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Abstract

CYFIP2, encoding the evolutionary highly conserved cytoplasmic FMRP interacting protein 2, has previously been
proposed as a candidate gene for intellectual disability and autism because of its important role linking FMRP-dependent
transcription regulation and actin polymerization via the WAVE regulatory complex (WRC). Recently, de novo variants
affecting the amino acid p.Arg87 of CYFIP2 were reported in four individuals with epileptic encephalopathy. We here report
12 independent patients harboring a variety of de novo variants in CYFIP2 broadening the molecular and clinical spectrum
of a novel CYFIP2-related neurodevelopmental disorder. Using trio whole-exome or -genome sequencing, we identified 12
independent patients carrying a total of eight distinct de novo variants in CYFIP2 with a shared phenotype of intellectual
disability, seizures, and muscular hypotonia. We detected seven different missense variants, of which two occurred
recurrently (p.(Arg87Cys) and p.(Ile664Met)), and a splice donor variant in the last intron for which we showed exon
skipping in the transcript. The latter is expected to escape nonsense-mediated mRNA decay resulting in a truncated protein.
Despite the large spacing in the primary structure, the variants spatially cluster in the tertiary structure and are all predicted to
weaken the interaction with WAVEL or NCKAPI of the actin polymerization regulating WRC-complex. Preliminary
genotype—phenotype correlation indicates a profound phenotype in p.Arg87 substitutions and a more variable phenotype in
other alterations. This study evidenced a variety of de novo variants in CYFIP2 as a novel cause of mostly severe intellectual
disability with seizures and muscular hypotonia.

Introduction comorbidity [2, 3], which worsens its psychosocial outcome

[4]. Genetic defects are thought to be a major cause of ID
Intellectual disability (ID) is a genetically heterogeneous  and epilepsy, but the identification of causative variants is
disorder with an estimated prevalence of 2-3%, with 0.3—  complicated by tremendous genetic heterogeneity. Next-
0.5% severely affected [1]. Epilepsy is a frequent  generation sequencing techniques, such as whole-exome
sequencing (WES) and whole-genome sequencing (WGS),
have been shown to be outstanding tools for the identifi-
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biological function and processes, interaction partners, and
molecular networks as well as phenotypes of knockout
models are often used to underpin the potential role of genes
in disease pathogenesis. Several ID and epilepsy genes
converge into common networks and play key roles in
neurogenesis, neuronal migration and synaptic functions
[1, 11]. Hence, other involved players and protein families
are suitable candidates for novel ID and epilepsy disorders.

The evolutionary highly conserved cytoplasmic FMRP
interacting proteins (CYFIPs) represent one such candidate
protein family for ID and epilepsy. Its two members in
humans, CYFIP1 (MIM 606322) and CYFIP2 (MIM
606323) (also known as PIR121), interact with the fragile X
mental retardation protein (FMRP), a RNA-binding protein
with an important role in translational control, the absence
of which leads to fragile X syndrome (MIM 300624) [12].
Additionally, CYFIP1 and CYFIP2 were detected at the
synapse [12] and are members of the canonical WAVE
regulatory complex (WRC). This complex is activated
by interaction of CYFIP with the small Rho GTPase Racl
[13—16] and dominant-negative and constitutively active
RACI variants have been recently reported in ID (MIM
617751) [17]. The WRC is a key regulator of actin
dynamics [18] and missense and/or loss-of-function variants
in two non-muscle actins, ACTB and ACTGI, cause syn-
dromic forms of ID (MIM 243310 and 614583) [19, 20].
Given their role as “link” between Racl, the WAVE com-
plex, and FMRP, the CYFIP proteins have already been
proposed as good candidates for ID and autism [13].
However, the focus remained on the more extensively stu-
died CYFIPI, which is also one of the four genes deleted in
the 15q11.2 BP1-BP2 microdeletion syndrome located
within the Prader-Willi/Angelman syndrome region [21].
Concerning CYFIP2, only recently three variants affecting
the Arginine at position p.87 have been published as cau-
sative in four patients with early-onset epileptic encepha-
lopathy [22].

Using WES or WGS in trios of an affected child and its
healthy parents, we independently identified eight distinct,
spatially clustering de novo variants in CYFIP2 in a total of
12 patients delineating the genetic and clinical spectrum
associated with variants in CYFIP2.

Methods
Subjects and high-throughput sequencing

The twelve patients underwent clinical examination at
centers in Switzerland, Germany, The United Kingdom,
Estonia, the USA, and France. Trio WES or WGS was
either performed on a routine diagnostic basis with sub-
sequent consent for publication or as part of a research
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study approved by the local ethics commissions on human
research and were in keeping with international standards.
A detailed clinical description of the patients is provided in
Table 1 and the case reports in the supplement.

Patient 1 (P1) was part of a study including 63 unrelated
patients with early-onset epileptic encephalopathy (EE) and
trio WES was carried out as described elsewhere [23, 24].
P2, P4, and P5 were part of eight cases with de novo
CYFIP2 rare nonsynonymous variants identified in 2793
cases with ID/DD and seizures who underwent trio WES by
the GeneDx Laboratory (Gaithersburg, MD, USA) as
described elsewhere (supplement and Tanaka et al. [25]).
The remaining five cases could not be included into this
study due to lack of consent for publication. The variant
reported in P3 was identified by trio WGS conducted at the
HudsonAlpha Institute for Biotechnology (Huntsville, AL,
USA) in a cohort of 437 patients with ID/DD or other rare
undiagnosed conditions. Analysis was performed as
described elsewhere [26]. P6 was one of 128 diagnostic
Estonian patients with developmental delay (DD), dys-
morphism and/or other developmental problems and the
CYFIP2 variant was detected by trio WES performed by the
Genomics Platform at the Broad Institute of MIT and
Harvard (details see supplemental methods). P7 and P9
underwent trio WES as part of the Deciphering Develop-
mental Disorders (DDD) project as previously described
[6]. The trio exome data of P9 were re-examined as part of a
local ‘solving the unsolved’ project in Manchester using a
previously described pipeline [27]. P8 was one of 1312
patients with ID and epilepsy that underwent trio WES at
Ambry Genetics (Aliso Viejo, CA, USA) as described
elsewhere [28]. WES of P10 and P11 and their parents was
performed as previously described (supplement and Kremer
et al. [29]). The variant in P12 was detected by trio WES
using a MedExome (Roche, Madison, WI, USA) and a
NextSeq500 (Illumina, San Diego, CA, USA) at the NGS
platform of the Lyon University Hospital.

Throughout the text, figures, and tables, all reported
variants are designated for the CYFIP2 reference transcript
NM_001291722.1, which encodes for NP_001278651.1,
following the current HGVS nomenclature (varnomen.hgvs.
org) with exons numbered from 1 to 32 consecutively, and
NC_000005.10 was used as a genomic reference sequence
for the intronic variant. All reported variants have been
submitted to the Leiden Open Variation Database (www.
LOVD.nl/CYFIP2, patient IDs 00180890-00180901).

RT-PCR on RNA

To confirm the predicted splice effect of the variant
¢.3669+1G>T detected in P2, RNA from the patient and six
controls was extracted using the PAXgene System (Pre-
AnalytiX, Hombrechtikon, Switzerland) and transcribed
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Fig. 1 Gene and protein structure of CYFIP2 with the eight variants
identified in twelve patients. a Schematic drawing of the CYFIP2 gene
as well as CYFIP2 protein with its conserved domains. The position of
the eight variants identified in our twelve patients (indicated in black)
as well as the recently published variants (Nakashima et al. [22],
indicated in grey and with ) are depicted. All variants occurred de
novo and have been detected in heterozygous state (variant nomen-
clature and gene structure according to NM_001291722.1 with exons
numbered from 1 to 32 consecutively and NC_000005.10 for intronic
sequences, protein structure according to NP_001278651.1
and NCBI's conserved domain database [51]). b, ¢ Splice variant

reversely using Superscript III (ThermoFisher Scientific,
Waltham, MA, USA). RT-PCR was performed by using
specific primers located in the exons 29 and 32 of CYFIP2
and products were analyzed by agarose gel electrophoresis.
Exon skipping in the patient was verified by Sanger
sequencing of amplified products.

Variant modelling

The effect of the variants was investigated on the basis of the
crystal structure of the WAVE regulatory complex (PDB:
3PSC [14], 4N78 [30]). This complex was crystallized with
CYFIP1, which was replaced by CYFIP2 (88% sequence
identity to CYFIP1) in our model using Modeller 9.16 [31].
Chimera [32] was used for structure analysis and visualiza-
tion. The effect of the variants on the CYFIP2-WAVEI1
binding affinity were assessed using BindProfX [33].
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p.(Asp724His) p.(GIn725Arg)  p.(Glu1174Aspfs*3)

FragX_IP domain
(Cytoplasmic Fragile-X interacting family)
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¢.3669+1G>T affecting the conserved splice donor site after exon 31
induces skipping of exon 31 in P2. RT-PCR on RNA from peripheral
blood leukocytes with primers located in the exons 29 and 32 (indi-
cated as arrows) resulted in an additional aberrant product of 381 bp
in the patient (lane 1), whereas the amplification in six controls (lanes
2-7) resulted in the expected 529 bp fragment only (S, size standard;
lane 8, genomic DNA control; lane 9, no template control). Exon
skipping in the patient was verified by the sequencing of amplified
products (Supplemental Figure S1) and is predicted to result in a
frameshift followed by a premature stop codon after 3 altered amino
acids (NM_001291722.1:r.3522_3669del, p.(Glul174Aspfs*3))

Results
Genetic findings

Through our trio WES study, utilizing GeneMatcher [34],
Decipher Database [35], and personal communications, we
identified 12 patients with eight distinct de novo CYFIP2
variants (seven missense and one splice site variant):
¢.259C>T p.(Arg87Cys) in P1, P3, P4, and PS; ¢.322T>C
p-(Tyrl08His) in P12; ¢.1363G>C p.(Ala455Pro) in P10;
c.1992C>G p.(Ile664Met) in P6 and P9; c.1993G>A
p-(Glu665Lys) in P7; c.2170G>C p.(Asp724His) in P11;
¢.2174A>G p.(GIn725Arg) in PS; and ¢.3669+1G>T p.(?)
in P2 (Fig. 1, Table 1, for alternative nomenclature see
Supplemental Table S1). Notably, all the variants are absent
from GnomAD [36] and all except p.(Tyr108His) are pre-
dicted unanimously to have a deleterious effect on protein
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function by automated online prediction tools (missense
variant predictions: SIFT, PolyPhen2, MutationTaster;
splice variant predictions: MaxEnt, NNSplice, Human
Splicing Finder, GeneSplicer, SpliceSiteFinder-like; all
predictions provided by Alamut Visual Version 2.10 July
2017 (Interactive Biosoftware, Rouen, France)). Further-
more, the CYFIP2 gene is indicated to be intolerant to both,
missense (z = 6.15) and loss-of-function (LoF) (probability
of LoF intolerance pLI = 1.00) variants in ExXAC [36].

The variant ¢.3669+1G>T is predicted to affect the
conserved splice donor site in the last intron of CYFIP2, and
RT-PCR performed using RNA from peripheral blood
leukocytes of P2 confirmed skipping of exon 31
(NM_001291722.1:1.3522_3669del) (Fig. 1 and Supple-
mental Figure S1). Lack of exon 31, which is the second to
last exon, is predicted to result in a frameshift followed by a
premature stop codon (p.(Glul174Aspfs*3)). Accordingly,
this aberrant transcript is not expected to be subject to
nonsense-mediated mRNA decay [37].

Variant modelling

The missense variants p.(Arg87Cys) and p.(Tyr108His)
are located in the DUF1394 subdomain of CYFIP2,
whereas the remaining missense variants (p.(Ala455Pro),
p-(le664Met),  p.(Glu665Lys), p.(Asp724His), and
p-(GIn725Arg)) are located in the FragX_ IP subdomain
(Fig. 1). In the three-dimensional fold of CYFIP2, both
the subdomains are tightly interlocked, placing Arg87
in close spatial proximity to Ile664, Glu665, Asp724, and
GIn725. Moreover, these variants are located at the
CYFIP2-WAVEI!1 interface (Fig. 2a, b). As noted by
Nakashima et al. [22], the Arg87 sidechain forms tight
interactions with two glutamate residues and intermolecular
interactions to Tyrl151 of WAVEI. Since these interactions
are lost in the p.(Arg87Cys) variant, this exchange is pre-
dicted to cause structural instability around the variant site
thereby leading to aberrant WAVEL activation [22].

In contrast to Arg87, residues Ile664, Glu665, Asp724,
and GIn725 form weaker intramolecular interactions sug-
gesting that the variants found at these positions are not
expected to significantly affect the stability of CYFIP2
itself. Nevertheless, all the five residues form direct inter-
actions with WAVE]L, which are predicted to be disturbed
by these variants (Fig. 2a). A closer inspection reveals that
interactions are formed with a6- and C-helices of WAVEL
(Fig. 2b). The C-helix (residues 531-543) is a part of the
WAVE1 VCA-region and was shown to be critical for
activation of the Arp2/3 complex [38]. The tight interaction
between helices a6 and C plays an important role for sta-
bilizing the VCA-region in an inactive conformation. Thus,
these five missense variants are predicted to weaken the
CYFIP2-WAVEI! interface at this functionally important

site favoring release of the VCA-region leading to WAVEIL
activation. To quantify the effect of the variants we calcu-
lated the changes in the free energy of the CYFIP2-
WAVEI interaction for each of the WAVEI interface var-
iants (free energy change in kcal/mol): p.(Arg87Cys) 1.75;
p-(Ile664Met) 1.20; p.(Glu665Lys) 1.32; p.(Asp724His)
2.08; and p.(GIn725Arg) 1.09. Here we report changes in
CYFIP2-WAVE!1 affinity instead of CYFIP2 stability,
which explains the difference in free energy reported in this
manuscript for p.(Arg87Cys) (1.75 kcal/mol) compared
with that reported by Nakashima et al. (~4.5 kcal/mol) [22].

Tyr108 is located close to the CYFIP2-WAVEI] inter-
face and the adjacent residue Ile107 forms interactions with
Tyr140 in the meander region of WAVEI (Fig. 2¢), which
cooperatively stabilizes the VCA-element. These interac-
tions are critically affected by alterations of the adjacent
residues. For example, phosphorylation of Thr138
(WAVE]) by Cdk5 contributes to WRC activation and
leads to altered cellular actin dynamics [14]. Thus, it
appears feasible that replacement of Tyr108 (CYFIP2) by a
charged histidine also perturbs the CYFIP-WAVE inter-
action at this functionally important site. Consequently, the
variant p.(Tyr108His) may also lead to increased WAVE
activation.

The splice variant ¢.3669+1G>T likely results in a C-
terminally truncated CYFIP2 protein (p.(Glul 174Aspfs*3)).
The C-terminus (red part illustrated in Fig. 2a) forms
numerous contacts to NCKAPI, another component of the
WRC, that are lost in the altered protein. A loss of interac-
tions with NCKAP1 is also expected for the p.(Ala455Pro)
missense variant, which is located in the CYFIP2-NCKAP1
interface (Fig. 2d). The calculated free energy change of
1.21 kcal/mol is in the same range as that observed for the
variants in the CYFIP2-WAVEI interface. Since Ala455 is
located in an a-helix, an Ala455Pro exchange is additionally
expected to disturb the structure of CYFIP2 itself, thus
enhancing the damaging effect of this variant.

Clinical findings

Phenotype data are summarized in Table 1 and more
detailed patient reports are provided in the supplement. The
patients shared a phenotype of ID/DD (12/12) and epilepsy
(11/12) except for P9, which was only reported to have had
a single febrile seizure at the age of 6 months. In the
majority of the cases (8/11), seizure onset occurred within
the first year of life (range 5 weeks—4 years). In six patients
seizures were intractable, whereas five children were
reported to be currently seizure-free. All patients showed
generalized or truncal hypotonia, in four cases combined
with limb spasticity. Dysphagia with dependency on gastric
tube feeding was present in five of 12 patients. Nine of 12
patients had visual impairment and/or strabismus. Eight
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lle664/

Glu665 Asp724/

GIn725

Asp724

Fig. 2 a Structure of the WAVE regulatory complex (WRC) indicating
the sites of variants. CYFIP is shown in orange and the C-terminus,
which is absent in the p.(Glul174Aspfs*3) splice variant, is high-
lighted in red. The C-terminus forms tight interactions to the
NCKAPI protein (shown in cyan space-filled presentation). Residues
affected by missense variants are shown in space-filled presentation
and colored by atom types. Residues Arg87, Ile664, Glu665, Asp724
and GIn725 interact with WAVEL (shown in green space-filled pre-
sentation) and Ala455 interacts with NCKAP1. Tyr108 is located in
close vicinity to the CYFIP-WAVEI] interface. b Close-up view on the
CYFIP2-WAVEI interaction site disturbed by most of the variants
observed. WAVEI residues 151-173 comprising helix a6 (important

patients developed absolute or relative microcephaly and in
two patients the centile of head circumference decreased
markedly. Common morphological features shared among
patients in this cohort included long, tapered fingers, high
forehead, narrow, mildly up-slanting palpebral fissures,
apparent hypertelorism, bulbous nasal tip, full cheeks,
everted lip vermillion, and retrognathia (Fig. 3). Brain MRI
was performed in 11 of the patients and showed unspecific
structural anomalies in six patients including cerebellar,
white matter or diffuse atrophy in four patients, dysmorphic
hemispheres and frontal lobe hypoplasia in one patient, and

SPRINGER NATURE

Thr138

for VCA domain stabilization) and residues 531-543 corresponding to
the C-helix (part of VCA domain) are shown in light green and dark
green, respectively. The interacting CYFIP residues Arg87, Ile664,
Glu665, Asp724, and GIn725 are shown in space-filled presentation
and colored by atom types. ¢ Close-up view of the CYFIP2-WAVE1
interface in the vicinity of Tyr108. Residues 133-142 of WAVE] are
shown in green and residues 100-114 of CYFIP2 are shown in orange
(ribbon representation). Key residues discussed in text are shown in
space-filled presentation and Tyr108 is colored by atom type. d Close-
up view on the CYFIP2-NCKAPI interface in the vicinity of Ala455.
NCKAPI is shown in cyan and residues 444-469 of CYFIP2 are
shown as orange ribbon with Ala455 in space-filled presentation

hypoplasia of the frontal lobe, the chiasma and retro-
chiasmatic region in one patient. Three patients had normal
cerebral MRI scans at the age of 5 weeks (P3), 7 months
and 1 year 1 month (P6), and 3 years 5 months (P7),
respectively. EEG was available for all 11 patients with
recurrent seizures and showed variable findings including
focal, multifocal and generalized epileptiform discharges,
and hypsarrhythmia. Developmental milestones were absent
or delayed in all 12 patients. Only 6/12 patients achieved
unassisted sitting and 2/12 were able to walk. Nine of 12
patients did not develop any verbal communication and one
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Fig. 3 Facial appearances of eight patients (P1, P2, P3, P5, P6, P9, P11, and P12) with de novo variants in CYFIP2 and hands of four patients (P1,

P3, P11, and P12)

spoke only a few words at the age of 6 years. Psychomotor
regression was reported in one patient (P2), who was
standing and cruising and then regressed at the age of 4
years after a single tonic-clonic seizure event. All patients
are alive and their age at last evaluation ranged from 1 year
4 months to 9 years.

Discussion

In this study we report 12 patients harboring eight de novo
variants in CYFIP2 presenting with mostly severe but
variable ID/DD, muscular hypotonia and, in all except one,
a history of epilepsy with onset <4 years. Other commonly
shared features included secondary microcephaly, limb
spasticity, dysphagia, long tapering fingers, and similar
facial traits (Table 1, Fig. 3).

Our findings are in line with those recently reported by
Nakashima et al. [22], who identified concurrently three de
novo variants in patients with epileptic encephalopathy, all
affecting the Arginine at position 87 in CYFIP2. All four of
their patients had early-onset epileptic encephalopathy
classified as Ohtahara or West syndrome, whereas we report
a broader clinical spectrum ranging from a similarly severe
phenotype including intractable epilepsy and profound ID
from mild to moderate cognitive impairment (P7 & P9)
without epilepsy (P9) (Table 1). The p.(Arg87Cys) variant
recurred in four cases of this study, and was also reported
twice in the previous cohort [22]. All six patients carrying

this recurrent variant, as well as two further patients [22]
with other substitutions of the p.Arg87 had profound ID,
early-onset epilepsy and hypotonia. Seizures were intract-
able in six of these eight patients while two are currently
seizure-free. Six of these eight patients had secondary
microcephaly. MRI findings ranged from unremarkable to
hypomyelination and atrophy. All four patients reported
here carrying the p.(Arg87Cys) variant showed sleep dis-
turbances, while this feature was not addressed by the
previous report. Of note, this variant was also reported as a
candidate variant in a patient with West syndrome who in
addition harbored further de novo variants including a
variant classified as “likely pathogenic” in the Kabuki
syndrome (MIM 147920)-associated KMT2D gene [39].
We identified a further recurrent variant, p.(Ile664Met),
present in two of our patients (P6 and P9) and associated
with a more variable phenotype consisting of either
severe developmental and epileptic encephalopathy or
moderate non-epileptic ID, respectively. Therefore, cur-
rently available data indicate a profound phenotype in
p-Arg87 substitutions, but a more variable phenotype in
other variants.

The CYFIP2 gene is located in the chromosomal region
5q33.3 and encodes the cytoplasmic FMRP interacting
protein 2 (CYFIP2). Only large segmental chromosomal
aneusomies involving this region have been clinically
described in two patients with ID and seizures, with a vast
number of genes affected and unclear deletion borders in
one patient [40, 41]. With regards to single gene defects, the
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Fig. 4 Schematic structural organization of the WAVE regulatory
complex (WRC) with its members WAVE], CYFIP2, NCKAPI,
ABI2, and HSPC300 in inactivated condition (left part) and after

study by Nakashima et al. [22] and this study are the first
reports to establish defects in CYFIP2 as the underlying
cause of severe neurodevelopmental disorders. Since neither
elsewhere nor in our series small copy number or truncating
variants triggering nonsense-mediated mRNA decay have
been observed, haploinsufficiency seems unlikely as disease
mechanism in the observed severe phenotype.

Both members of the highly conserved CYFIP protein
family in humans, CYFIP1 and CYFIP2, interact with
FMRP and are similarly co-localized with ribosomes and
FMRP and were also detected at the synapse of mouse brain
[12, 42]. However, despite their high homology it was
shown that CYFIP1 interacts exclusively with FMRP, while
CYFIP2 also interacts with the FMRP-related proteins
FXR1P/2P [12]. Interestingly, it has been shown that
regardless of unchanged RNA levels, the protein levels of
CYFIP2 are increased in the blood of Fragile X patients
[43]. This is in line with the fact that Cyfip2 mRNA (but not
Cyfipl mRNA) is ranked as a FMRP target in mouse brain
[44] and the conception that FMRP acts as a suppressor of
CYFIP2 translation by sequestration of its mRNA.

CYFIP1/2, along with the WAVE proteins (also known
as WASF proteins), NCKAP1 (NAP1 or HEMI1 in hema-
topoietic cells), ABI2 (or its paralogous proteins, ABIIl or
NESH), and HSPC300 (BRK1), are members of the cano-
nical WAVE regulatory complex (WRC), a key regulator of
actin dynamics (Fig. 4) [13, 14, 16]. By the interaction of
Racl-GTP with CYFIP, the intrinsically inactivated
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activation of WAVE function by RACI1-GTP binding (upper right
part) or aberrant WAVE activation by CYFIP2 mutation as suggested
by our data (lower right part)

complex is split into one subcomplex including CYFIP1/2,
which is now capable to interact with other proteins, and
another subcomplex including WAVE, which interacts with
Arp2/3 triggering actin polymerization [13-16]. Here, the
Arp2/3 complex is activated by binding the conserved VCA
(verprolin homology, central and acidic regions) domain of
WAVE, which is sequestrated in the inactivated complex by
CYFIP, inhibiting WAVE activity [14, 15]. Actin filaments
are important cytoskeletal structures in neurons with critical
dynamics and especially the Arp2/3 complex is essential at
multiple stages of neural development [45, 46].

Accordingly, in vitro and in vivo animal models of
CYFIP2 (or its orthologs) showed phenotypes consistent
with its discussed role as FMRP interactor and component
of a key regulator of actin cytoskeleton, such as abnorm-
alities of dendritic spines and axons [12, 13, 42, 47-50].
Of note, while homozygous null mice were lethal, indicat-
ing the necessity of CYFIP2 in early development, a
heterozygous  knock-out mouse showed abnormal
behavior and cortical dendritic spines similar to that
observed in Fmrl-null mice [47]. Given these findings and
the high pLI score of 1.0 for CYFIP2, we assume that
haploinsufficiency in humans may also cause a develop-
mental phenotype. However, the apparently milder pheno-
type in the heterozygous Cyfip2 knock-out mouse model
would be in line with the assumption that the observed
severe human CYFIP2 phenotype is not caused by
haploinsufficiency.
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Despite the large spacing in the primary structure,
the residues affected by the missense variants p.(Arg87-
Cys), p.(Ile664Met), p.(Glu665Lys), p.(Asp724His), and
p-(GIn725Arg) in our patients are located in close spatial
proximity at the CYFIP2-WAVEI] interface, where they are
predicted to impair binding of the WAVE VCA-region
(Fig. 2b), therefore leading to increased WAVE activation
and consecutively to increased Arp2/3 mediated actin
polymerization. A similar effect is also expected for the
p-(Tyr108His) variant, although caused by a slightly dif-
ferent structural mechanism. Of note, an enhanced WAVE
net activity was already suggested after loss of Cyfip2 in a
heterozygous mouse model [47] or dCyfip in Drosophila
[49]. Increased WAVE activity was also suggested for the
p-Arg87 variants observed by Nakashima et al. [22] sup-
ported by their finding of speckled co-localization of fila-
mentous actin and mutant CYFIP2 as well as significantly
increased aberrant filamentous actin accumulation in
B16F1 cells transfected wildtype or mutant CYFIP2.
However, they could not detect abnormal WAVE] binding
of the Arg87 mutants by co-immunoprecipitation in trans-
fected HEK293T cells, but showed a consistently weaker
interaction with the VCA domain in a GST pull-down
assay.

The splice variant identified in P2 is predicted to result in
a truncated protein (p.(Glul174Aspfs*3)) due to exon
skipping of the second to last exon. This transcript likely
escapes nonsense-mediated decay. Based on our structural
modelling the missing C-terminus is expected to lead to a
loss of numerous contacts with NCKAP1 (also known as
NAP1) within the WRC (Fig. 2) and therefore also to a
disruption of the WRC and consecutive WAVE activation.
A similar WRC disruption caused by loss of interactions
with NCKAP1 is also expected for the p.(Ala455Pro)
missense variant, which may be enhanced by decreased
stability of CYFIP2.

Therefore, we speculate that the mechanism of aberrant
WAVE activation caused by the different variants could be
explained by activation of the Arp2/3-binding VCA domain
either by (1) increased dissociation of the WRC and/or (2)
disturbed interactions at the CYFIP2-WAVEL interface
favoring an exposed VCA-helix (Fig. 4). Given the variant
type, the finding of unchanged CYFIP2 protein levels in a
cell line of a p.(Arg87Leu) patient [22] and the results of
our structural modelling, we assume that the detected var-
iants act as partial loss-of-function variants in terms of their
ability to stabilize the WRC and/or the inactive conforma-
tion of the VCA region, but eventually result in gain of
function considering WAVE activation.

In conclusion, we provide evidence that a variety of
spatially clustered de novo variants in CYFIP2 are causative
for a new neurodevelopmental disorder characterized by
intellectual disability and seizures. Our findings suggest that

all identified de novo variants lead to increased WAVE
activity by weakening the interaction with other compo-
nents of the WAVE regulatory complex, a key regulator of
the actin cytoskeleton.
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