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 3 

ABSTRACT 4 

CYFIP2, encoding the evolutionary highly conserved cytoplasmic FMRP interacting protein 2, has previously 5 

been proposed as a candidate gene for intellectual disability and autism because of its important role 6 

linking FMRP dependent transcription regulation and actin polymerization via the WAVE regulatory 7 

complex (WRC). Recently, de novo variants affecting the amino acid p.Arg87 of CYFIP2 were reported in 8 

four individuals with epileptic encephalopathy. We here report twelve independent patients harboring a 9 

variety of de novo variants in CYFIP2 broadening the molecular and clinical spectrum of a novel CYFIP2-10 

related neurodevelopmental disorder. 11 

Using trio whole-exome or -genome sequencing we identified twelve independent patients carrying a total 12 

of eight distinct de novo variants in CYFIP2 with a shared phenotype of intellectual disability, seizures and 13 

muscular hypotonia. We detected seven different missense variants, of which two occurred recurrently 14 

(p.(Arg87Cys) and p.(Ile664Met)), and a splice donor variant in the last intron for which we showed exon 15 

skipping in the transcript. The latter is expected to escape nonsense-mediated mRNA decay resulting in a 16 

truncated protein. Despite the large spacing in the primary structure, the variants spatially cluster in the 17 

tertiary structure and are all predicted to weaken the interaction with WAVE1 or NCKAP1 of the actin 18 

polymerization regulating WRC-complex. Preliminary genotype-phenotype correlation indicates a profound 19 

phenotype in p.Arg87 substitutions and a more variable phenotype in other alterations.  20 

This study evidenced a variety of de novo variants in CYFIP2 as a novel cause of mostly severe intellectual 21 

disability with seizures and muscular hypotonia. 22 

  23 
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INTRODUCTION 24 

Intellectual disability (ID) is a genetically heterogeneous disorder with an estimated prevalence of 2-3% 25 

with 0.3% to 0.5% severely affected [1]. Epilepsy is a frequent comorbidity [2,3] which worsens its 26 

psychosocial outcome [4]. Genetic defects are thought to be a major cause of ID and epilepsy but the 27 

identification of causative variants is complicated by tremendous genetic heterogeneity. Next generation 28 

sequencing techniques such as whole-exome sequencing (WES) and whole-genome sequencing (WGS) have 29 

been shown to be outstanding tools for the identification of causative variants in a large number of 30 

established and novel disease genes, especially when a patient-parent trio is available [5-10]. However, 31 

prioritization of candidate variants and genes can still be challenging. Aside from ranking of the impact of 32 

the variants themselves (truncation, substitution, etc.), characteristics like expression pattern, biological 33 

function and processes, interaction partners and molecular networks as well as phenotypes of knockout 34 

models are often used to underpin the potential role of genes in disease pathogenesis. Several ID and 35 

epilepsy genes converge into common networks and play key roles in neurogenesis, neuronal migration 36 

and synaptic functions [1,11]. Hence, other involved players and protein families are suitable candidates for 37 

novel ID and epilepsy disorders.  38 

The evolutionary highly conserved cytoplasmic FMRP interacting proteins (CYFIP) represent one such 39 

candidate protein family for ID and epilepsy. Its two members in human, CYFIP1 (MIM 606322) and CYFIP2 40 

(MIM 606323) (also known as PIR121) interact with the fragile X mental retardation protein (FMRP), a RNA-41 

binding protein with an important role in translational control, the absence of which leads to fragile X 42 

Syndrome (MIM 300624) [12]. Additionally, CYFIP1 and CYFIP2 were detected at the synapse [12] and are 43 

members of the canonical WAVE regulatory complex (WRC). This complex is activated by interaction of 44 

CYFIP with the small Rho GTPase Rac1 [13-16] and dominant negative and constitutively active RAC1 45 

variants have been recently reported in ID (MIM 617751) [17]. The WRC is a key regulator of actin dynamics 46 

[18] and missense and/or loss-of-function variants in two non-muscle actins, ACTB and ACTG1, cause 47 

syndromic forms of ID (MIM 243310 and 614583) [19,20]. Given their role as “link” between Rac1, the 48 

WAVE complex, and FMRP, the CYFIP proteins have already been proposed as good candidates for ID and 49 

autism [13]. However, the focus remained on the more extensively studied CYFIP1, which is also one of the 50 
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four genes deleted in the 15q11.2 BP1–BP2 Microdeletion syndrome located within the Prader-51 

Willi/Angelman syndrome region [21]. Concerning CYFIP2, only recently three variants affecting the 52 

Arginine at position p.87 have been published as causative in four patients with early-onset epileptic 53 

encephalopathy [22].  54 

Using WES or WGS in trios of an affected child and its healthy parents, we independently identified eight 55 

distinct, spatially clustering de novo variants in CYFIP2 in a total of twelve patients delineating the genetic 56 

and clinical spectrum associated with variants in CYFIP2. 57 

 58 

METHODS 59 

Subjects and high-throughput sequencing 60 

The twelve patients underwent clinical examination at centers in Switzerland, Germany, The United 61 

Kingdom, Estonia, the USA, and France. Trio WES or WGS was either performed on a routine diagnostic 62 

basis with subsequent consent for publication or as part of a research study approved by the local ethics 63 

commissions on human research and were in keeping with international standards. A detailed clinical 64 

description of the patients is provided in Table 1 and the case reports in the supplement. 65 

Patient 1 (P1) was part of a study including 63 unrelated patients with early-onset epileptic encephalopathy 66 

(EE) and trio WES was carried out as described elsewhere [23,24]. P2, P4 and P5 were part of 8 cases with 67 

de novo CYFIP2 rare nonsynonymous variants identified in 2 793 cases with ID/DD and seizures who 68 

underwent trio WES by the GeneDx Laboratory (Gaithersburg, MD, USA) as described elsewhere 69 

(supplement and Tanaka et al. [25]). The remaining 5 cases could not be included into this study due to lack 70 

of consent for publication. The variant reported in P3 was identified by trio WGS conducted at the 71 

HudsonAlpha Institute for Biotechnology (Huntsville, AL, USA) in a cohort of 437 patients with ID/DD or 72 

other rare undiagnosed conditions. Analysis was performed as described elsewhere [26]. P6 was one of 128 73 

diagnostic Estonian patients with developmental delay (DD), dysmorphism and/or other developmental 74 

problems and the CYFIP2 variant was detected by trio WES performed by the Genomics Platform at the 75 

Broad Institute of MIT and Harvard (details see supplemental methods). P7 and P9 underwent trio WES as 76 

part of the Deciphering Developmental Disorders (DDD) project as previously described [6]. The trio exome 77 
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data of P9 were re-examined as part of a local ‘solving the unsolved’ project in Manchester using a 78 

previously described pipeline [27]. P8 was one of 1 312 patients with ID and epilepsy that underwent trio 79 

WES at Ambry Genetics (Aliso Viejo, CA, USA) as described elsewhere [28]. WES of P10 and P11 and their 80 

parents was performed as previously described (supplement and Kremer et al. [29]). The variant in P12 was 81 

detected by trio WES using a MedExome (Roche, Madison, WI, USA) and a NextSeq500 (Illumina, San Diego, 82 

CA, USA) at the NGS platform of the Lyon University Hospital. 83 

Throughout the text, figures and tables all reported variants are designated for the CYFIP2 reference 84 

transcript NM_001291722.1, which encodes for NP_001278651.1, following the current HGVS 85 

nomenclature (varnomen.hgvs.org) with exons numbered from 1 to 32 consecutively, and NC_000005.10 86 

was used as a genomic reference sequence for the intronic variant. All reported variants have been 87 

submitted to the Leiden Open Variation Database (www.LOVD.nl/CYFIP2, patient IDs 00180890 – 88 

00180901). 89 

 90 

RT-PCR on RNA 91 

To confirm the predicted splice effect of the variant c.3669+1G>T detected in P2, RNA from the patient and 92 

six controls was extracted using the PAXgene System (PreAnalytiX, Hombrechtikon, Switzerland) and 93 

transcribed reversely using Superscript III (ThermoFisher Scientific, Waltham, MA, USA). RT-PCR was 94 

performed by using specific primers located in the exons 29 and 32 of CYFIP2 and products were analyzed 95 

by agarose gel electrophoresis. Exon skipping in the patient was verified by Sanger sequencing of amplified 96 

products. 97 

 98 

Variant modelling  99 

The effect of the variants was investigated on the basis of the crystal structure of the WAVE regulatory 100 

complex (PDB: 3P8C [14], 4N78 [30]). This complex was crystallized with CYFIP1, which was replaced by 101 

CYFIP2 (88% sequence identity to CYFIP1) in our model using Modeller 9.16 [31]. Chimera [32] was used for 102 

structure analysis and visualization. The effect of the variants on the CYFIP2-WAVE1 binding affinity were 103 

assessed using BindProfX [33]. 104 
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 105 

RESULTS 106 

Genetic Findings 107 

Through our trio WES study, utilizing GeneMatcher [34], Decipher Database [35] and personal 108 

communications we identified twelve patients with eight distinct de novo CYFIP2 variants (7 missense and 109 

one splice site variant): c.259C>T p.(Arg87Cys) in P1, P3, P4 and P8; c.322T>C p.(Tyr108His) in P12; 110 

c.1363G>C p.(Ala455Pro) in P10; c.1992C>G p.(Ile664Met) in P6 and P9; c.1993G>A p.(Glu665Lys) in P7; 111 

c.2170G>C p.(Asp724His) in P11; c.2174A>G p.(Gln725Arg) in P5; and c.3669+1G>T p.(?) in P2 (Figure 1, 112 

Table 1, for alternative nomenclature see Supplemental Table S1). Notably, all the variants are absent from 113 

GnomAD [36] and all except p.(Tyr108His) are predicted unanimously to have a deleterious effect on 114 

protein function by automated online prediction tools (missense variant predictions: SIFT, PolyPhen2, 115 

MutationTaster; splice variant predictions: MaxEnt, NNSplice, Human Splicing Finder, GeneSplicer, 116 

SpliceSiteFinder-like; all predictions provided by Alamut Visual Version 2.10 July 2017 (Interactive 117 

Biosoftware, Rouen, France)). Furthermore, the CYFIP2 gene is indicated to be intolerant to both, missense 118 

(z = 6.15) and loss-of-function (LoF) (probability of LoF intolerance pLI = 1.00) variants in ExAC [36]. 119 

The variant c.3669+1G>T is predicted to affect the conserved splice donor site in the last intron of CYFIP2 120 

and RT-PCR performed using RNA from peripheral blood leukocytes of patient 2 confirmed skipping of exon 121 

31 (NM_001291722.1:r.3522_3669del) (Figure 1 and Supplemental Figure S1). Lack of exon 31, which is the 122 

second to last exon, is predicted to result in a frameshift followed by a premature stop codon 123 

(p.(Glu1174Aspfs*3)). Accordingly, this aberrant transcript is not expected to be subject to nonsense-124 

mediated mRNA decay [37]. 125 

 126 

Variant modelling 127 

The missense variants p.(Arg87Cys) and p.(Tyr108His) are located in the DUF1394 subdomain of CYFIP2, 128 

whereas the remaining missense variants (p.(Ala455Pro), p.(Ile664Met), p.(Glu665Lys), p.(Asp724His) and 129 

p.(Gln725Arg)) are located in the FragX_IP subdomain (Figure 1). In the three-dimensional fold of CYFIP2, 130 

both subdomains are tightly interlocked, placing Arg87 in close spatial proximity to Ile664, Glu665, Asp724 131 
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and Gln725. Moreover, these variants are located at the CYFIP2-WAVE1 interface (Figure 2A and B). As 132 

noted by Nakashima et al. [22] the Arg87 sidechain forms tight interactions with two glutamate residues 133 

and intermolecular interactions to Tyr151 of WAVE1. Since these interactions are lost in the p.(Arg87Cys) 134 

variant, this exchange is predicted to cause structural instability around the variant site thereby leading to 135 

aberrant WAVE1 activation [22]. 136 

In contrast to Arg87, residues Ile664, Glu665, Asp724, and Gln725 form weaker intramolecular interactions 137 

suggesting that the variants found at these positions are not expected to significantly affect the stability of 138 

CYFIP2 itself. Nevertheless, all the five residues form direct interactions with WAVE1, which are predicted 139 

to be disturbed by these variants (Figure 2A). A closer inspection reveals that interactions are formed with 140 

α6- and C-helices of WAVE1 (Figure 2B). The C-helix (residues 531-543) is part of the WAVE1 VCA-region 141 

and was shown to be critical for activation of the Arp2/3 complex [38]. The tight interaction between 142 

helices α6 and C plays an important role for stabilizing the VCA-region in an inactive conformation. Thus, 143 

these five missense variants are predicted to weaken the CYFIP2-WAVE1 interface at this functionally 144 

important site favoring a release of the VCA-region leading to WAVE1 activation. To quantify the effect of 145 

the variants we calculated the changes in the free energy of the CYFIP2-WAVE1 interaction for each of the 146 

WAVE1 interface variants (free energy change in kcal/mol): p.(Arg87Cys) 1.75; p.(Ile664Met) 1.20; 147 

p.(Glu665Lys) 1.32; p.(Asp724His) 2.08; and p.(Gln725Arg) 1.09. Here we report changes in CYFIP2-WAVE1 148 

affinity instead of CYFIP2 stability which explains the difference in free energy reported in this manuscript 149 

for p.(Arg87Cys) (1.75 kcal/mol) compared with that reported by Nakashima et al. (~4.5 kcal/mol) [22]. 150 

Tyr108 is located close to the CYFIP2-WAVE1 interface and the adjacent residue Ile107 forms interactions 151 

with Tyr140 in the meander region of WAVE1 (Fig. 2C), which cooperatively stabilizes the VCA-element. 152 

These interactions are critically affected by alterations of the adjacent residues. For example, 153 

phosphorylation of Thr138 (WAVE1) by Cdk5 contributes to WRC activation and leads to altered cellular 154 

actin dynamics [14]. Thus, it appears feasible that a replacement of Tyr108 (CYFIP2) by a charged histidine 155 

also perturbs the CYFIP-WAVE interaction at this functionally important site. Consequently, the variant 156 

p.(Tyr108His) may also lead to increased WAVE activation. 157 
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The splice variant c.3669+1G>T likely results in a C-terminally truncated CYFIP2 protein 158 

(p.(Glu1174Aspfs*3)). The C-terminus (red part illustrated in Figure 2A) forms numerous contacts to 159 

NCKAP1, another component of the WRC, that are lost in the altered protein. A loss of interactions with 160 

NCKAP1 is also expected for the p.(Ala455Pro) missense variant, which is located in the CYFIP2-NCKAP1 161 

interface (Figure 2D). The calculated free energy change of 1.21 kcal/mol is in the same range as that 162 

observed for the variants in the CYFIP2-WAVE1 interface. Since Ala455 is located in an α-helix, an 163 

Ala455Pro exchange is additionally expected to disturb the structure of CYFIP2 itself, thus enhancing the 164 

damaging effect of this variant. 165 

 166 

Clinical Findings 167 

Phenotype data are summarized in Table 1 and more detailed patient reports are provided in the 168 

supplement. The patients shared a phenotype of ID/DD (12/12) and epilepsy (11/12) except for patient 9 169 

which was only reported to have had a single febrile seizure at the age of 6 months. In the majority of the 170 

cases (8/11), seizure onset occurred within the first year of life (range 5w – 4y). In 6 patients seizures were 171 

intractable, whereas 5 children were reported to be currently seizure-free. All patients showed generalized 172 

or truncal hypotonia, in four cases combined with limb spasticity. Dysphagia with dependency on gastric 173 

tube feeding was present in 5 of 12 patients. Nine of twelve patients had visual impairment and/or 174 

strabismus. Eight patients developed absolute or relative microcephaly and in 2 patients the centile of head 175 

circumference decreased markedly. Common morphological features shared among patients in this cohort 176 

included long, tapered fingers, high forehead, narrow, mildly up-slanting palpebral fissures, apparent 177 

hypertelorism, bulbous nasal tip, full cheeks, everted lip vermillion, and retrognathia (Figure 3). Brain MRI 178 

was performed in 11 of the patients and showed unspecific structural anomalies in 6 patients including 179 

cerebellar, white matter or diffuse atrophy in 4 patients, dysmorphic hemispheres and frontal lobe 180 

hypoplasia in one patient, and hypoplasia of the frontal lobe, the chiasma and retrochiasmatic region in 181 

one patient. Three patients had normal cerebral MRI scans at the age of 5 weeks (P3), 7m and 1y 1m (P6), 182 

and 3y 5m (P7), respectively. EEG was available for all 11 patients with recurrent seizures and showed 183 

variable findings including focal, multifocal and generalized epileptiform discharges and hypsarrhythmia. 184 
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Developmental milestones were absent or delayed in all 12 patients. Only 6/12 patients achieved 185 

unassisted sitting and 2/12 were able to walk. Nine of twelve patients did not develop any verbal 186 

communication and one spoke only a few words at the age of 6 years. Psychomotor regression was 187 

reported in one patient (P2) who was standing and cruising and then regressed at the age of 4 years after a 188 

single tonic-clonic seizure event. All patients are alive and their age at last evaluation ranged from 1y 4m to 189 

9y.  190 

 191 

DISCUSSION 192 

In this study we report 12 patients harboring 8 de novo variants in CYFIP2 presenting with mostly severe 193 

but variable ID/DD, muscular hypotonia and, in all except one, a history of epilepsy with onset <4 years. 194 

Other commonly shared features included secondary microcephaly, limb spasticity, dysphagia, long 195 

tapering fingers and similar facial traits (Table 1, Fig. 3).  196 

Our findings are in line with those recently reported by Nakashima and colleagues [22], who identified 197 

concurrently 3 de novo variants in patients with epileptic encephalopathy, all affecting the Arginine at 198 

position 87 in CYFIP2. All 4 of their patients had early-onset epileptic encephalopathy classified as Ohtahara 199 

or West syndrome, whereas we report a broader clinical spectrum ranging from a similarly severe 200 

phenotype including intractable epilepsy and profound ID to mild to moderate cognitive impairment (P7 & 201 

P9) without epilepsy (P9) (Table 1). The p.(Arg87Cys) variant recurred in 4 cases of this study and was also 202 

reported twice in the previous cohort [22]. All 6 patients carrying this recurrent variant, as well as 2 further 203 

patients [22] with other substitutions of the p.Arg87 had profound ID, early-onset epilepsy and hypotonia. 204 

Seizures were intractable in 6 of these 8 patients while 2 are currently seizure-free. Six of these eight 205 

patients had secondary microcephaly. MRI findings ranged from unremarkable to hypomyelination and 206 

atrophy. All 4 patients reported here carrying the p.(Arg87Cys) variant showed sleep disturbances, while 207 

this feature was not addressed by the previous report. Of note, this variant was also reported as a 208 

candidate variant in a patient with West syndrome who in addition harbored further de novo variants 209 

including a variant classified as “likely pathogenic” in the Kabuki syndrome (MIM 147920)-associated 210 

KMT2D gene [39]. We identified a further recurrent variant, p.(Ile664Met), present in 2 of our patients (P6 211 
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and P9) and associated with a more variable phenotype consisting of either severe developmental and 212 

epileptic encephalopathy or moderate non-epileptic ID, respectively. Therefore, currently available data 213 

indicate a profound phenotype in p.Arg87 substitutions, but a more variable phenotype in other variants. 214 

The CYFIP2 gene is located in the chromosomal region 5q33.3 and encodes the cytoplasmic FMRP 215 

interacting protein 2 (CYFIP2). Only large segmental chromosomal aneusomies involving this region have 216 

been clinically described in two patients with ID and seizures, with a vast number of genes affected and 217 

unclear deletion borders in one patient [40,41]. With regards to single gene defects, the study by 218 

Nakashima et al. [22] and this study are the first reports to establish defects in CYFIP2 as the underlying 219 

cause of severe neurodevelopmental disorders. Since neither elsewhere nor in our series small copy 220 

number or truncating variants triggering nonsense-mediated mRNA decay have been observed, 221 

haploinsufficiency seems unlikely as disease mechanism in the observed severe phenotype. 222 

Both members of the highly conserved CYFIP protein family in humans, CYFIP1 and CYFIP2, interact with 223 

FMRP and are similarly co-localized with ribosomes and FMRP and were also detected at the synapse of 224 

mouse brain [12,42]. However, despite their high homology it was shown that CYFIP1 interacts exclusively 225 

with FMRP while CYFIP2 also interacts with the FMRP-related proteins FXR1P/2P [12]. Interestingly, it has 226 

been shown that regardless of unchanged RNA levels, the protein levels of CYFIP2 are increased in the 227 

blood of Fragile X patients [43]. This is in line with the fact that Cyfip2 mRNA (but not Cyfip1 mRNA) is 228 

ranked as a FMRP target in mouse brain [44] and the conception that FMRP acts as a suppressor of CYFIP2 229 

translation by sequestration of its mRNA. 230 

CYFIP1/2, along with the WAVE proteins (also known as WASF proteins), NCKAP1 (NAP1 or HEM1), ABI2 (or 231 

its paralogous proteins, ABI1 or NESH), and HSPC300 (BRK1), are members of the canonical WAVE 232 

regulatory complex (WRC), a key regulator of actin dynamics (Fig. 4) [13,14,16]. By interaction of Rac1-GTP 233 

with CYFIP, the intrinsically inactivated complex is split into one subcomplex including CYFIP1/2, which is 234 

now capable to interact with other proteins, and another subcomplex including WAVE, which interacts with 235 

Arp2/3 triggering actin polymerization [13-16]. Here, the Arp2/3 complex is activated by binding the 236 

conserved VCA (verprolin homology, central and acidic region) domain of WAVE, which is sequestrated in 237 

the inactivated complex by CYFIP, inhibiting WAVE activity [14,15]. Actin filaments are important 238 
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cytoskeletal structures in neurons with critical dynamics and especially the Arp2/3 complex is essential at 239 

multiple stages of neural development [45,46]. 240 

Accordingly, in vitro and in vivo animal models of CYFIP2 (or its orthologs) showed phenotypes consistent 241 

with its discussed role as FMRP interactor and component of a key regulator of actin cytoskeleton such as 242 

abnormalities of dendritic spines and axons [12,13,42,47-50]. Of note, while homozygous null mice were 243 

lethal, indicating the necessity of CYFIP2 in early development, a heterozygous knock-out mouse showed 244 

abnormal behavior and cortical dendritic spines similar to that observed in Fmr1-null mice [47]. Given these 245 

findings and the high pLI-score of 1.0 for CYFIP2, we assume that haploinsufficiency in humans may also 246 

cause a developmental phenotype. However, the apparently milder phenotype in the heterozygous Cyfip2 247 

knock-out mouse model would be in line with the assumption that the observed severe human CYFIP2 248 

phenotype is not caused by haploinsufficiency.  249 

Despite the large spacing in the primary structure, the residues affected by the missense variants 250 

p.(Arg87Cys), p.(Ile664Met), p.(Glu665Lys), p.(Asp724His) and p.(Gln725Arg) in our patients are located in 251 

close spatial proximity at the CYFIP2-WAVE1 interface where they are predicted to impair binding of the 252 

WAVE VCA-region (Fig. 2B), therefore leading to increased WAVE activation and consecutively to increased 253 

Arp2/3 mediated actin polymerization. A similar effect is also expected for the p.(Tyr108His) variant, 254 

although caused by a slightly different structural mechanism.  Of note, an enhanced WAVE net activity was 255 

already suggested after loss of Cyfip2 in a heterozygous mouse model [47] or dCyfip in drosophila [49]. 256 

Increased WAVE activity was also suggested for the p.Arg87 variants observed by Nakashima et al. [22] 257 

supported by their finding of speckled co-localization of filamentous actin and mutant CYFIP2 as well as 258 

significantly increased aberrant filamentous actin accumulation in B16F1 cells transfected wildtype or 259 

mutant CYFIP2. However, they could not detect abnormal WAVE1 binding of the Arg87 mutants by co-260 

immunoprecipitation in transfected HEK293T cells, but showed a consistently weaker interaction with the 261 

VCA domain in a GST pull-down assay.  262 

The splice variant identified in patient 2 is predicted to result in a truncated protein (p.(Glu1174Aspfs*3)) 263 

due to exon skipping of the second to last exon. This transcript likely escapes nonsense-mediated decay. 264 

Based on our structural modelling the missing C-terminus is expected to lead to loss of numerous contacts 265 
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with NCKAP1 (also known as NAP1) within the WRC (Fig. 2) and therefore also to a disruption of the WRC 266 

and consecutive WAVE activation. A similar WRC disruption caused by loss of interactions with NCKAP1 is 267 

also expected for the p.(Ala455Pro) missense variant, which may be enhanced by decreased stability of 268 

CYFIP2.  269 

Therefore, we speculate that the mechanism of aberrant WAVE activation caused by the different variants 270 

could be explained by activation of the Arp2/3-binding VCA domain either by (1) increased dissociation of 271 

the WRC and/or (2) disturbed interactions at the CYFIP2-WAVE1 interface favoring an exposed VCA-helix 272 

(Fig. 4). Given the variant type, the finding of unchanged CYFIP2 protein levels in a cell line of a 273 

p.(Arg87Leu) patient [22] and the results of our structural modelling, we assume that the detected variants 274 

act as partial loss of function variants in terms of their ability to stabilize the WRC and/or the inactive 275 

conformation of the VCA-region but eventually result in gain of function considering WAVE activation.   276 

 277 

In conclusion we provide evidence that a variety of spatially clustered de novo variants in CYFIP2 are 278 

causative for a new neurodevelopmental disorder characterized by intellectual disability and seizures. Our 279 

findings suggest that all identified de novo variants lead to increased WAVE activity by weakening the 280 

interaction with other components of the WAVE regulatory complex, a key regulator of the actin 281 

cytoskeleton.  282 

 283 

Acknowledgements 284 

The authors are grateful to the participating individuals and their families. We thank Christian Söldner and 285 

Michel Albert for support with preparation of figures. 286 

AR, LA and BP were supported by the University of Zurich research priority program radiz (rare disease 287 

initiative Zurich). AR was further supported by the Swiss National Science Foundation (SNSF) grant 288 

320030_179547. The Broad Center for Mendelian Genomics (UM1 HG008900) is funded by the National 289 

Human Genome Research Institute with supplemental funding provided by the National Heart, Lung, and 290 

Blood Institute under the Trans-Omics for Precision Medicine (TOPMed) program and the National Eye 291 

Institute. Support also provided by NIH T32 GM007748 (M.H.W.). The DDD Study (Cambridge South REC 292 



Zweier et al. page 15 
 

 

approval 10/H0305/83 and the Republic of Ireland REC GEN/284/12) presents independent research 293 

commissioned by the Health Innovation Challenge Fund (grant number HICF-1009-003), a parallel funding 294 

partnership between the Wellcome Trust and the Department of Health, and the Wellcome Trust Sanger 295 

Institute (grant number WT098051). The views expressed in this publication are those of the author(s) and 296 

not necessarily those of the Wellcome Trust or the Department of Health. AB was supported by the 297 

Forschungskredit UZH and the Josef Huwyler Ruth Bernet-Engeli Stiftung. 298 

 299 

Conflict of interest 300 

Kirsty McWalter, Megan T. Cho, Maria J. Guillen Sacoto, and Kristin G. Monaghan are employees of 301 

GeneDx, Inc., a wholly owned subsidiary of OPKO Health, Inc. The other authors report no potential conflict 302 

of interests. 303 

 304 

Supplementary information is available at European Journal of Human Genetics’ website. 305 

  306 



Zweier et al. page 16 
 

 

REFERENCES 307 

1. van Bokhoven H. Genetic and epigenetic networks in intellectual disabilities. Annu Rev Genet. 2011; 308 

45: 81-104. 309 

2. Bowley C, Kerr M. Epilepsy and intellectual disability. J Intellect Disabil Res. 2000; 44 ( Pt 5): 529-310 

543. 311 

3. Reilly C, Atkinson P, Das KB et al. Neurobehavioral comorbidities in children with active epilepsy: a 312 

population-based study. Pediatrics. 2014; 133: e1586-1593. 313 

4. Chin RF, Cumberland PM, Pujar SS, Peckham C, Ross EM, Scott RC. Outcomes of childhood epilepsy 314 

at age 33 years: a population-based birth-cohort study. Epilepsia. 2011; 52: 1513-1521. 315 

5. Deciphering Developmental Disorders S. Large-scale discovery of novel genetic causes of 316 

developmental disorders. Nature. 2015; 519: 223-228. 317 

6. Deciphering Developmental Disorders S. Prevalence and architecture of de novo mutations in 318 

developmental disorders. Nature. 2017; 542: 433-438. 319 

7. Epi KC, Epilepsy Phenome/Genome P, Allen AS et al. De novo mutations in epileptic 320 

encephalopathies. Nature. 2013; 501: 217-221. 321 

8. Rauch A, Wieczorek D, Graf E et al. Range of genetic mutations associated with severe non-322 

syndromic sporadic intellectual disability: an exome sequencing study. Lancet. 2012; 380: 1674-323 

1682. 324 

9. Yang Y, Muzny DM, Xia F et al. Molecular findings among patients referred for clinical whole-exome 325 

sequencing. JAMA. 2014; 312: 1870-1879. 326 

10. Gilissen C, Hehir-Kwa JY, Thung DT et al. Genome sequencing identifies major causes of severe 327 

intellectual disability. Nature. 2014; 511: 344-347. 328 

11. Kochinke K, Zweier C, Nijhof B et al. Systematic Phenomics Analysis Deconvolutes Genes Mutated in 329 

Intellectual Disability into Biologically Coherent Modules. Am J Hum Genet. 2016; 98: 149-164. 330 

12. Schenck A, Bardoni B, Moro A, Bagni C, Mandel JL. A highly conserved protein family interacting 331 

with the fragile X mental retardation protein (FMRP) and displaying selective interactions with 332 

FMRP-related proteins FXR1P and FXR2P. Proc Natl Acad Sci U S A. 2001; 98: 8844-8849. 333 



Zweier et al. page 17 
 

 

13. Abekhoukh S, Bardoni B. CYFIP family proteins between autism and intellectual disability: links with 334 

Fragile X syndrome. Front Cell Neurosci. 2014; 8: 81. 335 

14. Chen Z, Borek D, Padrick SB et al. Structure and control of the actin regulatory WAVE complex. 336 

Nature. 2010; 468: 533-538. 337 

15. Chen B, Chou HT, Brautigam CA et al. Rac1 GTPase activates the WAVE regulatory complex through 338 

two distinct binding sites. Elife. 2017; 6. 339 

16. Derivery E, Lombard B, Loew D, Gautreau A. The Wave complex is intrinsically inactive. Cell Motil 340 

Cytoskeleton. 2009; 66: 777-790. 341 

17. Reijnders MRF, Ansor NM, Kousi M et al. RAC1 Missense Mutations in Developmental Disorders 342 

with Diverse Phenotypes. Am J Hum Genet. 2017; 101: 466-477. 343 

18. Lee Y, Kim D, Ryu JR et al. Phosphorylation of CYFIP2, a component of the WAVE-regulatory 344 

complex, regulates dendritic spine density and neurite outgrowth in cultured hippocampal neurons 345 

potentially by affecting the complex assembly. Neuroreport. 2017; 28: 749-754. 346 

19. Riviere JB, van Bon BW, Hoischen A et al. De novo mutations in the actin genes ACTB and ACTG1 347 

cause Baraitser-Winter syndrome. Nat Genet. 2012; 44: 440-444, S441-442. 348 

20. Cuvertino S, Stuart HM, Chandler KE et al. ACTB Loss-of-Function Mutations Result in a Pleiotropic 349 

Developmental Disorder. Am J Hum Genet. 2017; 101: 1021-1033. 350 

21. Cox DM, Butler MG. The 15q11.2 BP1-BP2 microdeletion syndrome: a review. Int J Mol Sci. 2015; 351 

16: 4068-4082. 352 

22. Nakashima M, Kato M, Aoto K et al. De Novo Hotspot Variants in CYFIP2 Cause Early-Onset Epileptic 353 

Encephalopathy. Ann Neurol. 2018. 354 

23. Plecko B, Zweier M, Begemann A et al. Confirmation of mutations in PROSC as a novel cause of 355 

vitamin B 6 -dependent epilepsy. J Med Genet. 2017; 54: 809-814. 356 

24. Papuc SM, Abela L, Steindl K et al. The role of recessive inheritance in early-onset epileptic 357 

encephalopathies: a combined whole-exome sequencing and copy number study. EJHG. submitted. 358 

25. Tanaka AJ, Cho MT, Millan F et al. Mutations in SPATA5 Are Associated with Microcephaly, 359 

Intellectual Disability, Seizures, and Hearing Loss. Am J Hum Genet. 2015; 97: 457-464. 360 



Zweier et al. page 18 
 

 

26. Bowling KM, Thompson ML, Amaral MD et al. Genomic diagnosis for children with intellectual 361 

disability and/or developmental delay. Genome Med. 2017; 9: 43. 362 

27. Faundes V, Newman WG, Bernardini L et al. Histone Lysine Methylases and Demethylases in the 363 

Landscape of Human Developmental Disorders. Am J Hum Genet. 2018; 102: 175-187. 364 

28. Farwell KD, Shahmirzadi L, El-Khechen D et al. Enhanced utility of family-centered diagnostic exome 365 

sequencing with inheritance model-based analysis: results from 500 unselected families with 366 

undiagnosed genetic conditions. Genet Med. 2015; 17: 578-586. 367 

29. Kremer LS, Bader DM, Mertes C et al. Genetic diagnosis of Mendelian disorders via RNA 368 

sequencing. Nat Commun. 2017; 8: 15824. 369 

30. Chen B, Brinkmann K, Chen Z et al. The WAVE regulatory complex links diverse receptors to the 370 

actin cytoskeleton. Cell. 2014; 156: 195-207. 371 

31. Webb B, Sali A. Protein Structure Modeling with MODELLER. Methods Mol Biol. 2017; 1654: 39-54. 372 

32. Pettersen EF, Goddard TD, Huang CC et al. UCSF Chimera--a visualization system for exploratory 373 

research and analysis. J Comput Chem. 2004; 25: 1605-1612. 374 

33. Xiong P, Zhang C, Zheng W, Zhang Y. BindProfX: Assessing Mutation-Induced Binding Affinity 375 

Change by Protein Interface Profiles with Pseudo-Counts. J Mol Biol. 2017; 429: 426-434. 376 

34. Sobreira N, Schiettecatte F, Valle D, Hamosh A. GeneMatcher: a matching tool for connecting 377 

investigators with an interest in the same gene. Hum Mutat. 2015; 36: 928-930. 378 

35. Firth HV, Richards SM, Bevan AP et al. DECIPHER: Database of Chromosomal Imbalance and 379 

Phenotype in Humans Using Ensembl Resources. Am J Hum Genet. 2009; 84: 524-533. 380 

36. Lek M, Karczewski KJ, Minikel EV et al. Analysis of protein-coding genetic variation in 60,706 381 

humans. Nature. 2016; 536: 285-291. 382 

37. Khajavi M, Inoue K, Lupski JR. Nonsense-mediated mRNA decay modulates clinical outcome of 383 

genetic disease. Eur J Hum Genet. 2006; 14: 1074-1081. 384 

38. Panchal SC, Kaiser DA, Torres E, Pollard TD, Rosen MK. A conserved amphipathic helix in WASP/Scar 385 

proteins is essential for activation of Arp2/3 complex. Nat Struct Biol. 2003; 10: 591-598. 386 



Zweier et al. page 19 
 

 

39. Peng J, Wang Y, He F et al. Novel West syndrome candidate genes in a Chinese cohort. CNS 387 

Neurosci Ther. 2018. 388 

40. Lee JH, Kim HJ, Yoon JM et al. Interstitial deletion of 5q33.3q35.1 in a boy with severe mental 389 

retardation. Korean J Pediatr. 2016; 59: S19-S24. 390 

41. Spranger S, Rommel B, Jauch A, Bodammer R, Mehl B, Bullerdiek J. Interstitial deletion of 391 

5q33.3q35.1 in a girl with mild mental retardation. Am J Med Genet. 2000; 93: 107-109. 392 

42. Pathania M, Davenport EC, Muir J, Sheehan DF, Lopez-Domenech G, Kittler JT. The autism and 393 

schizophrenia associated gene CYFIP1 is critical for the maintenance of dendritic complexity and 394 

the stabilization of mature spines. Transl Psychiatry. 2014; 4: e374. 395 

43. Hoeffer CA, Sanchez E, Hagerman RJ et al. Altered mTOR signaling and enhanced CYFIP2 expression 396 

levels in subjects with fragile X syndrome. Genes Brain Behav. 2012; 11: 332-341. 397 

44. Darnell JC, Van Driesche SJ, Zhang C et al. FMRP stalls ribosomal translocation on mRNAs linked to 398 

synaptic function and autism. Cell. 2011; 146: 247-261. 399 

45. Lei W, Omotade OF, Myers KR, Zheng JQ. Actin cytoskeleton in dendritic spine development and 400 

plasticity. Curr Opin Neurobiol. 2016; 39: 86-92. 401 

46. Chou FS, Wang PS. The Arp2/3 complex is essential at multiple stages of neural development. 402 

Neurogenesis (Austin). 2016; 3: e1261653. 403 

47. Han K, Chen H, Gennarino VA, Richman R, Lu HC, Zoghbi HY. Fragile X-like behaviors and abnormal 404 

cortical dendritic spines in cytoplasmic FMR1-interacting protein 2-mutant mice. Hum Mol Genet. 405 

2015; 24: 1813-1823. 406 

48. Pittman AJ, Gaynes JA, Chien CB. nev (cyfip2) is required for retinal lamination and axon guidance in 407 

the zebrafish retinotectal system. Dev Biol. 2010; 344: 784-794. 408 

49. Zhao L, Wang D, Wang Q, Rodal AA, Zhang YQ. Drosophila cyfip regulates synaptic development 409 

and endocytosis by suppressing filamentous actin assembly. PLoS Genet. 2013; 9: e1003450. 410 

50. Tiwari SS, Mizuno K, Ghosh A et al. Alzheimer-related decrease in CYFIP2 links amyloid production 411 

to tau hyperphosphorylation and memory loss. Brain. 2016; 139: 2751-2765. 412 



Zweier et al. page 20 
 

 

51. Marchler-Bauer A, Bo Y, Han L et al. CDD/SPARCLE: functional classification of proteins via 413 

subfamily domain architectures. Nucleic Acids Res. 2017; 45: D200-D203. 414 

 415 

  416 



Zweier et al. page 21 
 

 

TITLES AND LEGENDS TO FIGURES 417 

Fig. 1. Gene and protein structure of CYFIP2 with the eight variants identified in twelve patients. (A) 418 

Schematic drawing of the CYFIP2 gene as well as CYFIP2 protein with its conserved domains. The position of 419 

the eight variants identified in our twelve patients (indicated in black) as well as the recently published 420 

variants (Nakashima et al. [22]; indicated in grey and with †) are depicted. All variants occurred de novo and 421 

have been detected in heterozygous state (variant nomenclature and gene structure according to 422 

NM_001291722.1 with exons numbered from 1 to 32 consecutively and NC_000005.10 for intronic 423 

sequences, protein structure according to NP_001278651.1 and NCBI's conserved domain database [51]). 424 

(B, C) Splice variant c.3669+1G>T affecting the conserved splice donor site after exon 31 induces skipping of 425 

exon 31 in P2. RT-PCR on RNA from peripheral blood leukocytes with primers located in the exons 29 and 426 

32 (indicated as arrows) resulted in an additional aberrant product of 381 bp in the patient (lane 1), 427 

whereas the amplification in six controls (lanes 2-7) resulted in the expected 529 bp fragment only (S, size 428 

standard; lane 8, genomic DNA control; lane 9, no template control). Exon skipping in the patient was 429 

verified by the sequencing of amplified products (Supplemental Figure S1) and is predicted to result in a 430 

frameshift followed by a premature stop codon after 3 altered amino acids 431 

(NM_001291722.1:r.3522_3669del, p.(Glu1174Aspfs*3)). 432 

 433 

Fig. 2. (A) Structure of the WAVE regulatory complex (WRC) indicating the sites of variants. CYFIP is shown 434 

in orange and the C-terminus, which is absent in the p.(Glu1174Aspfs*3) splice variant, is highlighted in red. 435 

The C-terminus forms tight interactions to the NCKAP1-protein (shown in cyan space-filled presentation). 436 

Residues affected by missense variants are shown in space-filled presentation and colored by atom types. 437 

Residues Arg87, Ile664, Glu665, Asp724 and Gln725 interact with WAVE1 (shown in green space-filled 438 

presentation) and Ala455 interacts with NCKAP1. Tyr108 is located in close vicinity to the CYFIP-WAVE1 439 

interface. 440 

(B) Close-up view on the CYFIP2-WAVE1 interaction site disturbed by most of the variants observed. WAVE1 441 

residues 151-173 comprising helix α6 (important for VCA domain stabilization) and residues 531-543 442 

corresponding to the C-helix (part of VCA domain) are shown in light green and dark green, respectively. 443 
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The interacting CYFIP residues Arg87, Ile664, Glu665, Asp724, and Gln725 are shown in space-filled 444 

presentation and colored by atom types. 445 

(C) Close-up view of the CYFIP2-WAVE1 interface in the vicinity of Tyr108. Residues 133-142 of WAVE1 are 446 

shown in green and residues 100-114 of CYFIP2 are shown in orange (ribbon representation). Key residues 447 

discussed in text are shown in space-filled presentation and Tyr108 is colored by atom type. 448 

(D) Close-up view on the CYFIP2-NCKAP1 interface in the vicinity of Ala455. NCKAP1 is shown in cyan and 449 

residues 444-469 of CYFIP2 are shown as orange ribbon with Ala455 in space-filled presentation. 450 

 451 

Fig. 3. Facial appearances of eight patients (P1, P2, P3, P5, P6, P9, P11 & P12) with de novo variants in 452 

CYFIP2 and hands of four patients (P1, P3, P11 & P12). 453 

 454 

Fig. 4. Schematic structural organization of the WAVE regulatory complex (WRC) with its members WAVE1, 455 

CYFIP2, NCKAP1, ABI2 and HSPC300 in inactivated condition (left part) and after activation of WAVE 456 

function by RAC1-GTP binding (upper right part) or aberrant WAVE activation by CYFIP2 mutation as 457 

suggested by our data (lower right part). 458 

  459 
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TABLES 

Table 1 Clinical data of patients with CYFIP2 variants 

 P1 P2  P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 
I1-4 from 

Nakashima et al., 
2018 [22] 

CYFIP2 
variant‡ 

c.259C>T, 
p.(Arg87Cy

s) 

c.3669+1G>
T, 

p.(Glu1174
Aspfs*3)¶ 

c.259C>T, 
p.(Arg87Cy

s) 

c.259C>T, 
p.(Arg87Cy

s) 

c.2174A>G, 
p.(Gln725Arg) 

c.1992C>G, 
p.(Ile664Met) 

c.1993G>A, 
p.(Glu665L

ys) 

c.259C>T, 
p.(Arg87Cy

s) 

c.1992C>G, 
p.(Ile664M

et) 

c.1363G>C, 
p.(Ala455Pr

o) 

c.2170G>C, 
p.(Asp724H

is) 

c.322T>C, 
p.(Tyr108Hi

s) 

c.260G>T 
p.(Arg87Leu) 

c.259C>T 
p.(Arg87Cys) 

c.260G>C 
p.(Arg87Pro) 

c.259C>T 
p.(Arg87Cys) 

Gender female female male female female female male female male male male female all male
Age of last 
investigation 6y 11m 6y 2m 9y 6y 9m 1y 7m 2y 2m 4y 9y 6y 1m 1y 4m 4y 2y 9m 3-11y 

Consanguinit
y, ethnicity 

no, 
Caucasian 

no, 
Caucasian 

no, 
Caucasian 

no, 
Nigerian no, Caucasian no, Caucasian no, 

Caucasian 
no, 

Mexican 
no, 

Caucasian 
no, 

Caucasian 
no, 

Caucasian 
no, 

Caucasian 

no (Japanese, 
Japanese, Eritrean, 

Malaysian) 
 

Gestational 
age (weeks) 40 0/7 40 4/7 40 full term 40 39 38 40 0/7 40 6/7 39 0/7 41 2/7 40 40, 30, 38, 38 

Birth 
HC/length/w
eight 
standard 
deviations 

-1.5 / -1.7 / 
-0.4 

NA / -2.1 / -
0.1 

NA / NA / -
0.4 

NA / NA / -
0.8 

at age 6m: 
-1.4 / -0.8 / 

-1.6 

-1.5 / +1.0 / 
+0.3 

+1.1 / +0.4 / 
+1.1 

NA / NA / 
+0.1 

NA / NA / -
1.5 

NA / NA / -
0.6 

-0.2 / 0 /-
1.4 

+0.1 / 0 / 
+0.1 

+0.1 / -1.7 / 
-1.2 

I1:+0.8 / +1.3 / +1.9 
I2:  -1.0 / -3.5 / -2.7 
I3: +1.1 / NA / +1.4 

I4:  -3 / -1 / -0.7 

HC/length/w
eight at last 
investigation 
standard 
deviations 

-6.1 / -0.2 / 
-0.4 

-3.7 /  -3.8 / 
-2.8 

NA / -1.8 / -
0.8 

-3.6 / -2.0 / 
-0.57 

-1.4 / +0.8 / 
+0.7 

-0.4 / +2.0 / 
+0.7 

-0.9 / -0.8 / 
-0.5 

-4.8 /  +0.2 
/ +0.7 

at age 5y 
7m 

-1.5 / +1.0 / 
+0.9 

-1.8 / +1.9 / 
-0.5 

-1.7 / -0.4 / 
-1.2 

-1.9 / -1.3 / 
-1.5 

I1: NA 
I2: -5.1 / -1.8 / -2.4 
I3: -2.6 / +0.3 / +1.7 
I4: -3.7 / -4.7 / -4.9 

Microcephal
y yes yes no yes relative 

microcephaly 
relative 

microcephaly no yes 
relative 

microcepha
ly 

relative 
microcepha

ly 

crossing of 
centiles,  

P50  P5 
borderline no, yes, yes, yes 

Morphologic
al features 

high and 
broad 

forehead, 
large 

backwards 
rotated 

ears, 
upslanting 

narrow 

high and 
broad 

forehead, 
large 

backwards 
rotated 

ears, 
narrow 
down-

large ears, 
full cheeks, 

narrow 
palpebral 
fissures, 

everted lips 
retrognathi

a, long 
fingers  

none 

high bulging 
forehead with 

temporal 
narrowing, 

hypertelorism
, narrow up-

slanting 
palpebral 
fissures, 

high forehead 
with 

temporal 
narrowing,  

abnormality 
of the 

hairline, , 
large 

backwards 

high and 
broad 

forehead, 
mild 

hypertelori
sm, narrow 
downslanti

ng 
palpebral 

broad and 
high 

forehead, 
deep set 
eyes, flat 

nasal 
bridge, 
large 

posteriorly 

hypertelori
sm, 

epicanthic 
folds, 

broad nasal 
tip, deep 
set eyes, 
narrow 

upslanting 

scarce 
frontal and 
temporal 
hair, long 
philtrum, 

thin upper 
lip, 

overfolded 
helices of 

low-set
ears, 

prominent 
earlobes, 1 

freckled 
cafe-au-lait 
spot, dorsal 

linear 
freckling 

high and 
broad 

forehead, 
large 

backwards 
rotated 

ears, 
synophris, 
deep-set 

I1, I2: arched 
eyebrows and 

swelling of lip and 
gingiva 

I3: none 
I4: Tented mouth 
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palpebral 
fissures, full 

cheeks, 
short 

philtrum, 
short 

mouth with 
everted 

lips, 
microretro

gnathia, 
high 

narrow 
palate, 

microdonti
a, sparse 

eyebrows, 
abnormalit

y of the 
hairline, 
tapered 

long 
fingers, 
bilateral 

overriding 
of the 2nd 

and 3rd 
toes  

slanting 
palpebral 
fissures, 

mild 
hypertelori
sm, short 

mouth with 
everted lips 

bulbous nasal 
tip, large 

ears, short 
mouth with 
everted lips, 
retrognathia 

rotated ears, 
narrow 

upslanting 
palpebral 
fissures, 

hypertelorism
, flat nasal 

bridge, high 
narrow 

palate, short 
open mouth 
with everted 

lips 

fissures, 
large 

backwards 
rotated 

ears, long 
dark eye 
lashes, 
short 

mouth, 
retrognathi

a, deep 
plantar 
creases 

rotated 
ears, open 

mouth with 
everted lips 

palpebral 
fissures, 

short 
mouths 

with 
everted 

lips, large 
ears 

both ears, 
pectus 

excavatum, 
tapered 
fingers, 

long toes 

complete 
left  leg, 

mild funnel 
chest, mild 
displaceme

nt of 
mammillae, 

mild 
clinodactyly

, 
macrostom

ia, 
diastema 
mediale, 

mild 
plagioceph
alus, pasty 

back of 
hands, 

prominent 
lips 

eyes, 
retrognathi

a, friable 
nails, 

tapered 
fingers 

Developmen
tal delay yes, global yes, global yes, global yes, global yes, global yes, global yes, global yes, global yes, global yes, global yes, global yes, global yes, all global 

Age at 
unassisted 
sitting 

no 
unassisted 

sitting 
9m yes, age 

unknown 

no 
unassisted 

sitting 

no unassisted 
sitting 

no unassisted 
sitting 1y 

no 
unassisted 

sitting 
8m 13m 

(unstable) 3y 11m 
no 

unassisted 
sitting 

no unassisted sitting 
in all 

Age at 
independent 
walking 

no walking 

never 
walked, 

was 
standing 

and 
cruising, 

then 
regressed 
(at age 4y) 

no walking, 
can scoot no walking no walking no walking 

yet about 2y no walking 2y 

no 
independe
nt standing 
or walking 

yet 

no walking no walking no walking in all 

Age at first 
words no speech 18m no speech no speech no speech no speech 18m no speech NA 

no speech, 
invariable 
vocalizing 

no speech no speech no speech in all 

Speech 
developmen
t 

only non-
verbal 

a few 
words, a 

few signed 

only non-
verbal 

only non-
verbal none only non-

verbal 
mild delay 

only 
only non-

verbal 

4 words 
with 

meaning at 

only non-
verbal 

only non-
verbal 

only non-
verbal  
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words only 19 months, 
20 words 

with 
meaning at 

3y 5m, 
fluent 

sentences 
at 6y 

Intellectual 
disability§ profound profound profound profound too young to 

assess 

severe to 
profound (too 

young to 
specify) 

mild to 
moderate profound moderate 

moderate 
to severe 

(too young 
to specify) 

profound profound severe - profound in 
all 

Other 
abnormal 
behavior 

frequent 
laughing 

spells and 
screaming 

when 
waking up 

stereotypic
al writhing 

movements
,  

frequent 
laughing 
spells at 

night 

no no no no 
autistic 

features, 
ADHD 

NR 

ADHD, ASD, 
recurrent 

stereotypes 
when 

excited, 
flaps arms 

behind 
head, 

repetitive 
questioning

, 
hypermoto
ric/active 
behavior 

unusual 
frequent 

oral 
exploration

s 

NR no NA 

Seizures (age 
of onset) yes (11m) 

yes (4y), 
staring 

episodes 
(unclear if 
epileptic) 

<1y 

yes (5w) yes (2-3m) 

yes (7-8m 
focal 

impaired 
awareness 

seizures; 11m 
epileptic 
spasms) 

yes (1y 2m) yes (3y) yes (9m) 
febrile 

seizure at 
6m 

yes (6.5m) yes (4m) yes (8m) yes for all (onset 
1.5m – 6m) 

Seizure type 

atypical 
absences, 

tonic, 
myoclonic, 
hyperkineti
c seizures, 

status 
epilepticus 

absences, 
generalized 

tonic or 
tonic-clonic 
and gelastic 

seizures 

epileptic 
spasms 

generalized 
tonic, 

atypical 
absence, 

and 
myoclonic 
seizures 

epileptic 
spasms, focal 
seizures with 

impaired 
awareness 

focal 
impaired 

awareness  
seizures with 
non-motor 

onset, status 
epilepticus 

febrile 
seizures, 

absences, 
focal 

seizures 

epileptic 
spasms, 

tonic 
seizures, 
atypical 

absences, 
generalized 
tonic clonic 

seizures, 
status 

epilepticus, 

febrile 
seizure at 

6m, 
otherwise 
no seizure 

activity 

West-
syndrome 

atypical 
absences,  
polytopic 
myoclonia 

clonic and 
hypermoto

ric 
(pedaling) 
seizures 

I1, I4: West 
syndrome 

I2, I3: Ohtahara 
syndrome 

 
I1: epileptic spasms, 

tonic 
I2: focal, tonic, 

epileptic spasms 
I3: focal, myoclonic, 

epileptic spasms 
I4: generalized tonic 

clonic 
Current 
seizure 

multiple 
short 

seizure-free 
since age 

seizure-free 
since age 

2x/day on 
average, 

occasional
seizures 

seizure-free
since age 1y 

seizure-free 
since age 

tonic 
seizures 1-

none (no 
treatment) 

seizure-free
since age 

multiple 
short 

max. 
1x/month, 

I1-3: Intractable
I4: seizure-free since 
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frequency 
(treatment) 

absence 
seizures 

per day and 
ca. 4 tonic 
seizures 
per day 

(VPA, TPM) 

4y 11m 
(CBD oil) 

5y (LCM) very 
variable 

(TPM, LEV, 
CLZ) 

(VGB, ZNS, 
LCM, CLB) 

9m (no 
treatment) 

6y (no 
treatment) 

2x/day for 
10-15s, 

usually in 
mornings 
(CLZ, LEV, 

VPA) 

9m (VPA) absences 
per day, no 
myoclonia 
(Pyridoxine 
hydrochlori

de) 

continuous
eye lid 

myoclonia 
(LEV, TPM, 

VGB) 

age 3y (VPA)

EEG findings 

focal and 
generalized 
sharp-slow 

wave 
activity, 

generalized 
epileptifor
m activity, 

short 
episodes of 

small 
amplitude 

alpha-
/theta 
activity 

with 
behavioral 

arrest 
(atypical 

absence?) 

intermitten
t slowing normal 

multifocal 
and 

generalized 
interictal 

epileptifor
m 

discharges 

multifocal 
epileptiform 
discharges 

 

disturbed and 
slower main 

part, 
probably 
epileptic 

activity from 
central part 

of both 
hemispheres 
during sleep 

anterior 
epileptifor
m activity 

hypsarrhyt
hmia, 

slow spike 
and wave 

discharges, 
multifocal 
spike and 

wave 
discharges, 
bitemporal 
sharp and 
slow wave 
discharges 

not 
performed 

hypsarrhyt
hmia, 

reduced 
multifocal 
spikes and 

waves       

right-
accentuate

d hemi-
hypsarrhyt
hmia-like 
activity 

(responsive 
to 

Pyridoxine),  
subclinical 
intermitten
d rhythmic 

delta 
activity 

posterior 

encephalop
athic 

pattern, 
multifocal 
spike wave 

activity 

I1: hypsarrhythmia, 
slow spike-wave 
I2: suppression-

burst, 
hypsarrhythmia, 

multifocal epileptic 
discharges 

I3: suppression-
burst, 

hypsarrhythmia 
I4: suppression-

burst, 
hypsarrhythmia 

MRI 
anomalies 

dysmorphic 
hemisphere

s, frontal 
lobe 

hypoplasia 
with 

simplified 
gyration 

periventricul
ar 

leukomalaci
a, white 
matter 

volume loss 

normal at 
age 5w 5d 

mild diffuse 
hypomyelin
ation and 
atrophy, 

abnormal 
thickening 

of the 
medullary 
cavity of 

the 
sphenoid 

bone 

mild diffuse 
cerebellar 

parenchymal 
volume loss, 
symmetric 

hyperintense 
T2 signal 

abnormality 
within the 

central 
tegmental 

tracts 

normal at the 
age of 7m 
and 13m 

normal at 
age 3y 5m 

moderate 
diffuse 

atrophy, 
abnormal 
signal in 

the thalami 
and 

putamen 
bilaterally 

which 
suggests 

gliosis 

not 
performed 

marked 
subarachno
id spaces at 

age 6.5m 

no 
structural 

lesions, 
wide liquor 

space         
(at age 7m 
and 1y 9m) 

mild 
bilateral 

frontal lobe 
hypoplasia, 
abnormal 
signal of 
the basal 
ganglia,  

hypoplasia 
of the 

chiasma 
and 

retrochias
matic 
region 

I1: Cerebral atrophy 
I2: mild cerebral and  
cerebellar atrophy 

I3: various 
anomalies 
I4: normal 

Muscular 
hypo-
/hypertonia 

truncal 
hypotonia, 
hypertonici
ty  of lower 

limbs 

truncal 
hypotonia, 

mild 
hypertonici
ty of lower 

limbs 

truncal 
hypotonia 

truncal 
hypotonia, 

limb 
hypertonici

ty 

severe 
generalized 
hypotonia 

hypotonia truncal 
hypotonia 

truncal 
hypotonia,  

limb 
spasticity 

generalized 
hypotonia 

generalized 
hypotonia 

axial 
hypotonia 

axial 
hypotonia 

I1: no 
I2: hypotonia and 

spasticity 
I3, I4: hypotonia 
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other 
neurological 
issues 

hypermoto
ric behavior mild ptosis dystonia dystonia no brisk tendon 

reflexes NR 

hyporeflexi
a, 

muscle 
weakness 

NR no 
discrete 

distal 
dyskinesia 

persistent 
non-

epileptic 
eye lid 

myoclonia 
and 

abnormal 
ocular 

movement 
since age 

2d 

I2: Babinski sign and 
hyperactive deep 
tendon reflexes 
I3: weak deep 

tendon reflexes, 
primitive reflexes 

I4: hyperactive deep 
tendon reflex with 

clonus 

Other 
features 

hyperopia, 
optical 
nerve 

atrophy, 
alternating 
divergent 

strabismus, 
difficulty 

falling 
asleep 

(treated 
successfully 

with 
Melatonin), 

very slow 
hair and 

teeth 
growth 

constipatio
n, frequent 
awakenings 

at night 
with 

“laughing 
spells”, 

frequent 
episodes of 
low muscle 
tone in the 
mornings 

hyperlaxity 
of joints, 

requires G-
tube, 

exotropia, 
sleep 

disturbance
s, kidney 
stones, 

recurrent 
ear 

infections, 
muscle 
biopsy 

showed 
signs of 

mitochondr
ial disorder 

osteopenic 
bones, 

requires G-
tube, 

cortical 
vision loss, 

sensory 
exotropia, 
asthma, 

laryngomal
acia, 

benign 
neutropeni

a, 
microcystos
is, OSAS, on 

CPAP 

reflux, 
dysphagia, 
requires G-

tube, retinal 
pigmentary 

changes, 
vision 

impairment, 
hypermetropi

a, bilateral 
glaucomatous 
optic atrophy, 

secundum 
ASD/PFO, 

cough, 
requires 

cough assist, 
type 1 

laryngeal 
cleft, 

neutropenia, 
absent 

otoacoustic 
emissions and 

acoustic 
reflexes in 
the left ear 

none 
constipatio

n, 
strabismus 

stridor, 
frequent 

respiratory 
infections, 
progressive 
thoracolum

bar 
scoliosis, 

dysphagia, 
requires G-

tube, 
cortical 
visual 

impairment
, sleep 

disturbance
s 

umbilical 
hernia 

repair at 
1y, 

intermitten
t 

strabismus 
(resolved at 

age 5y), 
frequent 
urinary 

tract 
infections, 
eczema, 

sleep 
disturbance

s treated 
with 

Melatonin 

pectus 
excavatum, 

OAE -
screening 

not normal, 
icterus 

prolongatu
s 

can eat 
pureed 
food, 

hypersaliva
tion, 

recurrent 
pulmonary 
infections, 

coxa 
antetorta 

and 
subluxation 

left hip, 
strabismus 
divergens 
alternans, 
myopia, 
bilateral 

cryptorchis
m, 

orchidopexi
a 

major 
feeding 

difficulties, 
requires G-

tube, 
optical 
nerve 

hypoplasia, 
severe 

asthma, 
pulmonary 
infections 

 

Abbreviations: ASD atrial septal defect; CBD Cannabidiol; CLB Clobazam; CLZ Clonazepam; CPAP continuous pressure; d days; EEG electroencephalography; G-tube gastrostomy 
tube; HC head circumference; LCM Lacosamide; LEV Levetiracetam; m months; MRI magnetic resonance imaging; NA not available; NR not reported; OAE otoacoustic emissions; 
OSAS obstructive sleep apnea syndrome; PFO persistent foramen ovale; TPM Topiramate; VGB Vigabatrin; VPA Valproate; w weeks; y years; ZNS Zonisamide 

 

‡  c. position according to reference sequence NM_001291722.1 and p.position according to NP_001278651.1 
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¶ NC_000005.10(NM_001291722.1):c.3669+1G>T 

§ classification according to DSM-V 
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