
ARTICLE

De Novo Mutations in Protein Kinase Genes
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Calcium/calmodulin-dependent protein kinase II (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 CAMK2B var-

iants in 24 unrelated individuals with intellectual disability. Variants were assessed for their effect on CAMK2 function and on neuronal

migration. For both CAMK2A and CAMK2B, 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 CAMK2B and their auto-phosphorylation in human brain function and expand the phenotypic spec-

trum 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 environ-

mental change. The ability of synapses to modulate their

strength is critical for learning and memory processes.1

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.2–5

Abnormal synaptic plasticity is a well-recognized cause

of numerous neurological and psychiatric disorders,6

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.7–11

For example, pathogenic variants in AMPAR genes GRIA3
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(MIM: 305915) (GluA3, associatedwithmental retardation,

X-linked 94 [MIM: 305915])12,13 and CACNG2 (MIM:

602911) (stargazin, associated with mental retardation,

autosomal-dominant 10 [MIM: 614256]),14 and in genes

of NMDAR subunits GRIN1 (MIM: 138249) (GluN1, associ-

ated with mental retardation, autosomal-dominant 8

[MIM: 614254]), GRIN2A (MIM: 138253) (GluN2A, associ-

ated with focal epilepsy, with speech disorder, and with

or without mental retardation [MIM: 245570]), GRIN2B

(MIM: 138252) (GluN2B, associated with early infantile

epileptic encephalopathy, 27 [MIM: 616139] and mental

retardation, autosomal-dominant 6 [MIM: 613970]), and

GRIN2D (MIM: 602717) (GluN2D, associatedwith epileptic

encephalopathy, early infantile, 46 [MIM: 617162])14–20 are

a cause of neurodevelopmental disorders.

Another major regulator of synaptic plasticity is

the Ca2þ/calmodulin-dependent serine/threonine protein

kinase CAMK2, whose activation is necessary and
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sufficient for hippocampal LTP induction.21 In the hippo-

campus, 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.22 The

CAMK2A and CAMK2B subunits share a very high degree

of homology and consist of four distinct domains: a cata-

lytic domain containing the active site required for

CAMK2 kinase activity, a regulatory domain comprising
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the calcium-calmodulin binding site (including the auto-

inhibitory sub-domain of the Thr286/Thr287 phosphory-

lation site required for autonomous [calcium-indepen-

dent] 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.21,23,24

Subunits combine mainly to form CAMK2A homomers

or CAMK2A-CAMK2B heteromers.2
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CAMK2 contributes in various ways to synaptic plas-

ticity, but most critical is its regulation of ionotropic gluta-

mate 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.2,24–26 This process is triggered by Ca2þ entry

through the NMDAR, resulting in Ca2þ/calmodulin bind-

ing to the CAMK2 regulatory domain.24 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 Ca2þ signal into a

long-lasting enzymatic change. Activated CAMK2 translo-

cates 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 func-

tion of AMPAR GluA1 (GRIA1 [MIM: 138248]), stargazin,

and SAP97 (DLG1 [MIM: 601014])24 in the PSD. The

importance of these events is highlighted by the observa-

tion that Camk2 knock-in mice with mutations interfering

with calmodulin binding, or silencing the autonomous or

kinetic activity of the protein, result in profound learning

and plasticity deficits.27–29

Paradoxically, although the Camk2a knock-out was the

first murine knock-out in the field of neuroscience to estab-

lish a critical role for NMDA receptor-mediated calcium

signaling in learning and synaptic plasticity,30,31 the

importance of CAMK2A (MIM: 114078) for cognitive func-

tion has not yet been established. Similarly, Camk2b has

been shown to be important for learning and synaptic

plasticity in mice,32,33 but mutations in CAMK2B (MIM:

607707) have not yet been described. In the present study,

we report 19 rare variants in CAMK2A or CAMK2B 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 CAMK2 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 pro-

grams or centers investigating the molecular basis of develop-

mental 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 in-

ter-régional Français des Hôpitaux Universitaires du Grand Ouest

pour l’exploration par approche exomique des causes moléculaires

de Déficience Intellectuelle isolée ou syndromique Modérée à

Sévère; 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 Med-

ical Center Utrecht (the Netherlands; individuals 4 and 12), (5) the
770 The American Journal of Human Genetics 101, 768–788, Novem
Simons Simplex Collection (SSC) (USA; individuals 5 and 6), (6)

the University Hospital Center (CHU) of Lyon (France; individ-

ual 8), (7) Leiden University Medical Center (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; individ-

ual 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 Univer-

sity 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 GeneMatcher34 and DECIPHER.35

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 in-

clusion in the study and consent for the publication of photo-

graphs was obtained for individuals 3, 7, 15, 16, 17, 22, and 23.

The study has been approved by the CHU de Nantes-ethics com-

mittee (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,36 DDD analyzed more than 4,293 children with severe

developmental disorders and their parents,37 SSC parsed data

from 2,508 trios with an autism spectrum disorder,38 GeneDx lab-

oratory analyzed 11,388 case subjects with ID or developmental

disorder (DD) with 8,897 of them being sequenced with both par-

ents and following the method described previously,39 the Boston

Children’sHospital analyzedmore than300 trios including50 trios

with developmental disabilities,40 the Children’s Hospital of Phila-

delphia sequenced 400 whole exomes (323 trios) including 138

trios with developmental delay that were analyzed according to

the method described previously,41 Ambry Genetics sequenced

2,583 parent-proband trios where the child had childhood-onset

neurological disorder applying the strategy described earlier,42 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),43 theTelemarkHospital Trust in Skien analyzed531 exomes

including 99 trios,44 Leiden University Medical Center tested 825

exomes including 579 trios with a child presenting ID following a

strategydescribedpreviously,45 BGLaboratories 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 CAMK2B, which comprised UDN exomes and

had been analyzed following clinical diagnostics protocol defined

previously,46,47 and the Institute of Human Genetics, Heidelberg,

analyzed trios from 57 families with 63 probands with (neuro)

developmental disorders as previously described.48

The CHU of Lyon included individual 8 in a cohort of children

with typical or atypical Rolandic epilepsy. This last one is among
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the most common epileptic syndromes in childhood and may be

associated with cognitive impairment or autistic features in a sub-

set of affected children. Individual 8 was recruited in the Depart-

ment of Epilepsy, Sleep and Pediatric 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, Illumina) and Illumina HiSeq sequencing

platforms (Illumina) to generate paired end reads sequences

(Centre National de Genotypage [CNG], Évry, France).

Following their respective analysis pipelines, participating cen-

ters 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

CAMK2B 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 CAMK2AWT (GenBank:

NM_015981.3) and CAMK2BWT (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 50-GAATCCGGCGCGCCACCATGGCCACCATCA

CCTGCAC-30 and Rev 50-GGATTCTTAATTAATCAGTGGGGCAG

GACGGAGG-30; for CAMK2B Fw 50-GAATCCGGCGCGCCAC

CATGGCCACCACGGTGACCTG-30 and Rev 50-GGATTCTTAAT

TAATCACTGCAGCGGGGCCACAG-30 and they were cloned

into our dual promoter expression vector (Figure S5). The dual pro-

moter 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 pro-

moter 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 CAMK2A-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 50-GGGGAACTGTcTGAA

GATATCG-30 and Rev 50-ACCAGTGACCAGGTCGAA-30; CAM

K2A-c.327G>C (p.Glu109Asp), Fw 50-GGAGTATTACAGTGACG

CGGATGCCAGTCAC-30 and Rev 50-GTGACTGGCATCCGCGT

CACTGTAATACTCC-30; CAMK2A-c.412C>G (p.Pro138Ala), Fw

50-GGACCTGAAGgCTGAGAATCTGTTG-30 and Rev 50-CGGTG

CACCACCCCCATC-30; CAMK2A-c.548A>T (p.Glu183Val), Fw

50-CTCTCCCCAGtAGTGCTGCGG-30 and Rev 50-ATATCCAGGA

GTCCCTGCAAAC-30; CAMK2A-c.635C>T (p.Pro212Leu), Fw

50-GGGTACCCCCtGTTCTGGGAT-30 and Rev 50-AACCAGCAG

GATGTACAGG-30; CAMK2A-c.704C>T (p.Pro235Leu), Fw 50

TTCCCATCGCtGGAATGGGAC-30 and Rev 50-ATCATAGGCG

CCGGCTTT-30; CAMK2A-c.845A>G (p.His282Arg), Fw 50-GG

CATCCTGCATGCGCAGACAGGAGACCG-30 and Rev 50-CG
GTCTCCTGTCTGCGCATGCAGGATGCC-30; CAMK2A-c.856A>C

(p.Thr286Pro), Fw 50-CAGACAGGAGcCCGTGGACTG-30 and

Rev 50-TGCATGCAGGATGCCACG-30; CAMK2B-c.328G>A
The American
(p.Glu110Lys), Fw 50-GAGAGAGTACTACAGCAAGGCTGAT

GCCAGTCA-30 and Rev 50-TGACTGGCATCAGCCTTGCTG

TAGTACTCTCTC-30; CAMK2B-c.416C>T (p.Pro139Leu), Fw

50-GACCTCAAGCtGGAGAACCTG-30 and Rev 50-TCTGTGG

ACGACCCCCAT-30; CAMK2B-c.709G>A (p.Glu237Lys), Fw

50-CCCGTCCCCTaAGTGGGACAC-30 and Rev 50-AAGTCATA

GGCACCAGCC-30; CAMK2B-c.901A>G (p.Lys301Glu), Fw 50-GA

GAAAGCTCgAGGGAGCCATC-30 and Rev 50-CTGGCATTGA

ACTTTTTCAGAC-30. For the control mutations of CAMK2A, the

different point mutations were introduced with site-directed

Mutagenesis (Invitrogen) using the following primers: CAMK2A-

c.125,126AG>GA (p.Lys42Arg), Fw 50-GGCCAGGAGTATGCT

GCCAGAATCATCAACACAAAGAAGC-30 and Rev 50-GCTTCT

TTGTGTTGATGATTCTGGCAGCATACTCCTGGCC-30; CAMK2A-

c.856-858ACC>GCT (p.Thr286Ala), Fw 50-ATCGCTATGATGC

ATAGACAGGAGGCTGTGGACTGCCTGAAGAAGTTCAAT-30 and

Rev 50-AGTGTGATGCATGCAGGATGCCACGGTGGAGCGGTGC

GAGAT-30; CAMK2A-c.856,857AC>GA (p.Thr286Asp), Fw 50-AT
CGCTATGATGCATAGACAGGAGGACGTGGACTGCCTGAAGAA

GTTCAAT-30 and Rev 50-AGTGTGATGCATGCAGGATGCCACG

GTGGAGCGGTGCGA-30.
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

different shRNA plasmids, each with a different target sequence:

(1) GCGTTCAGTTAATGGAATCTT, (2) CCTGGACTTTCATCG

ATTCTA, (3) CGCAAACAGGAAATTATCAAA, (4) GCTGATCG

AAGCCATAAGCAA, and (5) GTGTTGCTAACCCTCTACTTT. For

knockdown of CAMK2B, we had five different shRNA plasmids,

each with a different target sequence: (1) CCACCTTGTTATCTC

CACAAA, (2) GTACCATCTATACGAGGATAT, (3) CCTGCTGAAG

CATTCCAACAT, (4) GACTGTGGAATGTCTGAAGAA, and (5)

CTGACCTCATTTGAGCCTGAA. The control shRNA plasmid is

the MISSION non-target shRNA control vector: CAACAAGA

TGAAGAGCACCAA.
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 C57Bl6/J 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
HEK293T Cell Transfections

We used Thr286/Thr287 auto-phosphorylation as a readout of ki-

nase function. To test the expression vector with the CAMK2 con-

structs and to measure the phosphorylation levels of CAMK2, we

used a cell line that is easy to transfect and culture, so we chose

HEK293T cells. These cells were mycoplasma-free and authenti-

cated (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
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following DNA constructs: control vector, CAMK2AWT,

CAMK2Ap.(Phe98Ser), CAMK2Ap.(Glu109Asp), CAMK2Ap.(Pro138Ala),

CAMK2Ap.(Glu183Val), CAMK2Ap.(Pro212Leu), CAMK2Ap.(Pro235Leu),

CAMK2Ap.(His282Arg), CAMK2Ap.(Thr286Pro) and CAMK2BWT,

CAMK2Bp.(Glu110Lys), CAMK2Bp.(Pro139Leu) and CAMK2Bp.(Glu237Lys),

and CAMK2Bp.(Lys301Glu) (all 3 mg per coverslip). Transfection of

the plasmids was done using polyethylenimine (PEI) according

to the manufacturer instructions (Sigma). 6–12 hr after transfec-

tion, themediumwas changed to reduce toxicity. Transfected cells

were then used for western blot.

Western Blot

2–3 days after transfection, HEK cells were harvested and homog-

enized in lysis buffer (10 mM Tris-HCl [pH 6.8], 2.5% SDS, 2 mM

EDTA), containing protease inhibitor cocktail (#P8340, Sigma),

phosphatase inhibitor cocktail 2 (#P5726, Sigma), and phos-

phatase inhibitor cocktail 3 (#P0044, Sigma). Protein concentra-

tion 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.27), CAMK2B (CB-b1, 1:10,000, Invitrogen; vali-

dated in van Woerden et al.49), ph-Thr286/Thr287 (autophos-

phorylated CAMK2 antibody; #06-881; 1:1,000; Upstate Cell

Signaling Solutions; validated in Elgersma et al.27), and RFP

(#600401379, 1:2,000, Rockland, validated in this study by over-

expression 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 exper-

imenter 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.50 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/strepto-

mycin, 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 3 106 cells per coverslip in 12-well

plates containing 1 mL of supplemented NB for each coverslip.

The plates were stored at 37�/5% CO2 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
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on the manufacturer’s website), CAMK2A (6G9, 1:200, Abcam),

and CAMK2B (CB-b1, 1:100, Invitrogen). For secondary anti-

bodies, 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 ImageJ software was used to mea-

sure 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

Theprocedurewas performed inpregnant FvB/NHsDmice at E14.5

of gestation to targetmainly the progenitor cells giving rise to pyra-

midal 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 posi-

tive pole was targeting the developing somatosensory cortex. The

following plasmids were injected: control vector, CAMK2AWT,

CAMK2Ap.(Phe98Ser), CAMK2Ap.(Glu109Asp), CAMK2Ap.(Pro138Ala),

CAMK2Ap.(Glu183Val), CAMK2Ap.(Pro212Leu), CAMK2Ap.(Pro235Leu),

CAMK2Ap.(His282Arg), CAMK2Ap.(Thr286Pro), CAMK2Ap.(Thr286Ala),

CAMK2Ap.(Thr286Asp), CAMK2Ap.(Thr286Pro)/p.(Lys42Arg), and

CAMK2BWT, CAMK2Bp.(Glu110Lys), CAMK2Bp.(Pro139Leu),

CAMK2Bp.(Glu237Lys), CAMK2Bp.(Lys301Glu) or for knockdown experi-

ments with a pool of the CAMK2A shRNAs with an RFP plasmid

(Addgene) orCAMK2B shRNAswith an RFP plasmid, or the control

shRNAwith an RFP plasmid. After birth, pups (M/F) were sacrificed

at P0 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 sec-

tions were washed in 0.1 M PB and a few selected sections were

counterstained with 40,6-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 (103

objective, 0.5 zoom, 1,024 3 1,024 pixels) were taken from 2–3

non-consecutive sections from at least 3 successfully targeted ani-

mals per plasmid. Images were rotated to correctly position the

cortical layers, and the number of cells in different layers was

counted using ImageJ (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 calcu-

lated. To calculate the total percentage of cells that reached the
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Table 1. CAMK2A and CAMK2B Mutations Identified in Individuals 1–24

Individual
Geographical
Origin Genea

Chromosomal
Positiona HGVScb HGVSpb

CADD
(Score)c

PolyPhen-2
(Score)d

Functional
Effecte,f

Mutation
Origin

1 USA CAMK2A 5:g.149652720del c.65del p.Gly22Glufs*10 – – LoFf uncertaing

2 France CAMK2A 5:g.149636374A>G c.293T>C p.Phe98Ser 17.01 D (1.0) LoF de novo

3 UK CAMK2A 5:g.149636340C>G c.327G>C p.Glu109Asp 19.53 D (0.988) GoF de novo

4 Netherlands CAMK2A 5:g.149636332G>A c.335C>T p.Ala112Val 32 D (0.999) ND de novo

5 USA CAMK2A 5:g.149631595T>A c.548A>T p.Glu183Val 32 D (1.0) LoF de novo

6 USA CAMK2A 5:g.149631543dup c.598þ2dup p.? – – ND de novo

7 France CAMK2A 5:g.149631371G>A c.635C>T p.Pro212Leu 35 D (1.0) uncertain de novo

8 France CAMK2A 5:g.149631371G>A c.635C>T p.Pro212Leu 35 D (1.0) uncertain de novo

9 Netherlands CAMK2A 5:g.149631371G>A c.635C>T p.Pro212Leu 35 D (1.0) uncertain de novo

10 USA CAMK2A 5:g.149630363G>A c.704C>T p.Pro235Leu 15.91 D (1.0) uncertain de novo

11 Germany CAMK2A 5:g.149629873C>T c.817�1G>A p.? – – ND de novo

12 Netherlands CAMK2A 5:g.149629844T>C c.845A>G p.His282Arg 27.0 D (1.0) GoF de novo

13 USA CAMK2A 5:g.149629833T>G c.856A>C p.Thr286Pro 29.0 D (0.999) GoF de novo

14 UK CAMK2A 5:g.149607754C>T c.1204þ1G>A p.? – – LoF de novo

15 USA CAMK2B 7:g.44323805G>A c.85C>T p.Arg29* 35 – LoFf de novo

16 USA CAMK2B 7:g.44294154C>T c.328G>A p.Glu110Lys 26.3 D (1.0) GoF de novo

17 USA CAMK2B 7:g.44283125G>A c.416C>T p.Pro139Leu 20.6 D (1.0) GoF de novo

18 UK CAMK2B 7:g.44283125G>A c.416C>T p.Pro139Leu 20.6 D (1.0) GoF de novo

19 USA CAMK2B 7:g.44283125G>A c.416C>T p.Pro139Leu 20.6 D (1.0) GoF de novo

20 USA CAMK2B 7:g.44283125G>A c.416C>T p.Pro139Leu 20.6 D (1.0) GoF de novo

21 UK CAMK2B 7:g.44281927C>T c.709G>A p.Glu237Lys 25.9 D (1.0) GoF de novo

22 USA CAMK2B 7:g.44281383C>T c.820�1G>A p.? – – ND de novo

23 USA CAMK2B 7:g.44281301T>C c.901A>G p.Lys301Glu 22.6 D (0.996) LoF de novo

24 Norway CAMK2B 7:g.44281298C>T c.903þ1G>A p.? – – ND de novo

aThe reference genome used for bioinformatic predictions is GRCh37/hg19.
bHGVSc/HGVSp: coding DNA/protein variant described according to the nomenclature HGVS V2.0 established by the Human Genome Variation Society:
GenBank: NM_171825.2/NP_741960.1 for CAMK2A and GenBank: NM_172079.2/NP_742076.1 for CAMK2B; nucleotide numbering uses þ1 as the A of the
ATG translation initiation codon in the reference sequence, with the initiation codon as codon 1.
cCADD v1.3 (Phred score): Combined Annotation Dependent Depletion; higher scores are more deleterious.
dPolyPhen-2 HumDiv: PolyPhen-2 Human Diversity; D: Probably damaging (R0.957).
eEffect inferred from in vitro experiments; LoF, loss of function; GoF, gain of function; ND, not determined.
fPutative effect.
gPaternal sample was unavailable.
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 corre-

sponded 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

I-TASSER protein structure prediction server.51 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 confi-

dence (C-score) and topological similarity (Tm-score) was used

for structural representation.
The American
Statistical Analysis
All data were assumed to be normally distributed. Statistical differ-

ence between each single mutant and its wild-type control for the

western blot analyses (stability and phosphorylation) was deter-

mined 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
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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 Q9UQM7 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.38,52

(B and C) Representation of the structure of a single human CAMK2A subunit obtained from the corresponding full-length holoenzyme
structure 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 CAMK2A 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 themissense variants are located in the catalytic domain and one in the autoregulatory domain. No variant was found

(legend continued on next page)
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performed in our lab, we considered that for the knock-down ex-

periments in vitro, at least 10 neurons were necessary. For the west-

ern 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 conclu-

sion 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 individ-

ual 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 inCAMK2A and the other inCAMK2B, 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

(pLI ¼ 1) but lower for CAMK2B (pLI ¼ 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), pLI increases

to 1 (Figure S9). In the context of a neurodevelopmental dis-

order, it suggests that CAMK2B is also intolerant to LoF var-

iants. 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 CAMK2B regu-

latory 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 c.635C>T (p.Pro212Leu) and c.704C>T

(p.Pro235Leu), which were deposited in dbSNP, all variants

are absent in 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
in the association domain (C). Structure representations were made w
acid changes: F98S, p.Phe98Ser; G109D, p.Glu109Asp; A112V, p
p.Pro212Leu; P235L, p.Pro235Leu; H282R, p.His282Arg; T286P, p
p.Glu237Lys; K301E, p.Lys301Glu.

The American
c.704C>T (p.Pro235Leu) was assigned dbSNP accession

number rs864309606 (with no frequency) after its submis-

sion 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_

LONGEVITYjHLI-5-150251808-G-A. Because the pheno-

type of the individuals from this cohort is not docu-

mented, it is possible that the 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 themajority 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 ¼ 3 unrelated

individuals) and CAMK2B c.416C>T (p.Pro139Leu;

n ¼ 4 unrelated individuals) (Table S4). Strikingly, homol-

ogous amino acid residues Glu109 in CAMK2A andGlu110

in CAMK2B are altered in two individuals (c.327G>C

[p.Glu109Asp] in individual 3 and c.328G>A

[p.Glu110Lys] in individual 16). The two CAMK2B splice

site variants c.820�1G>A and c.903þ1G>A affect the

canonical splice sequence and are predicted to lead to in-

frame skipping of exon 11 according to bioinformatic pre-

dictions and in vitro studies (Figure S3). Their homologous

counterpart in CAMK2A, c.817�1G>A, is predicted

to have a similar consequence on CAMK2A exon 11

(Figure S3).

We used denovolyzeR53 to determine whether the 23 de

novo variants found among our case subjects could have

been foundby chance given thenumber of case-ascertained

trios studied. Based on the collectionof 19,980 trios, and ac-

counting for a gene’s underlyingmutability, the probability

of seeing 13 non-synonymousCAMK2A de novo variants by

chance is p¼ 1.73 10�11 and p¼ 3.93 10�8 for observing

10 CAMK2B non-synonymous de novo variants by chance.

Both these signals are genome-wide significant after correc-

tion for the�19,000 protein-coding geneswhere an enrich-

ment could have been found (adjusted a ¼ 2.6 3 10�6).

Furthermore, we found that the case missense de novo vari-

ants within our series were preferentially affecting themost

missense intolerant sequence of these two genes. We

compared the missense tolerance ratio (MTR) scores54 of

the 17 CAMK2A and CAMK2B de novo missense variants to

39 rare CAMK2A and CAMK2B missense variants found

among the DiscovEHR cohort of approximately 50,000

control individuals that do not overlap with the gnomAD
ith PyMol. Correspondence between the nomenclatures of amino
.Ala112Val; P138A, p.Pro138Ala; E183V, p.Glu183Val; P212L,
.Thr286Pro; E110K, p.Glu110Lys; P139L, p.Pro139Leu; E237K,
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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 11Clinical Feature

Intellectual disability (HP:0001249) þ mod. þ mod. þ sev. þ sev. þ mild þ sev. þ sev. þ mild/sev. þ mod. þ mild þ sev.

Delayed speech and language development
(HP:0000750)

þ þ þ þ þ þ þ þ þ þ þ

Abnormal emotion/affect behavior
(HP:0100851)

þ þ þ þ þ þ � þ þ þ þ

Global developmental delay (HP:0001263) þ þ þ þ þ þ þ þ þ � þ

Delayed gross motor development
(HP:0002194)

þ þ þ þ þ þ þ þ þ � þ

Hypotonia (HP:0001252) � þ þ þ � � þ þ � � þ

Abnormal facial shape (HP:0001999) þ þ þ � � � þ � � þ �

Abnormality of the digestive system
(HP:0025031)

� � � � � � � � � � þ

Growth abnormality (HP:0001507) � � � � � � þ � � þ �

Visual impairment (HP:0000505) � � � � � � � � � � þ

Seizures (HP:0001250) � � þ � � � þ þ � � þ

EEG abnormality (HP:0002353) ND ND � � ND � � þ � ND þ

Microcephaly (HP:0000256) � � � � � � � � � � þ

Abbreviations: mod, moderate; sev, severe; ND, not determined.
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 ¼ 1.8 3 10�5; OR 33.7

[95% CI 4.3–1,549.4]).

In addition to the 19 distinct de novo variants, we

extended our functional investigations to CAMK2A

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.52 Interestingly, this variant

lies in the region encoding the kinase domain, within

the most missense-depleted sequence of CAMK2A

(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

CAMK2A and CAMK2B 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 impair-

ment, and behavioral anomalies. All individuals (24/24)

have mild to severe ID. Impaired language development
776 The American Journal of Human Genetics 101, 768–788, Novem
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, 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 CAMK2B variant; e.g., strabismus

[4/24], visual impairment, and visual tracking difficulty),

gastro-intestinal issues (8/21; e.g., feeding difficulties, re-

flux, 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 be-

tween the CAMK2A- and the CAMK2B-associated groups,

although the robustness of the comparison is based on a

relatively small sample size (Table S2). Cognitive impair-

ment seems more severe when caused by CAMK2B vari-

ants, with severe or mild-to-moderate ID present in 8 of

10 individuals with CAMK2B variants and 8 of 14 individ-

uals with CAMK2A variants. Similarly, hypotonia is more

predominant in the CAMK2B 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).
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12 13 14 15 16 17 18 19 20 21 22 23 24 Occurrence

þ sev. þ sev. þ mild þ mild þ mild þ sev. þ sev. þ sev. þ severe þ sev. þ sev. þ sev. þ mild/sev. 24/24 (100%)

þ þ � þ þ þ þ þ þ þ þ þ þ 23/24 (95.8%)

þ � þ � þ þ þ þ � þ � þ þ 19/24 (79.2%)

þ þ � � � þ þ þ þ þ þ � þ 19/24 (79.2%)

þ þ � � � þ þ þ þ þ þ � þ 19/24 (79.2%)

� þ � � þ þ þ þ þ þ þ þ þ 16/24 (66.7%)

� � � � � þ þ þ þ þ � þ � 11/24 (45.8%)

ND � þ � þ þ þ þ þ þ þ � þ 10/23 (43.5%)

� � � � � þ þ þ þ þ � þ þ 9/24 (37.5%)

� � þ � þ þ þ þ þ � þ � þ 9/24 (37.5%)

� � � þ � � � � � þ � þ þ 8/24 (33.3%)

� ND ND ND þ � � ND ND þ � þ þ 6/15 (40.0%)

� � � � � þ � þ þ � � þ þ 6/24 (25.0%)
CAMK2A and CAMK2B Mutations Can Affect Protein

Expression

Missense variants were tested using in vitro and in vivo as-

says to understand their possible effect on protein stability

and function (Figure 2A).

Confirming a recent study showing that the

CAMK2Ap.(Glu183Val) variant renders CAMK2A unstable

both in vitro and in vivo,55 transfection of HEK293T

cells with the CAMK2Ap.(Glu183Val) mutant construct

showed a significant reduction of CAMK2A protein level

compared to CAMK2AWT (for all statistics, see Table 3)

(Figure 2B). Of the additional seven variants tested, the

CAMK2Ap.(His282Arg) variant also resulted in reduced

CAMK2A protein levels after transfection in HEK293T

cells, whereas CAMK2Ap.(Phe98Ser), CAMK2Ap.(Glu109Asp),

CAMK2Ap.(Pro138Ala), CAMK2Ap.(Pro212Leu),

CAMK2Ap.(Pro235Leu), and CAMK2Ap.(Thr286Pro) did not affect

CAMK2A protein levels (Table 3 and Figure 2C). Variants

CAMK2Bp.(Glu110Lys) and CAMK2Bp.(Pro139Leu) 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 (calcium-independent) function.28 We

therefore investigated how the variants affect Thr286

(CAMK2A) and Thr287 (CAMK2B) auto-phosphoryla-

tion. We found that CAMK2Ap.(Glu109Asp) as well

as CAMK2Ap.(His282Arg) despite reduced protein levels,

showed a significant increase in phosphorylation at
The American
Thr286 when compared to CAMK2AWT. In contrast,

CAMK2Ap.(Phe98Ser) and CAMK2Ap.(Glu183Val) showed a sig-

nificant reduction of Thr286 phosphorylation (Table 3

and Figure 2D), the latter being again consistent with

a recent study of Camk2ap.(Glu183Val) knock-in mice.55 As

expected, we found no phosphorylation at Thr286

when overexpressing CAMK2Ap.(Thr286Pro) in HEK293T

cells underscoring the specificity of the antibody.

CAMK2Ap.(Pro138Ala), CAMK2Ap.(Pro212Leu), and

CAMK2Ap.(Pro235Leu) showed similar levels of Thr286

phosphorylation compared to CAMK2AWT (Table 3 and

Figure 2D). We observed nearly abolished Thr287 phos-

phorylation of the CAMK2Bp.(Lys301Glu) protein, whereas

the CAMK2Bp.(Glu110Lys), CAMK2Bp.(Pro139Leu), and

CAMK2Bp.(Glu237Lys) proteins showed a significant increase

in phosphorylation at Thr287 (Table 3 and Figure 2E).

Taken together, these results indicate that the identified

CAMK2A and CAMK2B variants can exert very diverse ef-

fects on CAMK2 auto-phosphorylation.

CAMK2A and CAMK2B Mutations that Affect Auto-

phosphorylation also Affect Neuronal Function

Neuronal migration is a key aspect of cortical develop-

ment. The ability of neurons to migrate from the subven-

tricular zone to layer 2/3 of the somatosensory cortex is

highly sensitive to changes that perturb normal neuronal

function, resulting in migration deficits.56–58 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 CAMK2B.
Journal of Human Genetics 101, 768–788, November 2, 2017 777
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Figure 2. Transfection of HEK293T Cells with the Different CAMK2Mutants 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 CAMK2B 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.(Glu183Val), CAMK2Ap.(His282Arg), CAMK2Bp.(Glu110Lys), and CAMK2Bp.(Pro139Leu) proteins.
(D and E) Top, Representative western blots of HEK293T cells transfected with either CAMK2A or CAMK2B 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.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.
We first assessed whether reduced or increased levels of

(wild-type) CAMK2A and CAMK2B affect neuronal func-

tion. 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.59 Moreover, CAMK2B is the predom-

inant CAMK2 isoform of the developing brain.60

We next electroporated the differentmutantCAMK2 con-

structs and analyzed their effects on neuronal migration.

Even though overexpression or knockdown of CAMK2A

did not affect migration, overexpression of CAMK2A

mutants with reduced (CAMK2Ap.(Phe98Ser) and

CAMK2Ap.(Glu183Val)) or increased (CAMK2Ap.(Glu109Asp)

and CAMK2Ap.(His282Arg)) Thr286 phosphorylation system-

atically showed reducedmigration when compared to over-

expressionofCAMK2AWT (Tables4 and5andFigures4A,4C,

and 4D). These results strongly suggest that these variants
778 The American Journal of Human Genetics 101, 768–788, Novem
exert a dominant changeof functionontheCAMK2holoen-

zyme. Conversely, overexpression of the mutant CAMK2A

proteins that did not show any effect on Thr286 phosphor-

ylation (CAMK2Ap.(Pro138Ala), CAMK2Ap.(Pro212Leu), and

CAMK2Ap.(Pro235Leu)) (Figure 2C) also did not affect migra-

tion (Tables 4 and5 and Figures 4A and4B).Notably, overex-

pression of the CAMK2Ap.(Thr286Pro) mutant completely

blocked neuronal migration (Figures 5A and 5B). Since this

variant destroys the Thr286 phosphorylation site, it is

conceivable that this dramatic effect onmigration is caused

by severely reduced CAMK2A activity. However, when

testing CAMK2Ap.(Thr286Ala) (phospho-dead CAMK2A

mutant)27,28 and CAMK2Ap.(Thr286Asp) (phosphomimetic

CAMK2Amutant),61,62 only the latter mimicked the migra-

tion pattern found in the CAMK2Ap.(Thr286Pro) mutant

(Figures 5A and5C). These results indicate that, even though

the CAMK2Ap.(Thr286Pro) cannot be auto-phosphorylated at

the Thr286 site, the variant likely functions as a phosphomi-

metic mutation, resulting in a gain of function. To further

test this hypothesis, we introduced a second variant in the

CAMK2Ap.(Thr286Pro) mutant, the p.Lys42Arg variant, which

blocks all kinase activity.29 We found that overexpression
ber 2, 2017



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

CAMK2A

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.
of the CAMK2Ap.(Thr286Pro)/p.(Lys42Arg) protein no longer

caused a major delay in migration (Figures 5A and 5D),

further confirming that the CAMK2Ap.(Thr286Pro) variant

acts as gain-of-functionvariant. Taken together, these results

highlight the importance of tightly controlled CAMK2A-

Thr286auto-phosphorylation fornormalneuronal function

and are consistent with the observation that Thr286

mutations that either abolish auto-phosphorylation or

mimic auto-phosphorylation impair synaptic plasticity

and learning.28,62

Although overexpression of CAMK2BWT affects neu-

ronal migration, we found that overexpression

of CAMK2Bp.(Glu110Lys), CAMK2Bp.(Pro139Leu), or

CAMK2Bp.(Glu237Lys) 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-phosphoryla-

tion (Figure 2E). Overexpression of CAMK2Bp.(Lys301Glu),

which displays reduced CAMK2 activity (Figure 2E),

showed a less severe migration deficit compared to overex-

pression of CAMK2BWT (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 mem-

ory was reported 25 years ago when the Camk2a knock-out
The American
was shown to have impaired hippocampus-dependent

learning and impaired hippocampal synaptic plas-

ticity.30,31 Subsequently, an overwhelming amount of

data has highlighted the importance of CAMK2A and

CAMK2B for many brain areas.2,21,63 The regulation of ki-

nase activity by auto-phosphorylation has been demon-

strated to be essential for the role of CAMK2 in murine

neuronal function.2,28,62 We now provide evidence that

proper CAMK2A and CAMK2B functioning is also impor-

tant for the human brain. We report 24 individuals with

a neurodevelopmental disorder who carry a rare heterozy-

gous nonsense, missense, or splice site variant in CAMK2A

or CAMK2B—the majority (23/24) were proven de novo.

The core clinical findings in affected heterozygous individ-

uals are neurological and consistent with the knockout

mouse models for Camk2a and Camk2b30,32,64,65 (the ma-

jority of which are homozygous knock-out). Variants in

CAMK2A or CAMK2B result in a non-dysmorphic neurode-

velopmental phenotype characterized by a variable degree

of ID. Language development is particularly impaired and

behavioral problems are frequent. In our cohort, motor

delay was more pronounced in the subgroup of individuals

with CAMK2A variants, while ID appeared to be more se-

vere and more frequently accompanied by hypotonia

with CAMK2B variants. The differential diagnosis of the

CAMK2A/B-associated disorder includes many individu-

ally rare neurodevelopmental disorders and is virtually

impossible to diagnose without molecular testing.

A number of molecular arguments helped us to draw an

outline of the clinical entity caused by CAMK2A or

CAMK2B 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
Journal of Human Genetics 101, 768–788, November 2, 2017 779



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.Pro139Leu 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.

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

p value F

shRNA <0.0001* (2,22) 53.58

CAMK2 WT <0.0001* (2,23) 17.70

CAMK2A <0.0001* (3,24) 51.07

CAMK2B <0.0001* (4,38) 17.54

CAMK2A controls mutants <0.0001* (3,24) 51.07

Asterisks (*) indicate statistical significant difference.
the only such events in the CAMK2 genes noted in 19,980

trios. The extremely rare variants were identified in indi-

viduals who shared the same main clinical phenotype,

making it unlikely that they represent incidental findings.

The probability of observing 13 or more CAMK2A and 10

or more CAMK2B non-synonymous de novo variants by

chance among 19,980 trios is extremely low (CAMK2A

p ¼ 1.73 10�11 and CAMK2B p ¼ 3.9 3 10�8), implicating

CAMK2A and CAMK2B as genome-wide significant devel-

opmental delay associated genes (exome-wide multiplicity

adjusted p < 2.6 3 10�6).

In order to test this assumption further, we employed a

number of functional assays to investigate the pathoge-

nicity of the CAMK2A/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 mis-

sense variants (CAMK2Ap.(Phe98Ser), CAMK2Ap.(Glu109Asp),

CAMK2Ap.(Glu183Val), CAMK2Ap.(His282Arg), and

CAMK2Ap.(Thr286Pro)) affect neuronal migration when ex-

pressed in vivo. Notably, all these mutants showed either

increased or decreased Thr286 phosphorylation in our

cellular assays. Auto-phosphorylation of the Thr286 resi-

due 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.2,3,66 Based on our results we

further conclude that the CAMK2Ap.(Phe98Ser) and

CAMK2Ap.(Glu183Val) variants result in a dominant acting

loss of function (LoF) of the protein, whereas

CAMK2Ap.(Glu109Asp) and CAMK2Ap.(His282Arg) induce a

dominant acting gain of function (GoF). Surprisingly, the

CAMK2Ap.(Thr286Pro) variant, which cannot be auto-phos-

phorylated at Thr286, behaves as a dominant acting GoF

mutation. For CAMK2Ap.(Pro138Ala), CAMK2Ap.(Pro212Leu),

or CAMK2Ap.(Pro235Leu), we found minimal effect on stabil-

ity, 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.(Pro212Leu) variant recurs in three individuals
780 The American Journal of Human Genetics 101, 768–788, Novem
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 un-

derscores the necessity of designing additional tests to

assess 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

CAMK2Bp.(Lys301Glu) acts as a LoF mutation, showing

reduced phosphorylation of Thr287 with less impaired

migration compared to increased levels of CAMK2BWT. In

contrast, increased Thr287 phosphorylation severely

affected neuronal migration (compared to CAMK2BWT),

suggesting that CAMK2Bp.(Glu110Lys), CAMK2Bp.(Pro139Leu),

and CAMK2Bp.(Glu237Lys) act as GoF mutations. Taken
ber 2, 2017
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Figure 3. Increased or Decreased Levels
of the CAMK2B but Not the CAMK2A Pro-
tein In Vivo Cause Deficits in Neuronal
Migration in Mice
(A) Representative images of E14.5 in utero
electroporated P0 brains (overexpression
of CAMK2), with the cortical plate (CP,
dashed lines) and the subventricular zone
(SVZ, arrow) indicated. tdTomato-positive
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
tdTomatoþ/RFPþ cells per bin was counted.
Right: Analysis of the percentage 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 P0 brains (knockdown of
endogenous CAMK2), with the cortical
plate (CP, dashed lines) and the subventric-
ular zone (SVZ, arrow) indicated. RFP-posi-
tive cells represent the successfully trans-
fected 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
tdTomatoþ/RFPþ cells per bin was counted.
Right: Analysis of the percentage of targeted
cells that reach the outer layers of the cortex
measured as the sum of bin 1 to 4.
Number in the box and whisker plot graphs
indicates the number of pictures analyzed
per construct. Error bars indicate the mini-
mum and maximum of all data. Individual
data points are shown in the box and
whisker plots.
together, these results indicate that not only LoF but

also GoF mutations in CAMK2B can disturb neuro-

development, 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.67 This is consistent with our findings of
The American Journal of Human Gene
increased Thr286 autophosphoryla-

tion found in the CAMK2Ap.(His282Arg)

mutant. Similarly, the CAMK2A

p.Thr286Pro variant blocks the critical

Thr286 auto-phosphorylation of

CAMK2A and hence is likely to be

highly pathogenic. Surprisingly, how-

ever, 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.61,62

Whether this is indeed the case will be subject of

future research. Lastly, the CAMK2B p.Lys301Glu variant

is located in the Ca2þ/Calmodulin (CaM) binding

domain of CAMK2B and is therefore likely to interfere

with Ca2þ/CaM binding and hence its activity. Indeed,

our in vitro data show that phosphorylation of CAMK2B
tics 101, 768–788, November 2, 2017 781
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Figure 4. Transfection of CAMK2A Mu-
tations with Changes in Thr286 Phosphor-
ylation 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 P0 brains. tdTomato-posi-
tive cells represent the successfully trans-
fected neurons.
(C–E) Left: Quantification of the neuronal
migration pattern observed in the variants
with unchanged (C), decreased (D), or
increased (E) Thr286 auto-phosphoryla-
tion. 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.
at Thr287 is largely absent. A knock-in mutation in

CAMK2A (CAMK2p.(Thr305Asp)) that interferes with Ca/

CaM binding has a dramatic effect on synaptic plasticity

and learning.27 However, the Camk2bp.(Ala303Arg) mouse

mutant, in which CaM can no longer bind to Camk2b,68
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has severe motor deficits69 but no

clear spatial learning or plasticity

phenotype.33 Individual 23, in

whom the CAMK2Bp.(Lys301Gly)

variant was identified, also presents

the hemizygous variant NLGN3

(GenBank: NM_018977; c.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 var-

iants 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.(Glu183Val)) variant was

recently published by the Simons

Simplex Collection as part of a large

cohort study on autism spectrum dis-

orders38 and studied in a mouse

model.55 In this study, the authors

show that the CAMK2Ap.(Glu183Val)

variant results in reduced expression

and activity of CAMK2A and causes

behavioral deficits.55 These results
are in line with our finding that the variant

CAMK2Ap.(Glu183Val) renders the protein unstable, reduces

autonomous activity, and affects neuronal migration.

The parallel findings emphasize the usefulness of the as-

says we employed to assess pathogenicity.
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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 P0
brains. tdTomato-positive cells represent the successfully trans-
fected neurons.
(B) Left: Quantification of the neuronal migration pattern
observed when overexpressing CAMK2Ap.(Thr286Pro). Right: Anal-
ysis 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.
(C) Left: Quantification of the neuronal migration pattern
observed when overexpressing CAMK2Ap.(Thr286Ala) or
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.
(D) Left: Quantification of the neuronal migration pattern
observed when overexpressing CAMK2Ap.(Thr286Pro)/p.(Lys42Arg).
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.

The American
We observed that some variants resulted in increased

and others in decreased CAMK2 activity and that all

such variants also affected neuronal migration. However,

the precise underlying pathogenic mechanisms may

nevertheless be more complex and require further func-

tional studies. An unresolved issue is whether haploinsuf-

ficiency could also lead to the same phenotype, as sug-

gested by frameshift CAMK2A c.65del (p.Gly22Glufs*10)

and nonsense CAMK2B c.85C>T (p.Arg29*) variants and

by CAMK2A c.1204þ1G>A which leads to out-of-frame

skipping of exon 17. According to variant databases,

CAMK2A and CAMK2B are predicted to be haploinsuffi-

cient (Table S4). Indeed, loss-of-function variants are

exceedingly rare, in particular for the most abundant tran-

scripts in brain, which are GenBank: NM_171825.2 for

CAMK2A and GenBank: NM_172079.2 for CAMK2B

(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 CAMK2A 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.70 The haploinsuffi-

ciency hypothesis is consistent with our knockdown ex-

periments that showed that reduced CAMK2B disrupts

migration. Yet, given that the amount of protein was

reduced to 20%, this experiment may not be an appro-

priate 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 CAMK2B 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,27,28,30,31,65,71 in contrast with the more

severe phenotypes of mice with variants affecting auto-

phosphorylation.

Of note, the case of variant CAMK2A c.1204þ1G>A con-

trasts 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. Rever-

sade, personal communication).

Our functional studies highlight the variety of mecha-

nisms leading to ID related to CAMK2A/B mutations.

Most certainly, this variety reflects the multiple ways

CAMK2 acts on synaptic plasticity.24 We can therefore

postulate that the spectrum of neurological disorders asso-

ciated with CAMK2A/B variants could extend to other rare
Number in the box and whisker plot graphs indicates the number
of pictures analyzed per construct. Error bars indicate the mini-
mum and maximum of all data. Individual data points are shown
in the box and whisker plots.
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tion Pattern of the Targeted Neurons
(A) Schematic overview of CAMK2B with
the location of the mutations with
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or commonneurological or psychiatric disorders, as already

suggested by others.72 In our series, we stressed the fre-

quency of abnormal behaviors, which is in line with a pre-

vious study suggesting a relationship between CAMK2A

mutations and autism spectrum disorder.55 CAMK2A

involvement was also recently shown in bipolar disor-

ders.73 Given their tight link in NMDA-dependent LTP pro-

cess, it is very tempting to draw a comparison between

CAMK2 andGRIN2B orGRIN2A. Variants in the latter genes

may cause ID17,74,75 and infantile epileptic encephalopa-

thy,18 epileptic aphasia,20 or be associated with Tourette

syndrome,76 schizophrenia,77 or autism.78

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 CAMK2 paralogous genes as

the cause of a neurodevelopmental phenotype character-

ized by ID. Functional studies performed in this study sug-

gest that CAMK2A and CAMK2B may be involved in a

broad range of neurologic and psychiatric disorders.
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