK2B"'+Camk2g-shRNA, p=0.99; CAMK2G-NLS"™+Camk2g-shRNA, p=0.0001;
arborization: one-way ANOVA, F[4,71]=10.93, p=5.82E-07; control vector+Camk2g-shRNA versus: control vector+control shRNA,
p=0.0002; CAMK2A"™+Camk2g-shRNA, p=0.99; CAMK2B"™+Camk2g-shRNA, p=0.99; CAMK2G-NLS""+Camk2g-shRNA, p=0.0001).
Data are presented as mean + SEM. Numbers depicted in the bar graphs represent the number of neurons analyzed.
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Suppl. Fig. S5. CAMK2G-NLS#"92Pro
overexpression is severely
disruptive for neurons in vitro and
in vivo. (A) Representative confocal
images of hippocampal neurons
transfected on DIV7 with control
vector (lacking CAMK2G), CAMK2G-
NLSYT  or  CAMK2G-NLSA292Pro,
Transfected neurons are identified by
the tdTOMATO (red). (B) Summary
bar graphs of total neurite length
and arborization measured for each
condition and normalized to the
control vector (total neurite length:
one-way ANOVA  F[2,37]=33.75,
p=4.55E-09; control vector versus:
CAMK2G-NLS"!, p=0.62; CAMK2G-
NLSAe292Pre, p=0.0001; CAMK2G-
NLSAe292Preys,  CAMK2G-NLS"T,
p=0.0001; arborization: one-way
ANOVA F[2,37]=62.5, p=1.37E-12;
control vector versus: CAMK2G-
NLS"T, p=0.9; CAMK2G-NLSA®292Pro,
p=0.0001; CAMK2G-NLSA292Pro  yg
CAMK2G-NLS*T,  p=0.0001). (C)
Representative images of P20-P22
pups in utero electroporated at
E14.5 with control vector, CAMK2G-
NLSY* or CAMK2G-NLS§Ars292Pro
tdTOMATO positive cells indicate
the successfully targeted neurons.
DAPI (blue) counterstaining is used
to identify general cortical structure.
(D) Left: quantification of the
neuronal migration pattern from the
Layer 1 (L1) to the intermediate zone
(1Z); Right: analysis of the percentage
of targeted cells that reach the outer
layers of the cortex measured as
sum of bin 1-4 (t[4]=4.52, p=0.0107,
two-tailed unpaired t-test).
Arrowheads indicate layer 2/3 of the
somatosensory cortex, whereas the
arrow indicates the subventricular
zone (SVZ). Data in (B) and (D).
Numbers depicted in the bar graphs
represent the total number of cells
(B) or the number of pictures (D)
analyzed.
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p=0.0001). (E) Representative image
of a P20 pup in utero electroporated
at E14.5 with CAMK2G-
INLSAre292Pro/Lysé3are, tdTOMATO
positive cells represent neurons
successfully targeted. DAPI (blue)
counterstaining is used to identify
general cortical structure. Middle
panel: quantification of the neuronal
migration pattern from the Layer 1
(L1) to the intermediate zone (IZ);
Right: analysis of the percentage
of targeted cells that reach the
outer layers of the cortex measured
as the sum of bin 1-4 (one way
ANOVA, F[2,12]=67.76, p=2.90E-07;
CAMK?2G-NLSAr292Pr yersus CAMK2G-
NLSAre292Pro/Lyst3arg p=0.0001,
see Figure 4-Supplement 1 for
comparison). Arrowheads indicate
layer 2/3 of the somatosensory
cortex, whereas the arrow indicates
the subventricular zone (SVZ). Data
in (B) and (D) are presented as mean
+ SEM. Numbers (X/Y) depicted in
the bar graphs represent the total
number of cells (X) and number of
independent cultures (Y) (B and D)
or number of pictures (E) analyzed.
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ABSTRACT

De novo mutations in specific mTOR pathway genes cause brain overgrowth in the context of
intellectual disability (ID). By analyzing 101 mTOR-related genes in a large ID patient cohort
and two independent population cohorts, we show that these genes modulate brain growth in
health and disease. We report the mTOR activator gene RHEB as an ID gene that is associated
with megalencephaly when mutated. Functional testing of mutant RHEB in vertebrate animal
models indicates pathway hyperactivation with a concomitant increase in cell and head size,
aberrant neuronal migration, and induction of seizures, concordant with the human phenotype.
This study reveals that tight control of brain volume is exerted through a large community of
mTOR-related genes. Human brain volume can be altered, by either rare disruptive events
causing hyperactivation of the pathway, or through the collective effects of common alleles.

INTRODUCTION

Many aspects of brain homeostasis, among which are measures of total brain volume, are highly
heritable (Peper et al., 2007). Genome-wide association studies (GWAS) of brain volume have
shown a polygenic architecture in the general population, with individual common genetic
variants explaining <1% of phenotypic variance (Hibar et al, 2015). Neurodevelopmental
disorders, such as intellectual disability (ID) and autism spectrum disorder (ASD), have been
associated with significant brain overgrowth. In ID, up to 6% of the patients are macrocephalic
(deLigtetal,2012).One of the key regulators of normal brain development is the evolutionarily
conserved Ser/Thr protein kinase Mammalian Target Of Rapamycin (MTOR). The role of the
mTOR pathway in brain development and function has been intensively studied both in vitro
and in vivo using different mouse models. In these models, mutations in either the downstream
effectors of mTOR, or the most important upstream regulators of mTOR, such as Ras homolog
enriched in brain (Rheb), tuberous sclerosis 1 (Tsc1), and Tsc2, have been tested (Tee et al.,
2003; Saxton and Sabatini, 2017). Collectively, all studies provide strong evidence that proper
mTOR signaling is involved in key aspects of brain development, such as neuronal progenitor
maintenance and differentiation (including regulation of neuronal polarity, soma size and
neurite outgrowth) and neuronal migration (Tavazoie et al., 2005; Kwon et al., 2006; Li et al.,
2008; Nie et al., 2010; Feliciano et al., 2011; Zhou et al., 2011; Urbanska et al., 2012; Hartman
et al, 2013; Lafourcade et al., 2013; Baek et al., 2015; Moon et al.,, 2015; Lin et al., 2016). In
the mature brain, mTOR is an important regulator of synapse formation and synaptic function
(Bateup et al,, 2011; Lozovaya et al., 2014; Tang et al., 2014; Sugiura et al., 2015), in particular
through its role in regulating protein translation and elongation (Raab-Graham et al., 2006;
Thoreen et al., 2012; Hoeffer et al., 2013; Santini et al., 2013). Not surprisingly, hyperactivity of
the mTOR pathway in mice can lead to a myriad of phenotypes such as macrocephaly, seizures,
and behavioral abnormalities (Kwon et al,, 2006; Goorden et al., 2007; Zeng et al., 2011; Pun
etal,2012; Abs et al., 2013; Hsieh et al., 2016; Huang et al., 2016).
In contrast, sustained downregulation of the mTOR pathway appears to have little effect
on neuronal function and behavior (Goorden et al., 2015). Findings that the epilepsy and
behavioral deficits in mice can be rescued by mTOR inhibitors, offers a broad therapeutic
window in which patients can potentially be treated. Indeed, recent studies indicated that
mTOR inhibition is a promising treatment for epilepsy in tuberous sclerosis complex (TSC)
patients (Franz et al., 2013; French et al., 2016; Overwater et al., 2016).

Given the large body of evidence implying mTOR function in key aspects of brain

126



Variation in a range of mTOR-related genes associates with intracranial volume and intellectual disability

development, it is not surprising that hyperactivating, somatic, and germline mutations in
components of the PI3K-AKT3-mTOR pathway have been linked with rare ID syndromes
associated with (hemi)megalencephaly, focal cortical dysplasia, and epilepsy (Lee et al., 2012;
Riviere et al, 2012; Lim et al,, 2015; Mirzaa et al., 2016). We were struck by the apparent
recurrence of mTOR-related mutations in ID, the persistent co-morbid megalencephaly and
the absence of studies investigating the overall contribution of the mTOR pathway to ID and
brain growth. Considering this knowledge gap, we sought to identify deleterious germline
mutations in mTOR-related genes, and assess their contribution to the development of ID and
megalencephaly. Next, assuming that our findings are not only relevant to rare diseases such
as ID, we hypothesized that the pathology of syndromic ID patients represents the extreme
end of a more continuous contribution of the mTOR pathway to human brain development
and neuroanatomical variance in the population. Our data indeed indicate that mTOR
variation significantly contributes to megalencephaly in a large ID cohort and brain size in
the population. Furthermore, we present that de novo mutations in a key regulator of mTOR,
RHERB, causes severe 1D, epilepsy and megalencephaly in humans. By functionally testing the
RHEB mutations in vertebrate animal models, we show that the specific mutations cause
hyperactivation of mTOR, with a concomitant increase in cell and head size, aberrant neuronal
migration and induction of seizures, concordant with the human phenotype. The extent of
mTOR activation likely affects brain volume in humans. In extreme cases, highly deleterious
mutations can lead to profound pathology. For such patients, functional restoration of the
pathway through treatment with selective mTOR inhibitors might be of direct clinical utility.

METHODS

Subjects and mutation analysis. We evaluated a cohort of 826 patients with ID, who had
undergone diagnostic trio WES at Radboud University Medical Center (Radboudumc). We
included 820 simplex patients described previously, as well as three sib pairs excluded from
the earlier study (Lelieveld et al.,, 2016). Diagnostic WES was approved by the medical ethics
committee of the Radboud University Medical Center (Commissie Mensgebonden Onderzoek),
Nijmegen, The Netherlands (registration number 2011-188).Written informed consent
was obtained from all individuals or their legal guardians. We collected all available clinical
information and performed deep phenotyping of individuals with a de novo mutation in RHEB.
Consent for publication of photographs was obtained. Brain images were re-evaluated where
available.

Selection of mTOR-related genes. We focused on the two well-described, convergent pathways
in which mTOR acts as key regulator: the PI3K-AKT-mTOR pathway and the RAS-MAPK-mTOR
pathway. We defined a list of 101 mTOR-related genes based on three authoritative reviews
on the mTOR regulators (Kolch, 2005; Laplante and Sabatini, 2012b; Shimobayashi and Hall,
2014;). Protein complexes were mapped to single proteins and genes based on information
available in the literature. The final list contains 101 mTOR-related genes: 96 map on autosomes
and five map on the X-chromosome.

Identification of mutations and collection of OFC data. From our cohort of 826 patients with
ID, we selected all de novo mutations that affect mTOR-related genes. All mutations were
confirmed by Sanger sequencing. mTOR-related genes were considered to be known ID genes,
if present in our recently published list containing over 1500 known ID genes (Lelieveld et
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al., 2016). We performed a literature search by querying Pubmed (https://www.ncbi.nlm.nih.
gov/pubmed/? term=) to investigate which of the known mTOR-related ID genes have been
associated with large or small head size. Within our cohort of 826 patients, individuals were
classified as microcephalic (OFC < -2.5 SD), macrocephalic (OFC > +2.5 SD), normocephalic
(OFC between -2.5 SD and +2.5 SD) or unknown. We used Fisher’s Exact test to calculate
enrichment of macrocephaly in mTOR-related mutation carriers. The significance threshold
was set at p < 0.05.

Gene-based enrichment. To assess whether mTOR-related genes were significantly enriched for
functional de novo mutations in our cohort, we tested each of the 101 genes using a statistical
model as described previously (Lelieveld et al., 2016). For this statistical enrichment analysis,
the RHEB p.(P37L) variant was considered as one single event. Multiple testing correction was
performed by the Bonferroni procedure based on 101 tested genes. Additionally, we tested
whether the mTOR pathway as a whole was enriched for functional de novo mutations in our
cohort by combining the gene-specific mutation rates of all individual genes in the pathway.

Clustering analysis. Clustering analysis was performed by generating the full cDNA for the
respective RefSeq genes. To increase the statistical power of the spatial clustering of the
recurrently mutated genes, we added de novo missense variants from the denovo-db (Turner
et al,, 2017b) annotated by our in-house pipeline (Supplementary Data 5). The locations of
observed de novo missense mutations were randomly sampled 100,000 times over the cDNA
of the gene after which the distances (in base pairs) between the mutations were normalized
for the total coding size of the respective gene. The geometric mean (the nth root of the product
of n numbers) of all mutation distances between the mutations was taken as a measure of
clustering. A pseudocount (adding 1 to all distances and 1 to the gene size) was applied to
avoid a mean distance of 0 when there were identical mutations. To assess overall clustering
of the set of genes, we used Fisher’s combined probability test to combine the 5 p-values of
individual genes. To avoid a possible bias introduced by highly significant p-values (e.g., gene
PPP2RD5), we calculated the combined p-value on deflated p-values where all values smaller
than 0.05 were set to 0.05.

ENIGMA and CHARGE study populations and data description. This study reports data on 25,974
subjects of Caucasian ancestry from 46 study sites that are part of the Enhancing Neurolmaging
Genetics through Meta-Analysis (ENIGMA) (Thompson et al, 2014) consortium (13,171
subjects) and Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE;
12,803 subjects) (Psaty et al, 2009). Briefly, the ENIGMA consortium (http://enigma.ini.
usc.edu/download-enigma-gwas-results/) brings together numerous studies, mainly with
case-control design, which performed neuroimaging in a range of neuropsychiatric or neuro-
degenerative diseases, as well as healthy normative populations. The CHARGE consortium
is a collaboration of predominantly population-based cohort studies that investigate the
genetic and molecular underpinnings of age-related complex diseases, including those of the
brain. An overview of the demographics and type of contribution for each cohort is provided
in Supplementary Table 8 (Table adapted from original publication by Adams et al,, 2016).
Written informed consent was obtained from all participants. The study was approved by the
institutional review board of the University of Southern California and the local ethics board of
Erasmus MC University Medical Center. Procedures of whole-genome genotyping, imputation,
MRI, GWAS, and meta-analysis are summarized in Supplementary Methods (adapted from
original publication Adams et al., 2016) The meta-analysis data from the recent ENIGMA2 and
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CHARGE studies of ICV were available as genome-wide summary statistics, including genome-
wide single-nucleotide polymorphism (SNP) data with corresponding p-values. The ENIGMA
consortium has completed a meta-analysis of site-level GWAS in a discovery sample of 13,171
subjects of European ancestry (Hibar et al, 2015; Thompson et al., 2014). Access to the
summary statistics of ENIGMA can be requested via their website (http://enigma.ini.usc.edu/
download-enigma-gwas-results/). The CHARGE consortium has completed meta-analysis of
site-level GWAS in a discovery sample of 12,803 subjects of European ancestry (Adams et al.,
2016). Genome- wide summary statistics of the CHARGE consortium has been requested by
the principal investigator of the study described by Adams et al., 2016. For both data sets, only
SNPs with an imputation quality score of RSQ = 0.5 and a minor allele frequency =0.005 within
each site were included.

Procedures of whole-genome genotyping, imputation, magnetic resonance imaging
(MRI), GWAS, and meta-analysis of the cohorts are summarized in the Supplementary Methods.

Gene-based and gene-set analyses. Gene-based and gene-set analyses were performed using
the Multi-marker Analysis of GenoMic Annotation (MAGMA) software package (version 1.02)
(de Leeuw et al.,, 2015). First, gene-based p-values were calculated using a symmetric 100 kb
flanking region for each cohort separately for the 96 autosomal genes in the mTOR pathway.
Genome-wide SNP data from a reference panel (1000 Genomes, v3 phasel) (Durbin et al.,
2010) was annotated to NCBI Build 37.3 gene locations using a symmetric 100 kb flanking
window, and both files were downloaded from http://ctglab.nl/software/magma. Next, the
gene annotation file was used to map the genome-wide SNP data from the different studies
(ENIGMA2 and CHARGE), to assign SNPs to genes and to calculate gene-based p-values for
each cohort, separately. Since data from the genome-wide association analyses only included
autosomal SNPs, five genes located on the X-chromosome were omitted from the analysis. For
the gene-based analyses, single SNP p-values within a gene were transformed into a gene-
statistic by taking the mean of the x2-statistic among the SNPs in each gene. To account for
linkage disequilibrium (LD), the 1000 Genomes Project European sample was used as a
reference to estimate the LD between SNPs within (the vicinity of) the genes (http://ctglab.nl/
software/MAGMA /ref_data/ g1000_ceu.zip). Gene-wide p-values were converted to z-values
reflecting the strength of the association of each gene with the phenotype (ICV), with higher
z-values corresponding to stronger associations. Subsequently, we tested, whether the genes
in the mTOR gene-set were jointly associated with ICV in the ENIGMAZ2 data set, using self-
contained and competitive testing (de Leeuw et al., 2016). For the gene-set analyses, we used
an intercept-only linear regression model including a subvector corresponding to the genes in
the gene-set. This self-contained analysis evaluating, whether the regression coefficient of this
regression was larger than 0, tests whether the gene-set shows any association with ICV at all.
Next, we tested whether genes in each gene-set were more strongly associated with ICV than
all other genes in the genome. Therefore, the regression model was then expanded including all
genes outside the gene-set. With this competitive test, the differences between the association
of the mTOR gene-set to genes outside this gene-set is tested, accounting for the polygenic
nature of a complex trait like ICV. To account for the potentially confounding factors of gene
size and gene density, both variables as well as their logarithms were included as covariates
in the competitive gene-set analysis. Since self-contained tests do not take into account the
overall level of association across the genome, gene-size (number of principal components,
or SNPs) and gene density, we were interested in the competitive test for the current analysis.
The same procedure was followed for analysis of the CHARGE cohort. In addition to the gene-
set analyses within the individual cohorts, we meta-analyzed data of both cohorts on the gene-
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level followed by gene-set analysis. Post hoc, the potential effects of the two separate mTOR
pathways in the gene-set (the PI3K-AKT-mTOR pathway (60 genes) and the RAS-MAPK-mTOR
pathway (76 genes)) as well as the individual genes were investigated, by reviewing their gene
test-statistics. Moreover, the Reactome_PI3K_AKT _activation gene-set, consisting of 38 genes,
was tested for its association with ICV (downloaded from http://software.broadinstitute.org/
gsea/msigdb/genesets.jsp). Genes were considered gene-wide significant, if they reached the
Bonferroni correction threshold adjusted for the number of genes within the total gene-set (N
=96; p <0.000521).

Generation of zebrafish rheb mutants. All animal experiments were carried out with the approval
of the Institutional Animal Care and Use Committee (IACUC). Guide RNAs targeting the Danio
rerio coding region of rheb were generated as described (Perles et al., 2015). Subsequently, rheb
guide oligonucleotide sequences (rheb_ex3_gl1F: 5-TAGGGTCGTGGAACGCAGCGTTCA-3' and
rheb_ex3_g1R: 5'-AAACTGAACGCTGCGTTCCACGAC-3') were ligated into the pT7Cas9sgRNA
vector (Addgene) into Bsm BI sites. For the generation of gRNA, the template DNA was
linearized with Bam HI, purified by phenol/chloroform extraction and in vitro transcribed
using the MEGAshortscript T7 kit (Invitrogen). To generate FO CRISPR mutants we injected
1 nl containing 100 pg rheb guide RNA and 200 ng Cas9 protein (PNA bio, CP01) to 1-cell
stage embryos. To determine the efficiency of the guide RNA, embryos were allowed to grow
to 5 days post fertilization (dfp), at which time they were killed and subjected to digestion
with proteinase K (Life Technologies) to extract genomic DNA. The targeted locus was PCR
amplified using the drrheb_gltest. 1 F 5'-GAGTGATCAGCTGTGAAGAAGG-3' and drrheb_
gltest_1 R 5'-GAACAGCGACAGGAGCTACA-3' primer pair. PCR amplicons were digested using
T7 endonuclease I (New England Biolabs) at 37 °C for 1 h and were visualized on a 2% agarose
gel. For Sanger sequencing of individual products from the rheb locus, PCR fragments from
four embryos with a positive T7assay were cloned into the pCR4/TOPO TA cloning vector
(Life Technologies), and 40 colonies from each cloned embryo were Sanger sequenced. We
observed sequence aberrations in ~75% of the evaluated rheb clones.

In vivo modeling in zebrafish embryos. The human wild-type (Cawthon et al., 1990) mRNA of
RHEB (NM_005614) was cloned into the pCS2+ vector and transcribed in vitro using the SP6
Message Machine kit (Ambion). The variants identified in RHEB in our patient cohort (RHEBp.
P37L, RHEBp.S68P) were introduced using Phusion high-fidelity DNA polymerase (New
England Biolabs) and custom-designed primers. We injected 50 pg of WT or mutant RNA into
wild-type zebrafish embryos at the 1- to 4-cell stage. For the experiments with rapamycin
treatment we added 2.7 nM of ready-made rapamycin solution in DMSO (R8781, Sigma-
Aldrich) in each of the injection cocktails. For the headsize assay, the injected larvae were
grown to 5 dpf and imaged live on dorsal view. The area of the head was traced excluding the
eyes from the measurements and statistical significance was calculated using Student’s t-test.
All experiments were repeated three times and scored blind to injection cocktail.

Generation of constructs for mouse studies. The cDNA sequences from human RHEB-WT
(NM_005614), and the variants found in the patient cohort (RHEBp.P37L and RHEBp.S68P)
were synthesized by GeneCust, and cloned into our dual promoter expression vector. The dual
promoter expression vector was generated from the pCMV-tdTomato vector (Clonetech), in
which the CMV promoter was replaced with a CAGG promoter followed by a multiple cloning
site (MCS) and transcription terminator sequence. To assure expression of the tdTOMATO
independent from the gene of interest, a PGK promoter was inserted in front of the tdTomato
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sequence (for a schematic overview of the expression vector see Supplementary Fig. 3). For all
the in vivo and in vitro experiments, the vector without a gene inserted in the MCS was used
as control (control vector).

Mice used for the in vitro and in vivo studies. For the neuronal cultures, FvB/ NHsD females
were crossed with FvB/NHsD males (both ordered at 8-10 weeks old from Envigo). For the in
utero electroporation female FvB/NHsD (Envigo) were crossed with male C57B16/] (ordered
at 8-10 weeks old from Charles River). All mice were kept group-housed in IVC cages (Sealsafe
1145T, Tecniplast) with bedding material (Lignocel BK 8/15 from Rettenmayer) ona 12/12 h
light/dark cycle in 21 °C (1 °C), humidity at 40-70% and with food pellets (801727CRM(P)
from Special Dietary Service) and water available ad libitum. All animal experiments were
approved by the Erasmus MC institutional Animal Care and Ethical Committee, in accordance
with European and Institutional Animal Care and Use Committee guidelines.

In vitro modeling in mouse primary hippocampal neurons. Primary hippocampal neuronal
cultures were prepared from FvB/NHsD wild-type mice according to the procedure described
in Banker and Goslin (Banker and Goslin, 1991). Briefly, hippocampi were isolated from
brains of E16.5 embryos and collected altogether in 10 ml of neurobasal medium (NB, Gibco)
on ice. After two washes with NB, the samples were incubated in pre-warmed trypsin/EDTA
solution (Invitrogen) at 37 °C for 20 min. After two washes in pre-warmed NB, the cells were
resuspended in 1.5 ml NB medium supplemented with 2% B27, 1% penicillin/streptomycin
and 1% glutamax (Invitrogen), and dissociated using a 5 ml pipette. Following dissociation,
neurons were plated on poly-D-lysine (25 mg/ml, Sigma) coated 15 mm glass coverslips at a
density of 3x10* or 5x10* cells per coverslip for the axon length measurements and 1x10°cells
per coverslip for all the other experiments. The plates were stored at 37 °C/5% CO, until the
day of transfection. Neurons were transfected at 3 days in vitro (DIV3, DIV7, and DIV14) with
the following DNA constructs: control vector (1.8 pg per coverslip), RHEB-WT, RHEBp.P37L,
and RHEBp.S68P (all 2.5 pg per coverslip). Plasmids were transfected using Lipofectamine
2000 according to the manufacturer’s instructions (Invitrogen). For the rescue experiments, 20
nM rapamycin (dissolved in 0.01% Ethanol) was applied to the culture 1 day post transfection
for 3 days. Neurons were fixed 4 days (rapamycin experiment) or 5 days (for soma size) post
transfection with 4% paraformaldehyde (PFA)/4% sucrose and incubated overnight at 4 °C
with primary antibodies in GDB buffer (0.2% BSA, 0.8 M NaCl, 0.5% Triton X-100, 30 mM
phosphate buffer, pH 7.4). The following primary antibodies were used: guinea-pig anti MAP2
(1:500, catalogue number: 188004, Synaptic System) to stain for dendrites, and rabbit anti-
RHEB (1:100, catalogue number: 4935, Cell Signaling). Donkey anti-guinea-pig-Alexa647-
and donkey anti-rabbit-Alexa488-conjugated were used as secondary antibodies (all 1:200,
catalogue numbers: 706-605-148 and 711-545-152, respectively, Jackson ImmunoResearch).
Slides were mounted using mowiol-DABCO mounting medium. Confocal images were acquired
using a LSM700 confocal microscope (Zeiss). For the analysis of the neuronal transfections,
at least ten distinct confocal images (x20 objective, 0.5 zoom, 1024 x 1024 pixels; neurons
were identified by the red immunostaining signal) were taken from each coverslip for each
experiment. Image] software was used for the analysis of the soma size, by drawing a line
around the soma of the cell. For each coverslip, the area of the transfected cells was normalized
against the area of the non-transfected cells (five cells per coverslips). These values were then
normalized against the mean value of the control (control vector).
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In vivo modeling in mice. The in utero electroporation was performed as described before (Saito
and Nakatsuji, 2001). Pregnant FvB/NHsD mice at E14.5 of gestation were used to target the
progenitor cells giving rise to pyramidal cells of the layer 2/3 (Taniguchi et al.,, 2012). The
DNA construct (1.5-3 pg/ul) was diluted in fast green (0.05%) and injected in the lateral
ventricle of the embryos while still in utero, using a glass pipette controlled by a Picospritzer
® III device. To ensure proper electroporation of the injected DNA constructs (1-2 pl) into the
progenitor cells, five electrical square pulses of 45 V with a duration of 50 ms per pulse and
150 ms inter-pulse interval were delivered using tweezer-type electrodes connected to a pulse
generator (ECM 830, BTX Harvard Appartus). The positive pole was targeting the developing
somatosensory cortex. The following plasmids were injected: control vector, RHEB-WT,
RHEBp. P37L and RHEBp.S68P. After birth, pups were sacrificed at PO or P7 for histochemical
processing (to investigate neuronal migration) or used to monitor seizure development.

For the migration analysis, confocal images (x10 objective, 0.5 zoom, 1024 x 1024
pixels) were taken from 2 to 3 non-consecutive sections from 2 and 3 electroporated animals
per control and RHEB-containing plasmids, respectively. Images were rotated to correctly
position the cortical layers, and the number of cells in different layers were counted using
Image] using the analyze particles plugin. The results were exported to a spreadsheet for
further analysis. Cortical areas from the pia to the ventricle were divided in 10 equal-sized
bins and the percentage of tdTOMATO-positive cells per bin was calculated.

For immunofluorescence, mice were deeply anesthetized with an overdose of
Nembutal and transcardially perfused with 4% PFA. Brains were extracted and post-fixed in
4% PFA. Brains were then embedded in gelatin and cryoprotected in 30% sucrose in 0.1 M
phosphate buffer (PB), frozen on dry ice, and sectioned using a freezing microtome (40/50 pm
thick). Free-floating coronal sections were washed in 0.1 M PB and a few selected sections were
counterstained with 4’,6-diamidino-2- phenylindole solution (DAPI, 1:10,000, Invitrogen)
before being mounted with mowiol® (Sigma-Aldrich) on glass. Overview images of the coronal
sections were acquired by tile scan imaging using a LSM700 confocal microscope (Zeiss)
with a x10 objective. Zoom-in images of the targeted area were taken using a x20 objective.
For seizure observations, mice obtained after in utero electroporation were observed daily
starting at P18. General behavior was observed by looking for abnormal behaviors such as
hyperactivity, the presence of stereotypical behaviors and the presence of tonic-clonic seizures,
either spontaneous or induced upon mild handling. Weaned mice were video-monitored for
24 h per day in the Phenotyper (Noldus), to assess seizure onset. Abnormal behaviors and
onset of seizures were scored and analysed for each mouse by an expert experimentalist who
had been blinded to the identity of samples (i.e., which plasmid had been transfected).

Statistical analysis used for the mouse studies. Statistical difference in soma size between the
RHEB WT and mutants was determined using one-way analysis of variance (ANOVA) followed
by Tukey’s post hoc test for multiple comparisons. The effect of rapamycin treatment on soma
size was determined using two-way analysis of variance (ANOVA) followed by Bonferroni’s
post hoc test for multiple comparisons. For the analysis of the in utero electroporation data,
a two-way ANOVA repeated measure was performed, followed by the Bonferroni’s multiple
comparisons test. For the analysis of epilepsy onset, the log-rank Mantel-Cox test was used.
The significance threshold was set at p < 0.05. Data are presented as mean * standard error of
the mean (SEM).
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Fig. 1 Schematic overview of selected mTOR-related genes. Schematic representation of the genes (n = 101) included
in our mTOR-related gene-set based on three different authoritative publications (Kolch, 2005; Thompson et al.,
2014; Turner et al, 2017b;). Both proteins acting upstream of mTOR and proteins acting downstream of mTOR
were included. Additionally, we subdivided the total set in two subsets: the RAS-MAPK-mTOR subset and the PI3K-
AKT-mTOR subset. In both subsets, downstream genes are included as well. Genes in which we identified de novo
mutations in this study were marked with a yellow star, and genes previously reported to cause ID and (relative)
macrocephaly are shown in bold and dark green

RESULTS

mTOR-related mutations are associated with macrocephaly. To assess the overall burden
of mTOR defects to ID, we performed whole-exome sequencing (WES) in a cohort of 826
patients with ID cataloguing de novo mutations (Supplementary Data 1) in a set of 101 mTOR-
related genes (Supplementary Data 2, Fig. 1). We identified 17 de novo mutations affecting 10
different mTOR-related genes, providing a possible genetic diagnosis in 2.1% of our cohort.
Five of the identified genes were known ID genes (PIK3R1, PIK3R2, RAF1, PPP2R5D, MTOR)
and five (RHEB, RAC1, PPP2R5E, PPP2CA, ERK1) were not associated with ID previously (Fig.
1, Table 1, Supplementary Data 3). Three of the five novel genes (RHEB, RAC1, and PPP2CA)
showed a significant enrichment for de novo mutations in our patient cohort (Table 1,
Supplementary Table 1). Combining the gene-specific mutation rates of all individual mTOR-
related genes, we found a significant enrichment for de novo mutations in mTOR-related genes
(p = 3.50e-04) (Supplementary Table 1). Additionally, we found significant spatial clustering
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Table 1 Identified mutations with bonferroni corrected p-value and occipital frontal cir: ference (OFC) of patients with de novo
mutations in mTOR-related genes
Patient key Gene c.DNA Protein change Known ID gene OFC Bonferroni-corrected p-value
1 RHEB c.202 T>C p.(S68P) No >+2.5SD 4.514e-03"
2 RHEB c0C>T p.(P37L) No >+2.5SD
3 RHEB cNOC>T p.(P37L) No >+25SD
4 RACT c53G>A p.(C18Y) No <-25SD 7.657e-03
5 RACT c6 A>G p.(N39S) No <-25SD
6 PPP2R5E c.605T>G p.(V202G) No No data 1
7 PPP2CA c.882dup p.(R295*) No No data 1.696e-02
8 PPP2CA c572 A>G p.(H191R) No >+2.5SD
9 ERK1 c569 T>C p.(1190T) No <-25SD 1
10 PIK3R1 c1359C>G p.(N453K) Yes Normal 7.662e-02
1 PIK3RT c1692 C>G p.(N564K) Yes >+2.5SD
12 PIK3R2 cM7G>A p.(G373R) Yes >+25SD 1
13 RAF1 c1082 G>C p.(G361A) Yes Normal 1
14 PPP2R5D c1258 G>A p.(E420K) Yes No data 7.832e-04
15 PPP2R5D c598 G>A p.(E200K) Yes >+25SD
16 PPP2R5D c592G>A p.(E198K) Yes >+2.5SD
17 MTOR c4555 G>A p.(A1519T) Yes >+2.55D 1
OFC occipital frontal circumference; SD standard deviation
*In the statistical enrichment analysis, the RHEB p.(P37L) variant was considered as a single event
Table 2 Number of patients with macrocephaly, normal OFC, and microcephaly
Macrocephaly Normal OFC Microcephaly
Patients with clinical data (n=732) 47 580 105
Patients with de novo mutation(s) (n=553) 35 442 76
Patients with de novo mutation in mTOR-related gene (n=14) 9 2 3
Patients with de novo mutation in gene not related to mTOR (n=539) 26 440 73
OFC occipital frontal circumference

of de novo missense variants for a single gene (PPP2R5D: p < 1e-07; permutation test) and
a general pattern of spatial clustering across the five genes with recurrent de novo missense
variants (p = 0.0057, Fisher’s combined probability test; Supplementary Table 2).

To investigate the contribution of mTOR-related mutations on brain overgrowth, we
performed a literature analysis of the 101 mTOR genes. This search showed that 23 genes
had been previously reported to cause syndromic ID, with the majority (18/23; 78%) being
associated with varying degrees of macrocephaly or relative macrocephaly (Supplementary
Table 3). Motivated by this observation, we collected occipital frontal circumference (OFC)
data from 732/826 patients (Supplementary Data 4). Macrocephaly was present in 6% of
patients in our cohort (47/732 ID patients), a rate comparable to previous reports from an
independent cohort (de Ligt et al, 2012). De novo mutations were identified in 76% of our
cohort (553/732 patients; Table 2). Among the 35 patients presenting with ID, macrocephaly,
and a de novo mutation, we found a significant enrichment (p = 9.084e-09) for de novo
mutations within genes of the mTOR pathway (9/14) compared to genes that operate in mTOR
independent pathways (26/539) (Table 2). In contrast, microcephaly was not enriched among
patients with de novo mutations in mTOR-related genes (p = 0.4228).

mTOR pathway contributes to intracranial volume. Driven by the high frequency of
brain overgrowth described in the literature and the strong enrichment of macrocephaly in
patients with mutations in mTOR-related genes in our cohort, we tested our set of 101 mTOR
pathway genes for an association with intracranial volume (ICV) in the general population
(Fig. 1, Supplementary Table 2). The final data set contained 76,746 SNPs in 96 autosomal
genes (data were unavailable for X-chromosomal ARAF, RPS6KA3, RPS6KA6, RRAGB, and
PPP2R3B). Using the ENIGMA2 data set (n = 13,171) we found a significant association of
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the entire mTOR gene set with ICV for the self-contained test (p_ .. .= 0.0029088) and a
suggestive association for the competitive test (pmmpetitive = 0.054742). Data from the CHARGE
consortium (n = 12,803) similarly revealed a significant association of the mTOR gene set with
ICV for the self-contained test, but not for the competitive test (p_,. . =0.00076589 and
P competitive = 0.22105, respectively). Meta-analysis of the two data sets, confirmed the significant
association of the mTOR gene set with ICV both for self-contained and competitive tests
(Pycontaimea = 1-3895€-05, P compettive = 0.025764). Post hoc testing of the two major branches
of the mTOR pathway separately (RAS-MAPK-mTOR, 76 genes; PI3K-AKT-mTOR, 60 genes;
Fig. 1, Supplementary Table 4) showed stronger association of PI3K-AKT-mTOR than RAS-
MAPK-mTOR with ICV (PI3K-AKT-mTOR: p. ... = 0.00092471, p_ ... = 0.0079133;
RAS-MAPK-mTOR: p_; .\ inea = 2:2885€-07,p_ ... = 0.068983). The role of the PI3K-AKT-
mTOR pathway in volumetric variation of the brain was further strengthened by testing the
previously described Reactome_PI3K_AKT _activation gene-set (Adams et al., 2016) (35 genes;
Pett-contained = 3:8649€=13; D e = 0.00028957; Supplementary Table 5). Not all 96 genes in
the gene-set analysis showed significant association with ICV individually. The most strongly
associated individual gene was AKT3 (P = 2.22E-05) and in total, 18 genes of the mTOR gene
set including APC (P = 0.00042), and the new ID gene RHEB (P = 0.0041), showed nominally
significant association with ICV (Supplementary Fig. 1; Supplementary Table 6).

RHEB mutations cause increased neuronal cell and head size. Two of the three individuals
with de novo RHEB mutations were siblings and carried the same heterozygous p.(Pro37Leu)
mutation, while a sporadic individual carried the p.(Ser68Pro) allele. The p.(Pro37Leu)
mutation was not identified in either parent, suggesting parental gonadal mosaicism (Fig. 2a).
The RHEB mutations are located in the RAS domain (Fig. 2b, c) and are absent from ExAC
(query for RHEB: http://exac.broadinstitute.org/gene/ENSG00000106615), EVS (http://evs.
gs.washington.edu/EVS/), or our internal clinical exome databases. All three individuals (Fig.
2d) with de novo RHEB mutations had short stature (-2 to -3 SD) and early brain overgrowth
with pronounced macrocephaly during childhood (+2.5/+3 SD). They had severe to profound
ID with hypotonia, as well as autism spectrum disorder. Two of three individuals were reported
to have epilepsy. No epileptic episodes were noted for the third patient, but EEG recordings
were suggestive of epileptic discharges (Supplementary Note, Supplementary Table 7).
Brain magnetic resonance imaging (MRI) evaluation of the patient with the p.(Ser68Pro)
allele, confirmed megalencephaly with broad frontal lobes and mild dilatation of the lateral
ventricles. The MRI scan further showed a thickened rostrum of the corpus callosum and small
splenium, and mild hypoplasia of the lower cerebellar vermis (Fig. 2e).

We selected the RHEB mutations to obtain experimental evidence for our
hypothesis that de novo changes in mTOR- related genes are likely due to a gain-of-function
mechanism, resulting in hyperactivation of mTOR, as previously shown for other syndromic
neurodevelopmental cases associated with macrocephaly. We first tested in vitro whether the
RHEB de novo changes have an impact on overall mTOR activity levels. Given that mTORC1
regulates cell size (Tavazoie et al., 2005; Takei et al., 2014), we used primary hippocampal
neuron soma size as a readout to assess differences between RHEB-WT overexpressing vs.
RHEBp.P37L and RHEBp.S68P overexpressing neurons. A significant increase in soma size was
detected already in RHEB-WT transfected neurons, suggesting that RHEB is a highly dosage
sensitive gene, likely causing hyperactivation of the mTOR pathway (Kassai et al., 2014).
Overexpression of the RHEB mutant proteins caused an increase in soma size, confirming that
these mutations do not cause aloss of function (Fig. 3a, b, one-way ANOVA, p < 0.0001, F(3,260)
= 50.35; control vector vs. RHEB-WT: p < 0.0001; control vector vs. RHEBp.P37L: p < 0.0001;
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Fig. 2 De novo mutations in RHEB cause an ID syndrome associated with megalencephaly. a Pedigree structure,
disease status and genotype information for patients with changes in RHEB. b Schematic of the RHEB protein and the
RAS domain. ¢ Schematic of the N-terminal portion of the human RHEB protein. G-box residues characteristic of RAS
superfamily proteins’ are shown in blue; highly conserved residue conserved in 90% of the RAS superfamily members
are shown in red. Dotted lines are showing the amino-acid residues mutated in patients described in the context of
this study. d Photographs of the probands carrying de novo variants in RHEB. e MRI images (left: axial, T2-weighted;
right: sagittal midline, T1-weighted) of the proband (age 1 year, 9 months) carrying the de novo RHEBp.S68P variant,
showing macrocephaly, megalencephaly, broad frontal lobes, mild dilatation of lateral ventricles, large rostrum of
corpus callosum and mild hypoplasia of the lower cerebellar vermis. No cortical malformations have been observed

control vector vs. RHEBp.S68P: p < 0.0001 by Tukey’s multiple comparisons test). Notably,
overexpression of RHEBp.P37L had the strongest effect inducing a significantly pronounced
increase in soma size compared to RHEB-WT (p < 0.05) and RHEBp.S68P (p < 0.05).

We next sought to evaluate the relevance of these variants in the development
of neuroanatomical phenotypes in a developing zebrafish in vivo model. Toward this,
we identified the sole zebrafish rheb ortholog (96% similarity, 91% identity). First, we
corroborated that the variants identified are not acting through a loss of function mechanism
by generating a CRISPR-Cas9 system to introduce deletions. Assessment of head size in mosaic
FO embryos injected with a guideRNA against exon 3 showed microcephaly in two biological
replicates, which was opposite to the phenotype observed in the patients (Supplementary
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Fig. 3 De novo mutations in RHEB increase soma size and headsize, phenotypes that can be rescued by rapamycin. a
Representative confocal images of hippocampal neurons transfected with control vector, RHEB-WT, RHEBp.P37L or
RHEBp.S68P. b Summary bar graph of soma size measured for each condition and normalized to the control vector. c
Summary bar graph of soma size measured with and without rapamycin. Data are presented as mean = SEM. Numbers
depicted in the bar graph in b represent the number of independent cultures/total number of cells analyzed and in
¢ number of cells analysed. Statistical significance was assessed by one-way ANOVA followed by Tukey’s post hoc
test (*p < 0.01). d Dorsal view of 5 dpf control and overexpressant zebrafish larvae. For each experiment, embryos
were injected with either WT or mutant RHEB human mRNA message. The area between the eyes was measured for
every embryo, to produce a quantitative score. e Bar graph showing the quantification of the headsize phenotype
in control embryos and embryos injected with either WT or mutant human RHEB with and without rapamycin. The
graph represents cumulative plotted experiments across three biological replicas. Statistical analyses were performed
by Student’s t-test

Fig. 2). We next evaluated the effect of the rheb alleles on head size under a gain of function
and mTOR hyperactivating paradigm, as suggested through our in vitro studies. To test this
hypothesis, we injected human WT or mutant RHEB mRNA into 1- to 4-cell stage zebrafish
embryos. Expression of WT human RHEB induced a significant increase in the headsize area
of 5 dpflarvae (p = 0.0013). Overexpression of either RHEBp.P37L or p.S68P, also resulted in
significantly increased headsize, reminiscent of the megalencephaly seen in our patients (p
< 0.0001 for either mutant allele when compared to WT RHEB; Fig. 3d, e). This finding was
reproducible across three independent biological replicates.

Rapamycin rescues neuronal soma and head size defects. Antagonists of the mTOR
pathway, such as rapamycin, can ameliorate some of neurological deficits associated with
mTOR hyperactivity (Talos et al, 2012; Franz et al, 2013; Wheless et al., 2015; French et
al.,, 2016; Overwater et al, 2016). To evaluate whether this is true for the RHEB activating
mutations described here, we treated the neurons with 20 nM rapamycin or vehicle 1 day after
transfection for 3 days and assessed neuronal soma size. We found that while the soma size of
RHEB-WT overexpressing neurons nominally decreased, a statistically significant reduction
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of neuronal soma size was observed for both RHEBp.P37L and RHEBp.S68P and a trend in
the same direction was seen for RHEB-WT (Fig. 3¢, two- way ANOVA, effect of treatment p <
0.0001, F(1,89) = 16.29; RHEBp.P37L vehicle vs. RHEBp.P37L Rapamycin p < 0.01; RHEBp.
S68P vehicle vs. RHEBp.S68P Rapamycin: p < 0.05; RHEB-WT vehicle vs. RHEB-WT Rapamycin:
p = 0.1; by Bonferroni’s multiple comparisons test). Taken together, these data show that
overexpression of either wild-type or mutant RHEB induces an mTOR-dependent increase in
soma size and that this phenotype can be rescued through the administration of the known
mTOR antagonist rapamycin. Grounded on the in vitro observations, we next explored the
possibility of rapamycin serving as a putative therapeutic agent in vivo. Toward this, we co-
injected rapamycin together with WT or mutant RHEB mRNA in zebrafish embryos and we
compared the embryos’ head size at 5 dpf. Rapamycin alone did not induce any appreciable
neuroanatomical pathologies, or indeed any other overt morphological phenotype(s) (Fig. 3e).
In contrast, rapamycin sufficiently and reproducibly rescued the macrocephalic phenotype
induced by both RHEBp.P37L and RHEBp.S68P, suggesting that suppression of mTOR
hyperactivity might present a therapeutic target for disease ammelioration (Fig. 3e).

RHEB mutations affect neuronal migration and induce seizures. Previous studies
have shown that mTOR signaling is not only involved in cell morphology and growth, but
also plays a role in neuronal migration. Increased mTOR activity in vivo, induced either by
overexpression of a constitutively active RHEB or by inactivating mutations in the Tsc1 or Tsc2
genes, two negative regulators of RHEB, causes neuronal migration defects (Feliciano et al.,
2011; Zhou et al., 2011; Lafourcade et al., 2013; Baek et al., 2015; Moon et al., 2015; Lin et al,,
2016). We performed in utero electroporation at E14.5 to induce the in vivo overexpression
of RHEB-WT, RHEBp.P37L, and RHEBp.S68P, and tested the effect of the RHEB mutations on
neuronal migration in the still developing somatosensory cortex of PO pups (Dehay et al.,
2007; Molyneaux et al.,, 2007). Although in neuronal cultures overexpression of RHEB-WT
and RHEB mutants increased soma size equally, the results obtained in vivo showed notable
differences between these proteins. We observed that while cells transfected with the control
vector efficiently migrated to the cortical plate (CP), cells transfected with RHEB-WT could be
found in all the layers of the cortex (Fig. 4a). Strikingly, the majority of cells transfected with
either RHEBp.P37L or RHEBp.S68P remained in the subplate (SP), indicating more severe
migration deficits compared to RHEB-WT overexpression (Fig. 4a). At P7, when the cortical
layers are more defined, the difference between RHEB-WT and RHEBp.P37L or RHEBp.S68P
was even more striking (Fig. 4b). Analysis of the number of tdTomato-positive cells present
in the different cortical layers showed a significant difference between the four different
conditions (two-way repeated measure ANOVA, effect of interaction: F(27,180) = 13.73, p <
0.0001), consistent with our previous in vitro and in vivo studies that the mutations in RHEB
are gain-of-function hyperactivating mutations. Consistent with our findings in primary
neuronal cultures, post hoc analysis revealed that the RHEBp.P37L mutation yielded the
strongest effects among evaluated conditions (Fig. 4c).

Neuronal migration deficits are often linked with seizures and ID (Guerrini and
Parrini, 2010). Additionally, the link between an epileptogenic phenotype and hyperactivity
of the mTOR pathway has been established from studies in both human and mice (Cho, 2011;
Abs et al, 2013; Hsieh et al., 2016). Interestingly, knockdown of the TSCI gene, a negative
regulator of the mTOR pathway, in just a subset of cortical neurons reduces the threshold for
seizure induction (Feliciano et al, 2011). Careful monitoring of the in utero electroporated
mice, revealed that overexpression of RHEB-WT, RHEBp.P37L, and RHEBp.S68P resulted
in spontaneous tonic-clonic seizures starting at P20 (Supplementary Movie 1). Seizures
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Fig. 4 Overexpression of RHEB mutants in vivo causes deficits in neuronal migration and seizures in mouse. a, b
Representative images of E14.5 in utero electroporated PO brains (a) or P7 brains (b), with an enlargement showing the
migratory pathway of the transfected cells (tdTomato+) from the intermediate zone (IZ) and subplate (SP) to the more
superficial layers of the cortex (CP = cortical plate and MZ = marginal zone). ¢ Quantification of the neuronal migration
pattern observed in different conditions. Data are presented as mean + SEM. Statistical significance was assessed by
two-way repeated measure ANOVA followed by Bonferroni’s posthoc test (for bins 2-4: *indicates significant difference
between control vector and the different RHEB conditions (p < 0.0001); #indicates significant difference between the
RHEB-WTandall other conditions (p<0.0001); forbins9and 10: *indicates significantdifference between control vector
and RHEBp.P37L and RHEBp.S68P; #indicates significant difference between RHEB-WT and RHEBp.P37L and RHEBp.
S68P (p < 0.0001)); §indicates significant difference between RHEB-WT and RHEBp.P37L (p < 0.0001); £indicates
significant difference between RHEBp.P37L and RHEBp.S68P (p < 0.001). d Kaplan-Meier graph representing onset of
tonic-clonicseizuresinsuccessfully targeted mice. Theinsertlegendsofthe graph showNPmms/NmiCC (cJorN_ /N, .. (d)

were particularly common in mice expressing mutant RHEB: whereas 20% (2/10) of mice
expressing RHEB-WT developed epilepsy, all (7/7) mice expressing RHEBp.P37L and 83%
(5/6) of mice expressing RHEBp.S68P developed spontaneous seizures (Fig. 4d). Consistent
with our findings from primary neuronal cultures and neuronal migration following in utero
electroporation, the RHEBp.P37L allele was shown to have the strongest effect, as the mice
expressing this allele also showed a significantly earlier onset of seizures (log-rank (Mantel-
Cox) p < 0.01 compared to RHEBp.S68P; Fig. 4d). Taken together, our in vivo results further
corroborate the conclusion that the missense mutations in RHEB act as dominant activating
mutations.

DISCUSSION

Here we studied the contribution of mTOR-related genes to ID and brain overgrowth in 826
ID patients unselected for any other phenotypic features and found 17 germline de novo
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mutations in genes related to mTOR, providing a possible genetic diagnosis for 2.1% of our
cohort. We show that genes encoding components of the mTOR pathway, contribute to rare
and common alleles that impact brain volume and provide insight into neurodevelopmental
processes mediated through mTOR hyperactivity and outlook to potential treatment options
for a subset of patients with ID.

A significant fraction of patients harboring a de novo mutation in mTOR-related genes
was observed to be macrocephalic. The link between mTOR mutations and ID and/or head
size differences has already been established through numerous studies that identified genes
such as AKT3, PIK3CA, PPP2R5D, and recently MTOR itself (Lee et al., 2012; Riviere et al., 2012;
Houge et al., 2015; Mirzaa et al., 2016). In fact, from the 23 genes previously reported to cause
ID among our gene-set of 101 mTOR-related genes, most (18/23, 78%) have been associated
in the literature with macrocephaly or relative macrocephaly. Our study significantly extends
these findings: of the 35 patients with macrocephaly in the complete cohort, 9 patients (26%)
harbored a de novo mutation in mTOR-related genes. As such, genes in this pathway should be
carefully evaluated in patients with ID and macrocephaly.

Motivated by the high frequency of brain overgrowth in previous reports of mTOR-

related syndromes, and in patients with mutations in mTOR-related genes in our cohort, we
reasoned that the highly penetrant activating alleles that we identified de novo might represent
only a fraction of alleles associated with severe neurocognitive disorders, and that more
common and less penetrant alleles might be associated with head and brain growth in the
general population. Indeed, a combined analysis of common variants of all 96 autosomal genes
in the mTOR-related gene-set showed significant association with ICV in two large imaging
genetics samples from the CHARGE and ENIGMA consortia, confirming our initial hypothesis.
Interestingly, the PI3K-AKT-activation pathway (35 genes from the reactome gene-set) was
recently shown to be among the most strongly associated pathways for ICV in an enrichment
analysis testing 671 Reactome gene-sets using the same cohorts (Adams et al., 2016). Our
analyses support and expand this conclusion by testing a different, carefully selected gene-
set (only 15 out of 96 genes overlapping). Taken together, our data support a model by which
mTOR-related genes, including the newly discovered ID gene RHEB, contribute to variation
in brain growth, through common and rare genetic variants, in health and disease. Our
observations corroborate, how rare disorders can inform biological mechanisms underlying
common traits in the general population.
There is ongoing debate on the precise genetic composition of gene-sets. Gene-set
databases, such as KEGG (query for MTOR: http://wwwkegg.jp/kegg-bin/ highlight_
pathway?scale=1.0&map=map04150&keyword=MTOR), Ingenuity (http://www.ingenuity.
com/),and others, all differ in their coverage of specific biological pathways and their functional
annotations. In line with this observation, the number of genes mapped to pathways may also
vary greatly across the databases (Pers et al., 2016). For mTOR-related gene-sets, inclusion in
databases is incomplete, with key proteins and protein complexes such as RAC1, RAG, MEK,
and PP2A missing. For this reason, we used three authoritative reviews on mTOR signaling
describing both upstream and downstream interactors of mTOR and then used additional
evidence from the literature to subdivide various protein complexes into their constituent
proteins and genes. Therefore, our selection of 101 mTOR-related genes might be incomplete
and additional genes are likely to be involved in mTOR signaling. For this reason and because
of limitation of our methods to detect reliably somatic mosaicism, a mechanism thought to
be a significant contributor to mutation burden in this pathway (Lee et al., 2012; Riviere et
al.,, 2012; Mirzaa et al., 2016), we postulate that the diagnostic rate within our cohort (2.1%)
might represent the lower bound of the estimate.
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In this study, we identified de novo mutations in both known ID genes (PIK3RI1,
PIK3R2, RAF1, PPP2R5D, MTOR) and novel candidate ID genes (RHEB, RAC1, PPP2R5E, PPP2CA,
ERK1). For the most frequently mutated gene, RHEB, we show that hyperactivating mutations
cause an ID syndrome with brain overgrowth and epilepsy. The finding that these mutations
are hyperactivating, is in line with the observation that loss of RHEB activity does not result
in overt neurological phenotypes in Rheb mutant mice (Goorden et al, 2015). Several
mechanisms, such as increased proliferation, increased soma size and reduced apoptosis
are known to have a role in the development of megalencephaly (Sun and Hevner, 2014). We
observed a significant increase in soma size upon overexpressing WT and mutant RHEB alleles
in vitro. Since RHEB is the canonical activator of mTOR, this finding is consistent with other
reports that have highlighted mTOR as a main regulator of cell size (Tavazoie et al., 2005;
Kwon et al., 2006; Meikle et al., 2008; Lin et al., 2016). In vivo, we postulate that the increased
soma size might represent one of the mechanisms through which macrocephaly occurs, as
the zebrafish embryos injected with mutant RHEB were phenotypically concordant with the
human patients. Further dissecting the pathomechanism(s) underlying RHEB-associated ID,
we showed severe neuronal migration defects in mouse embryos electroporated with mutant
RHEB and an increased incidence of epileptogenic activity postnatally. These findings are
reminiscent to what has been observed for mutations of MTOR itself. Constitutive activation of
mTORC1 causes enlarged neuronal somata in rodent neurons, and focal cortical expression of
MTOR mutations has been reported to disrupt neuronal migration and to cause spontaneous
seizures by in utero electroporation in mice (Lim et al., 2015; Mirzaa et al.,, 2016; Hanai et al.,
2017). This observation shows that activating mutations in different genes of the mTORC1
branch of the mTOR pathway act through convergent mechanisms and have similar phenotypic
outcomes.

Based on these observations, we reasoned that patients with activating RHEB
changes might be able to benefit from therapies that result in a reduction of mTOR activity,
such as rapamycin. Indeed, we here showed that suppression of mTOR levels through the
administration of the mTOR antagonist rapamycin can significantly and reproducibly prevent
both the neuronal soma size phenotype in vitro and the macrocephalic phenotype in vivo.
Recent studies have reported successful implementation of mTOR inhibitor treatment in
individuals with TSC-associated epilepsy and brain tumors (Franz et al., 2013; French et al,
2016; Overwater et al., 2016). In a conceptually similar paradigm, fibroblasts from a patient
with an mTOR activating PIK3CA change, were treated successfully with the PI3K inhibitors
wortmannin or LY294002, which abrogated the overactivation of the pathway (Loconte et al.,
2015). Itis premature to advocate the use of rapamycin in patients with ID and mutations in all
mTOR-related genes, not least because of the potentially adverse effects induced by prolonged
exposure to this agent (Fang et al., 2013). However, we speculate that targeted administration
of mTOR inhibitors (rapamycin, wortmannin, everolimus as well as currently emerging second-
generation drugs), perhaps during critical postnatal neurodevelopmental windows, might be
of significant benefit to patients. In that context, rapid molecular diagnosis in both known
ID genes and candidate ID genes, would be a critical component of the treatment decision
process.

In conclusion, our data show that a large number of mTOR-related genes together
modulate human brain volume in the population. Severe disruption of such mTOR-related
genes can cause intellectual disability and brain overgrowth, most likely through mTOR
hyperactivation.
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Supplementary Figure 1 Schematic overview of MTOR-related genes showing nominally significant association with
intracranial volume in population. Genes (n=101) were included in our MTOR-related gene- set based on three different authoritative
publications. Both proteins acting upstream of MTOR and proteins acting downstream of MTOR were included. Additionally, we
subdivided the total set in two subsets: the RAS-MAPK- MTOR subset and the PI3K-AKT-MTOR subset. In both subsets, downstream
genes are included as well. Genes in which we identified de novo mutation in this study are marked with a yellow ellipse and genes
previously reported to cause ID and (relative) macrocephaly are shown in bolt and dark green. Genes with nominally significant
association with ICV in population (n=18) are marked with a bold, orange eclipse (p<0.01) or striped, orange eclipse (p<0.05).
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Supplementary Figure 2 Evidence for the
efficiency of the CRISPR reagent used to
suppress the endogenous expression of
rheb in developing zebrafish embryos. (A)
Gel image showing the efficiency of the rheb
guide RNA following T7 endonuclease assay
evaluation (band MW: 304bp). The first
two lanes show control amplicons from the
locus flanking the targeted sequence, with
no aberrations observed. In the embryos
injected with rheb guide RNA and Cas9
protein, aberrations are evident for embryos
#1 - #5, showing that the guide is efficiently
introducing sequence aberrations in all
injected embryos. PCR fragments from 4 rheb
embyos with a positive T7 assay were cloned
into the pCR4/TOPO TA cloning vector (Life
technologies), and 40 clonies from each
cloned embryo were Sanger sequenced.
Sequence aberrations were observed in
~75% of the evaluated rheb clones. (B) Bar
graph showing the quantification of the
headsize phenotype in control embryos and
larvae injected with rheb guide RNA and
Cas9. Statistical analyses were performed by
Student’s t- test.
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Supplementary Figure 3 Schematic representation of the dual-promotor expression vector with the different RHEB constructs.
Schematic representation of the control vector consisting of a CAGG promoter followed by a multiple cloning site (MCS) to insert genes
of interest. The tdTomato gene is expressed under the PGK promoter, to allow for independent expression of both the gene of interest

and tdTomato.
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Supplementary Tables

Supplementary Table 1: Statistical enrichment analysis of de novo mutations in MTOR-related genes

Gene name Expected gene- Number functional Functional p-value  Bonferroni corrected,

specific mutation rat« DNMs functional p-value
AKT1 2.21E-05 0 1 1
AKT2 2.09E-05 0 1 1
AKT3 1.46E-05 0 1 1
APC 8.18E-05 0 1 1
ARAF 2.51E-05 0 1 1
ATG14 1.91E-05 0 1 1
AXIN1 3.47E-05 0 1 1
AXIN2 3.35E-05 0 1 1
BECN1 1.52E-05 0 1 1
BRAF 2.31E-05 0 1 1
CAD 8.79E-05 0 1 1
EIF4EBP1 2.83E-06 0 1 1
EIFAEBP2 5.17E-06 0 1 1
EIF4EBP3 2.39E-06 0 1 1
GRB10 1.89E-05 0 1 1
GRB2 8.44E-06 0 1 1
GSK3B 1.48E-05 0 1 1
HRAS 7.87E-06 0 1 1
IMMP1L 5.23E-06 0 1 1
IMPA1 8.26E-06 0 1 1
IMPA2 1.12E-05 0 1 1
KRAS 5.20E-06 0 1 1
KSR1 3.09E-05 0 1 1
LPIN1 3.12E-05 0 1 1
MAP2K1 1.20E-05 0 1 1
MAP2K2 1.43E-05 0 1 1
MAP2K5 1.32E-05 0 1 1
MAPK1 9.81E-06 0 1 1
MAPK3 1.48E-05 1 0.024153414 1
MAPK7 3.01E-05 0 1 1
MAPKAP1 1.84E-05 0 1 1
MARK3 2.65E-05 0 1 1
MLST8 1.54E-05 0 1 1
MTOR 9.24E-05 1 0.141527932 1
NF1 8.54E-05 0 1 1
NRAS 5.78E-06 0 1 1
PDK1 1.40E-05 0 1 1
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PIK3C2A 4.81E-05 0 1 1
PIK3C2B 6.00E-05 0 1 1
PIK3C2G 3.75E-05 0 1 1
PIK3C3 2.77E-05 0 1 1
PIK3CA 3.27E-05 0 1 1
PIK3CB 3.27E-05 0 1 1
PIK3CD 4.42E-05 0 1 1
PIK3CG 4.05E-05 0 1 1
PIK3R1 2.39E-05 2 0.000758647 0.076623383
PIK3R2 2.48E-05 1 0.040082839 1
PIK3R3 1.53E-05 0 1 1
PIK3R4 4.25E-05 0 1 1
PIK3R5 2.07E-05 0 1 1
PIK3R6 0.001017849 0 1 1
PPP2CA 1.12E-05 2 0.000167888 0.016956732
PPP2R1A 2.18E-05 0 1 1
PPP2R1B 2.03E-05 0 1 1
PPP2R2A 1.31E-05 0 1 1
PPP2R2B 1.65E-05 0 1 1
PPP2R2C 1.92E-05 0 1 1
PPP2R2D 1.58E-05 0 1 1
PPP2R3A 3.17E-05 0 1 1
PPP2R3B 2.22E-05 0 1 1
PPP2R3C 1.30E-05 0 1 1
PPP2R5A 1.49E-05 0 1 1
PPP2R5B 1.73E-05 0 1 1
PPP2R5C 1.67E-05 0 1 1
PPP2R5D 2.20E-05 3 7.75E-06 0.000783174
PPP2R5E 1.47E-05 1 0.023980694 1
PRKAA1 1.76E-05 0 1 1
PRKAA2 1.71E-05 0 1 1
PRKAB1 1.08E-05 0 1 1
PRKAB2 7.86E-06 0 1 1
PRKAG1 9.64E-06 0 1 1
PRKAG2 2.18E-05 0 1 1
PRKAG3 1.72E-05 0 1 1
PTEN 1.20E-05 0 1 1
RAC1 7.48E-06 2 7.58E-05 0.007657126
RAF1 2.27E-05 1 0.036735716 1
RHEB 5.74E-06 2 4.47E-05 0.004514218
RICTOR 5.23E-05 0 1 1
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Supplementary Table 4: Subdivision of genes in two major branches of the

MTOR pathway - -
RAS-MAPK-MTOR branch PI3K T-MTOR branch
3845 3667
3265 5290
4893 5291
369 5293
673 5294
5894 5295
4763 5296
5604 8503
5605 23533
5607 146850
8844 5286
5518 5287
5519 5288
5520 5289
5521 30849
5522 5728
55844 5163
5525 207
5526 208
5527 10000
5528 7248
5529 7249
5523 51256
28227 6009
55012 64223
6801 2475
5515 57521
4140 10670
3612 10325
3613 64121
5595 58528
5594 324
5598 8312
6195 8313
6197 2932
6196 5562
27330 5564
7248 5571
7249 5563
51256 5565
6009 51422
64223 53632
2475 5879
57521 79109
10670 253260
10325 8408
64121 6198
58528 6199
22863 1978
196294 1979
8312 8637
8313 2887
2932 6194
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Supplementary Table 5: Gene-based results of Reactome_PI3K_AKT _activation gene-set using the
MAGMA software

Genename NSNPS EFF_SIZE STAT

2309 FOXO03 6 108781026 1,09E+08 746 298 59392 1,43E-09
10000 AKT3 1 243551535 2,44E+08 861 320 4,0829 2,22E-05
387 RHOA 3 49296578 49549526 382 159 3,6811 0,000116
2931 GSK3A 19 42634338 42846736 243 87 2,7503 0,002977
5728 PTEN 10 89523195 89828532 681 320 2,7199 0,003265
5295 PIK3R1 5 67411584 67697649 1017 432 2,6298 0,004271
1147 CHUK 10 101848124 1,02E+08 621 219 2,6184 0,004417
3164 NR4A1 12 52316616 52553291 675 342 2,2467 0,012331
117145 THEM4 1 151743342 1,52E+08 620 216 2,1803 0,014617
7249 TSC2 16 1997990 2238713 604 319 1,7776 0,037731
2308 FOXO1 13 41029801 41340734 822 350 1,7677 0,038554
6199 RPS6KB2 11 67095935 67302879 309 139 1,5657 0,058706
1385 CREBI 2 208294616 2,09E+08 683 315 1,4066 0,07977
253260 RICTOR 5 38838022 39174501 878 301 1,4034 0,080253
64223 MLST8 16 2155178 2359418 343 193 1,3807 0,083687
1026 CDKNIA 6 36544237 36755116 893 366 1,3584 0,087167
4193 MDM2 12 69101971 69339212 657 313 1,2487 0,10589
79109 MAPKAP1 9 128099673 1,29E+08 1043 438 1,1962 0,11581
5291 PIK3CB 3 138274231 1,39E+08 468 167 1,0603 0,1445
4914 NTRK1 1 156685542 1,57E+08 606 238 1,045 0,14802
1027 CDKNIB 12 12770302 12975305 515 263 0,87281 0,19138
8660 IRS2 13 110306184 I,11E+08 857 410 0,72505 0,23421
207 AKT1 14 105135686 1,05E+08 676 306 0,70967 0,23895
5170 PDPK1 16 2487970 2753189 235 125 0,17362 0,43108
5296 PIK3R2 19 18164016 18381343 739 295 0,050073  0,48003
57761 TRIB3 20 261308 478203 729 417 0,043647  0,48259
4803 NGF 1 115728537 1,16E+08 977 370 -0,00436  0,50174

151



Chapter V

842 CASP9 1 15718769 15951285 753 242 -0,02734  0,51091
84335 AKTIS1 19 50272296 50480644 596 279 -0,03236  0,51291
3667 IRS1 2 227496033 2,28E+08 593 219 -0,17806  0,57066
23239 PHLPP1 18 60282672 60747666 1147 514 -0,23892  0,59442
2475 MTOR 1 11066588 11422608 776 172 -0,35988  0,64053
572 BAD 11 63937300 64152176 451 205 -0,42081 0,66305
208 AKT2 19 40636224 40891265 651 255 -0,88001 0,81057
5290 PIK3CA 3 178766311 1,79E+08 832 338 -1,5135 0,93492

Grey gene was also included in the expert-curated mTOR gene-set
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Supplementary Table 6: Gene-based results of 96 genes belonging to the MTOR gene-set using the
MAGMA software

GENE_NAME CHR NSNPS EFF_SIZE STAT

10000 AKT3 1 2,44E+08  2,44E+08 861 320 4,0829 2,22E-05
324 APC 5 1L12E+08  1,12E+08 1195 346 3.3416 0,000417
5594 MAPK1 22 22013946 22321970 911 385 3,157 0,000797
6721 SREBF2 22 42129106 42402375 732 291 2,9106 0,001804
8503 PIK3R3 1 46405812 46698708 537 169 2,7336 0,003132
5728 PTEN 10 89523195 89828532 681 320 2,7199 0,003265
6009 RHEB 7 1,51E+08  1,51E+08 770 362 2,6431 0,004107
5295 PIK3R1 5 67411584 67697649 1017 432 2,6298 0,004271
5287 PIK3C2B 1 2,04E+08  2,05E+08 727 271 2,5197 0,005872
673 BRAF 7 1,4E+08 1L41E+08 724 222 2,161 0,015346
2887 GRBI10 7 50557760 50961159 1462 504 2,0816 0,018688
5879 RACI 7 6314126 6543598 956 425 2,0013 0,022682
5523 PPP2R3A 3 1,36E+08  1,36E+08 681 294 1,9849 0,023575
5520 PPP2R2A 8 26049007 26330196 1052 490 1,8433 0,032643
5605 MAP2K2 19 3990319 4224126 642 313 1,7979 0,036094
7249 TSC2 16 1997990 2238713 604 319 1,7776 0,037731
5525 PPP2R5SA 1 2,12E+08  2,13E+08 774 307 1.7725 0,038157
6720 SREBF1 17 17614663 17840325 338 162 1,6969 0,044858
23175 LPIN1 2 11786740 12067535 996 508 1.5968 0,05516

6199 RPS6KB2 11 67095935 67302879 309 139 1,5657 0,058706
4140 MARK3 14 1,04E+08  1,04E+08 884 295 1.4962 0,067301
253260 RICTOR 5 38838022 39174501 878 301 1,4034 0,080253
64223 MLST8 16 2155178 2359418 343 193 1.3807 0,083687
8312 AXIN1 16 237440 502676 882 482 1.3013 0,096576
79109 MAPKAP1 9 1,28E+08  1,29E+08 1043 438 1.1962 0,11581

58528 RRAGD 6 89974335 90221995 709 374 1.1949 0,11606

6198 RPS6KB1 17 57870443 58127787 308 121 1,0673 0,14291
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10670

207

8637

5522

790

6194

5163
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4893
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64121
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63424681

64592143

1.51E+08

1,.32E+08

29321945

1.3E+08

78418625

52593055

72063861

36964841

18949372

1,05E+08

1,4E+08

6222305

27340258

19276254

1,73E+08

9611790

37788020

35454678

1,15E+08

57010990

1,06E+08

39108690

41551716

25258180

39205005

2.2E+08

1,33E+08

1,39E+08

63657740

64801950

1,52E+08

1,33E+08

29804695

1.31E+08

79040173

52829678

72288374

37293615

19151023

1,05E+08

1,4E+08

6665327

27566654

19480235

1,74E+08

9889172

38017883

35691519

1,15E+08

57281008

1,07E+08

39447604

41803997

25503854

39425340

2,2E+08

1,34E+08

468

672

462

1829

630

698

536

2580

963

736

976

906

676

281

1684

437

535

921

455

264

851

504

927

732

727

745

818

654

320

167

301

199

868

320

259

167

1004

361

335

447

322

306

127

782

181

261

277

254

108

286

225

332

338

296

379

253

305

162

1,0603

0,99861

0,99169

0,94281

0,92147

0,92131

0,84709

0,83039

0.7996

0,76398

0,76315

0,74297

0,70967

0,61756

0,49929

0,44216

035128

0,32056

0,29966

0.28672

0,27276

0,26948

0,24592

0,24467

0,23446

0,2306

0,20824

0,20159

0,15254

0,12783

0,1445

0,15899

0,16067

0,17289

0,1784

0,17844

0,19847

0,20316

0,21197

0,22244

0,22269

0,22875

0,23895

0,26843

0,30879

0,32919

0,36269

0,37427

0,38222

0,38716

0,39252

0,39378

0,40287

0,40336

0,40731

0,40881

0,41752

0,42012

0,43938

0,44914



Variation in a range of mTOR-related genes associates with intracranial volume and intellectual disability

5564

5286

5296

5528

8844

5288

5595

3667

5607

7248

2475

55844

3612

2932

196294

6195

5289

5565

6655

8678

208

5562

5598

5604

3613

146850

23533

6196

5521

5527

PRKABI

PIK3C2A

PIK3R2

PPP2R5D

KSR1

PIK3C2G

MAPK3

1RSI

MAP2KS5

TSC1

MTOR

PPP2R2D

IMPALI

GSK3B

IMMPIL

RPS6KAL1

PIK3C3

PRKAB2

SOS2

BECNI

AKT2

PRKAA1

MAPK7

MAP2K1

IMPA2

PIK3R6

PIK3RS5

RPS6KA2

PPP2R2B

PPP2R5C

18

17

17

14

1,2E+08

17008122
18164016
42852330
25699036
18314474
30025426
2,27E+08
67735021
1,36E+08
11066588
1,34E+08
82469151
1,19E+08
31353949
26756249
39435199
1,47E+08
50483846
40862150
40636224
40659481
19181034
66579211
11881427
8606055

8682233

1,67E+08
1,46E+08

1,02E+08

1,2E+08

17291354

18381343

43080080

26050718

18901352

30234630

2,28E+08

68199455

1,36E+08

11422608

1,34E+08

82698589

1.2E+08

31631169

27001520

39761448

1,47E+08

50798099

41076310

40891265

40898297

19386857

66883882

12130885

8870994

8969024

1,67E+08

1,47E+08

1,02E+08

512

705

739

600

1006

2012

236

593

1177

776

604

789

1055

395

416

718

1027

922

218

651

636

318

1016

1123

770

773

2152

1705
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298
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0,077046
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Grey gene was also included in the Reactome_PI3K_AKT_activation gene-set
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Supplementary Table 7: Clinical information of patients with de novo mutations in RHEB

Clinical details of individuals with de novo RHEB mutations

Gender

Age of last visit
Ethnicity

Mutations

cDNA change

Amino acid change
Chromosome position
(Hg 19)

Growth

Height

Weight (-height)
Head circumference

ICD

OCD

Development
Intellectual disability
Neurologic

Epilepsy

Hypotonia
Polyneuropathy
Spasticity

Behavior

Autistic features
Sleep disturbances
Skeletal
Scoliosis/kyphosis
Recurrent hipdislocation

Cardial
Cardiac abnormality

Brain imaging

Megalencephaly
Dilatation lateral
ventricles

Hypoplastic cerebellum

Family 1
Individual 1
Female

3.5 years
Caucasian

¢.202T>C
p-Ser68Pro
Chr7:151174492

100.5 ¢cm (-2 SD)

NR
3.5 years: 53.4 cm (+2.5 SD)

3,6 cm (+3 SD)
8.1 cm (+0.5 SD)

Severe-profound ID

MRI
Re-evaluation
+

+

+

Family 2
Individual 2
Male

29 years
Caucasian

c.110C>T
p.Pro37Leu
Chr7:151188043G>A

171cm (-2 SD)

18 years: 47 kg (-1.5 SD)
5 years: 56.5 cm (+3 SD)
29 years: 60 cm (+1.5 SD)
4 c¢m (+3.5 SD)

10 cm (+2 SD)

Severe-profound 1D

+ o+ o+

+

+
Ultrasound
Report

+

+

+

Abbreviations: NR= Not Reported; SD = Standard Deviation

Individual 3
Female

27 years
Caucasian

c.110C>T

p-Pro37Leu
Chr7:151188043G>A
151 cm (-3 SD)

17 years: 54 kg (+2 SD)
0.5 years: 50 cm (+3 SD)
23 years: 57 cm (+1 SD)
3.6 cm (+2 SD)

10 cm (+2 SD)

Severe ID

cr

NR

NR
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Chapter V

Supplementary methods

These three paragraphs have been adapted from Adams et al., 2016
ENIGMA and CHARGE

Genetics

Genotyping was performed using different commercial arrays across contributing sites. Both samples and variants
underwent stringent quality control procedures based on genetic homogeneity, call rate (< 95%), minor allele
frequency (MAF < 0.01), and Hardy-Weinberg Equilibrium (HWE p<1x10-°). Variants passing those thresholds were
used as input for imputation to the 1000 Genomes reference panel (phase 1, version 3) using validated software
packages (MaCH/minimac, IMPUTEZ2, BEAGLE, GenABLE). Variants that were poorly imputed (R2 < 0.5) or uncommon
(MAF < 0.5%) were removed before meta-analysis. Full details on the site- specific genotyping and quality control can
be found in Supplementary Table 2 of Adams et al., 2016.

Imaging

Magnetic resonance imaging (MRI) was obtained from different scanners with diverse manufacturers, field strengths,
and acquisition protocols. Images were used to estimate milliliters of ICV from automated segmentations. Most
sites measured ICV for each participant by multiplying the inverse of the determinant of the transformation matrix
required to register the subject’s MRI scan to a common template by the template volume (1,948,105 mm3), using the
FreeSurfer software. Poorly segmented images were removed after visual inspection. Most sites generated histogram
plots to identify any outliers, which were defined as individuals with a volume > 3 SD away from the mean. Statistical
outliers were only excluded if the segmentations were deemed improper. More site-specific information related to the
imaging is available in Supplementary Table 3 of Adams et al., 2016.

GWAS

GWAS of ICV were performed for each site separately, controlling for age, sex, and, when applicable, age2, population
stratification variables (MDS / principal components), study site (for multi-site studies only), diagnosis (for case-
control studies only). Studies of unrelated individuals performed a linear regression analyses whereas studies of
related individuals (ASPSFam, BrainSCALE, ERF, GeneSTAR, GOBS, NeuroIMAGE, NTR-Adults, OATS, QTIM, SYS) used
linear mixed models to account for familial relationships. Summary statistics, including effect estimates of the genetic
variant with ICV under an additive model, were used to perform a fixed-effects sample size-weighted meta-analysis
using METAL (Willer et al., 2010). After the final meta-analysis, variants were excluded if only available for fewer
than 5,000 individuals. Meta-analyses were stratified by race and done separately for discovery, replication, and

generalization samples. Site-specific quantile-quantile plots were generated to inspect presence of genomic inflation.

Supplementary Notes

Case reports

RHEB p.(Pro37Leu) (1) - This male is the first of two children of non-consanguineous parents. His younger sister
is similarly affected and is described here as individual 3. Further anamnesis of family history of developmental
delay was negative. He was born after 37 weeks of gestation with a birth weight of 3000 gram (0 SD) and APGAR
scores of 7 and 8 after 1 and 5 minutes respectively. During his first year, severe hypotonia was present. Neurologic
physical examination revealed balance problems, low stretch reflexes and polyneuropathy. An EEG showed diffuse
hypofunctional abnormalities, mainly in the posterior brain regions.

His motor development was severely delayed. Ultrasound of the cerebrum showed megalencephaly, slightly enlarged
ventricles and somewhat cerebellar hypoplasia. He could walk with support at the age of 20 months. Severe pedes
plani valgi and a broad based gait were noticed. At the age of 4 years, he could walk unsupported, but this was lost at
the age of 5 years due to the development of hip dislocation and kyphoscoliosis. Since that time, the use of a wheelchair
is required. There is a lack of speech and there is only minimal non-verbal communication possible. He has a quiet
behaviour, but mood changes are present. There are periods of hyperventilation noticed and his sleeping pattern is
irregular. Cardiac screening revealed a ventricular tachycardia and ultrasound of the kidneys showed hydronephrosis
of the right kidney, requiring surgery. He was diagnosed with gastro-oesophageal reflux, causing oesophagitis (degree
II) and requiring medical treatment.

Physical examination at the age of 5 years showed macrocephaly with a head circumference of 56.5 cm (+3 SD). Upon
evaluation at the age of 29 years, neurologic examination showed spastic tetraplegia, hypotonia and progressive
loss of power of the extremities. The patient had severe ID, with absence of speech and used a wheelchair. Physical
examination showed a normal head circumference of 60 cm (+1.5 SD) and low height of 171 cm (-2 SD). Telecanthus
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Variation in a range of mTOR-related genes associates with intracranial volume and intellectual disability

with aICD of 4 cm (+3.5 SD) and OCD of 10 cm (+2 SD) were measured. Facial dysmorphisms including frontal bossing,
low nasal bridge, prominent nose and broad mouth were present.

White, curly hair were observed. Previous genetic testing, comprising karyotyping, analysis of subtelomeric regions,
250k SNP array and Angelman analysis were normal. Using whole exome sequencing, a heterozygous de novo mutation
in RHEB was identified: Chr7 (GRch37); 9.1511880436>A; NM_005614.3:c 110c>T.(p(Pro37Leu)).

RHEB p.(Pro37Leu) (2) - This female is the second of two children of non-consanguineous parents. Her older brother
is similarly affected and is described here as individual 2. Further anamnesis of family history of developmental delay
was negative. She was born in breech position after 37 weeks of gestation with a birth weight of 2500 gram (-1 SD).
Severe hypotonia was present since birth. She had macrocephaly with a head circumference of 50 cm (+3 SD). CT scan
of the brain showed megalencephaly and wide ventricles. At the age of 3 years, epilepsy developed. She had tonic-
clonic episodes, for which she was treated with Diazepam.

Medication was stopped several years later and after that, she developed absence seizures in a frequency of a few
times per year. EEG showed diffuse abnormalities with right frontal more irritative focus. Both motor and language
development were severely delayed. She could sit without support from the age of 18 months and walk without
support from the age of 13 years. She is able to speak a few words. She was diagnosed with a kyphoscoliosis and
congenital hipdislocation, the latter requiring surgery. During periods of anxiety or excitement, hyperventilation
is present. Upon evaluation at the age of 23 years, regression of motor functions was reported and her behaviour
became more aggressive. Physical examination showed short stature with a height of 151 cm (-3 SD) and normal head
circumference of 57 cm (+1 SD). Telecanthus/hypertelorism with a ICD of 3.6 cm (+2 SD) and OCD of 2 cm (+2 SD)
were measured. Facial dysmorphisms were similar as her older brother, comprising frontal bossing, low nasal bridge,
prominent nose and broad mouth. White, curly hair were observed. Previous genetic testing, comprising karyotyping,
analysis of subtelomeric regions, 250k SNP array and Angelman analysis were normal. Using whole exome sequencing,
a heterozygous de novo mutation in RHEB was identified: Chr7 (GRch37); 9.1511880436>A; NM_005614.3:c 110c>T.
(p(Pro37Leu)).

RHEB p.(Ser68Pro) - This female is the only child of nonconsanguineous parents. There was no family history of
developmental delay. She was born after 36+4 weeks of gestation with a birth weight of 3140 gram (1 SD). At 20 weeks
of gestation, a large head circumference was detected. At the end of the pregnancy, mother had protein urea. Delivery
was in breech position without further complications. At the age of 1 month, her head circumference was 37.2 cm
(+1.63 SD). Physical examination at the age of 3.5 years showed a height of 100.5 cm (0 SD) and a head circumference
of 53.4 cm (+2.5 SD). She had severe developmental delay from the neonatal age. At the age of 4.5 years, she was not
able to walk and could stand for a short while with support.

She was using a wheelchair. The patient had lack of speech and showed autistic features: she was fascinated by objects
and there was an absence of eye contact. A brain MRI at the age of 1 year and 9 months showed megalencephaly,
broad frontal lobes, mild dilatation of lateral ventricles, thick rostrum of the corpus callosum with relatively smaller
splenium small hyperintense region left occipital region, large pons of the brainstem and multiple perivascular
Virchow-Robin spaces. Several short periods with loss of consciousness have been reported but the patient has
never been formally diagnosed with epilepsy. Upon EEG examination however, frequent abnormalities compatible
with epileptiform activity were noted in the right temporal lobe. There were no feeding difficulties, except that fluids
were made semi fluid, to prevent choking. She had frequent constipation. The patient was also reported to have facial
dysmorphisms, including a large neurocranium, large fontanel, high broad forehead, low set, posteriorly rotated ears,
hypotonic face with some drooping of the eyelids, telecanthus with a ICD of 3.6 cm (+3 SD) and OCD of 8.1 cm (+0.25
SD), slightly down slanting of the palpebral fissures, broad nasal bridge, open mouth appearance and a high narrow
palate. Neurologic examination revealed axial hypotonia. She had hyperextensible elbows, hips and ankles. There
was an obstruction of the right ductus nasolacrimalis and clinodactyly of digitus 5 of her right hand. Previous genetic
testing, consisting of 180k array CGH, FMRI repeat expansion analysis, PTEN and NSD analysis were normal. Using
whole exome sequencing, a heterozygous de novo mutation in RHEB was identified: Chr7(GRCh37):2.151174492A>G;
NM_005614.3:c.202T>C (p.(Ser68Pro)).

163



“People think that epilepsy is divine simply because
they don’t have any idea what causes epilepsy.

But I believe that someday we will understand what
causes epilepsy, and at that moment, we will cease to
believe that it’s divine.

And so it is with everything in the universe”
Hippocrates

164



Chapter VI

RHEB1-hyperactivity dependent cortical
malformations cause spontaneous seizures due
to aberrant connectivity
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Chapter VI

ABSTRACT

Pathogenic mutations in Ras Homolog Enriched in Brain 1 (RHEB1) have been shown to cause
malformations of cortical development (MCD) and associated epilepsy. Exogenous expression
in mouse brains of the dominant active RHEB1p.P37L mutant, identified in patients with
intellectual disability, megalencephaly and epilepsy, strongly mimics a human MCD-like
phenotype, with ectopic localization of new-born neurons, mTOR pathway hyperactivity and
spontaneous tonic-clonic seizures. Making use of genetic tools and in utero electroporation,
we show, similarly to other MCD-related and mTOR related mouse models, that the cortical
malformation is not necessary to induce seizures. In addition, we provide evidence that
having a cortical malformation per se is not sufficient to induce seizures. We identified the
aberrant axonal connectivity caused by the RHEB1p.P37L mutant to be the primary cause for
seizure development. We further found that distant cortical areas are functionally affected by
the hyperactive cells through vesicular release. These experiments indicate that the cell-non
autonomous effects caused by mTOR hyperactivity are not confined to cells surrounding the
focal malformation, but extend to contralateral brain cells. These results provide new insights
on the mechanisms of MCD-related epilepsy caused by mTOR hyperactivity and advance our
understanding on how a local malformation can lead to generalized epilepsy.

INTRODUCTION

Malformations of cortical development (MCD) refers to a heterogenous group of micro- and
macroscopic cortical abnormalities, such as Focal cortical dysplasia (FCD), megalencephaly,
lissencephaly and paraventricular nodular heterotopia (PNH) (Barkovich et al., 2012), which
arise from problems during the early embryological cortical development. MCD is often linked
to epilepsy and intellectual disability (ID) (Leventer et al., 2008; Juric-Sekhar and Hevner,
2019; Represa, 2019). It is estimated that up to 40% of childhood seizures difficult to control
medically or even intractable, are due to MCDs (Kuzniecky, 1994), and vice versa, at least 75%
of the patients with MCD will develop seizures (Leventer et al., 1999).

Mammalian target of rapamycin (mTOR) is a kinase known to mediate many cellular
processes, including neuronal proliferation and cell growth during development (Crino, 2011;
Laplante and Sabatini, 2012a; Saxton and Sabatini, 2017). mTOR forms 2 distinct protein
complexes, each regulated by different upstream pathways: 1) mTORC1 (Raptor binding to
mTOR), regulated by the TSC1/TSC2 complex and the GTP binding protein Ras Homolog
Enriched in Brain 1 (RHEB1), and 2) mTORC2 (Rictor binding to mTOR), regulated by PI3K
and PTEN (Bhaskar and Hay, 2007; Meng et al., 2018). Over the recent years, hyperactivation of
the mTOR pathway has been associated with different types of MCD, such as megalencephaly
and FCD, as well as with epilepsy (Crino, 2007, 2011; Barkovich et al.,, 2015; Moffat et al.,
2015; Majolo et al., 2018; Juric-Sekhar and Hevner, 2019; Represa, 2019). Indeed, mutations
in many of the genes of the mTOR pathway (AKT3, PIK3CA, DEPDC5, PTEN, RHEB1 and MTOR
itself) have now been identified to cause MCD, potentially explaining the heterogeneity of MCD
and the challenge in understanding the underlying mechanisms causing epilepsy to be able to
identify new treatments (Backman et al.,, 2001; Baek et al., 2015; Mirzaa et al., 2016; Mgller et
al,2016; D’Gamaetal.,, 2017; Hanai et al, 2017; Lim et al., 2017; Reijnders et al., 2017; Salinas
etal., 2019; Zhao et al.,, 2019; Pelorosso et al., 2019; Dawson et al., 2020).

The discovery of new genes potentially causing FCD or other typ