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New insights into the clinical and molecular spectrum of the
novel CYFIP2-related neurodevelopmental disorder and
impairment of the WRC-mediated actin dynamics

A full list of authors and affiliations appears at the end of the paper.

Purpose: A few de novo missense variants in the cytoplasmic
FMRP-interacting protein 2 (CYFIP2) gene have recently been
described as a novel cause of severe intellectual disability, seizures,
and hypotonia in 18 individuals, with p.Arg87 substitutions in the
majority.

Methods: We assembled data from 19 newly identified and all 18
previously published individuals with CYFIP2 variants. By
structural modeling and investigation of WAVE-regulatory com-
plex (WRC)-mediated actin polymerization in six patient fibroblast
lines we assessed the impact of CYFIP2 variants on the WRC.

Results: Sixteen of 19 individuals harbor two previously described
and 11 novel (likely) disease-associated missense variants. We
report p.Asp724 as second mutational hotspot (4/19 cases).
Genotype-phenotype correlation confirms a consistently severe
phenotype in p.Arg87 patients but a more variable phenotype in p.
Asp724 and other substitutions. Three individuals with milder

INTRODUCTION

CYFIP2 encodes the cytoplasmic fragile X mental retardation
protein (FMRP) interacting protein 2. It is thought to play an
important role in neurodevelopment by linking FMRP-
dependent local transcription with signaling-dependent remo-
deling of the cytoskeleton as part of the WAVE-regulatory
complex (WRC)." The WRC is a key regulator of actin
dynamics and consists of WASF (also known as WAVE),
CYFIP1/2, NCKAP1, ABI, and BRICK1 (or their homologs). In
the basal state the heteropentameric WRC is intrinsically
inhibited by CYFIP due to the sequestration of the activity-
bearing VCA domain of WASF. Binding of the small GTPase
RACI1 to CYFIP induces conformational changes of the WRC,
which release the VCA domain to trigger Arp2/3-induced actin
polymerization at distinct membrane sites.” Accordingly, the
WRC signaling pathway plays a crucial role in important
neurodevelopmental processes such as axon guidance and
regulation of synapse morphology."”

Recently, de novo missense variants affecting a small number
of amino acids and one late-truncating variant in CYFIP2 have
been associated with intellectual disability (ID), seizures, and
muscular hypotonia (MIM 618008).%” Initially, in 2018

phenotypes carry putative loss-of-function variants, which remain
of unclear pathogenicity. Structural modeling predicted missense
variants to disturb interactions within the WRC or impair
CYFIP2 stability. Consistent with its role in WRC-mediated actin
polymerization we substantiate aberrant regulation of the actin
cytoskeleton in patient fibroblasts.

Conclusion: Our study expands the clinical and molecular
spectrum of CYFIP2-related neurodevelopmental disorder and
provides evidence for aberrant WRC-mediated actin dynamics as
contributing cellular pathomechanism.
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Nakashima et al. described three de novo CYFIP2 variants in
four unrelated individuals with early-onset epileptic encephalo-
pathy, all affecting the arginine at position 87, and suggested a
gain-of-function effect on the WASF signaling pathway.!
Subsequently, we reported that not only p.Arg87 variants, but
also a variety of spatially clustering de novo variants are the
cause of a new neurodevelopmental disorder characterized by
intellectual disability and seizures in 12 patients.” We predicted
all of the detected variants to decrease the stability of the WRC,
thereby reducing the inhibitory effect of CYFIP2 on WASF
activity and eventually resulting in a gain of function of the
WASF pathway.” With two additional reported individuals
harboring recurrent p.Arg87 variants, a total of only 18
individuals with CYFIP2 variants have been described to date.*”

In this study, we considerably increase the number of
individuals harboring a variety of CYFIP2 variants by
reporting 19 additional cases. Genotype—phenotype correla-
tion confirms a profound phenotype for substitutions at the
mutational hotspot p.Arg87 and demonstrates a more variable
phenotype associated with a novel recurrent variant and with
several unique missense alterations, while there is currently no
evidence that loss-of-function variants lead to a similarly
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severe phenotype. Our studies in primary fibroblast cultures
of six affected individuals demonstrate that the WRC-
mediated actin dynamics are disturbed by the CYFIP2
missense variants.

MATERIALS AND METHODS

Patients

The herein described cohort of 19 novel individuals (I1-119)
was recruited through personal communication following our
initial report” and the GeneMatcher Database® from Ger-
many, France, the United Kingdom, the United States,
Canada, Brazil, and New Zealand. The CYFIP2 variant was
identified by trio-exome sequencing (individuals 1, 2, 3, 4, 6,
7, 8,9, 10, 12, 13, and 18) or single-exome sequencing with
subsequent parental testing by Sanger sequencing (individuals
5,11, 14, 17, and 19). Individual 16 and his mother as well as
individual 15 underwent sequencing of the autism/intellectual
disability (ID) Xpanded panel from GeneDx, with subsequent
Sanger sequencing of the father of individual 15. All reported
exonic variants are described according to the CYFIP2
reference  transcript NM_001291722.1 encoding for
NP_001278651.1, in line with the current HGVS nomencla-
ture (v19.01, varnomen.hgvs.org). Intronic variants are named
based on the genomic reference sequence NC_000005.10. All
reported variants have been submitted to the Leiden Open
Variation Database (LOVD) accessible at www.LOVD.nl/
CYFIP2 (individual IDs 00301307-00301325).

Ethics statement

This study was performed as part of a research study
approved by the ethics commission of the Canton of Zurich
(ID PB_2016-02520 [SIV 11/09]). Genetic testing in collabor-
ating centers was performed either in the setting of routine
diagnostic testing without the requirement for institutional
ethics approval or within research settings approved by the
ethical review board of the respective institutions (Ethics
Committee of the Medical Faculty of the University of Bonn,
approval numbers 131/08 and 024/12; DDD ethics approval
from NHS REC Cambridge South, approval number 10/
H0305/83; Ethics Committee of the Dijon University
Hospital, approval numbers ID RCB: 2016-A01347-44 and
CPP EST I. 2016/38). Written informed consent for genetic
testing, for publication of mutational and clinical data, and for
publication of patient photos was obtained from the
individual’s parents or legal guardian.

RNA analysis

RNA was extracted from whole blood of individual 17 and
six controls using the PAXgene Blood RNA Kit (PreAna-
lytiX, Hombrechtikon, Switzerland) and transcribed rever-
sely using SuperScript III First-Strand Synthesis System
(ThermoFisher Scientific, Waltham, MA, USA). PCR on
complementary DNA (cDNA) was performed using specific
primers located in exons 18 and 22 of CYFIP2 and the
products were analyzed by agarose gel electrophoresis.
Distinct bands were extracted using the QIAquick Gel
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Extraction Kit (Qiagen, Venlo, the Netherlands) and
analyzed by Sanger sequencing.

Structural variant modeling

The effect of the variants was modeled in silico on the basis of
the crystal structure of the WAVE-regulatory complex as
previously described.” RasMol” was used for structure analysis
and visualization. The effect of the variants on
CYFIP2 stability and binding affinity to the other WRC
proteins was assessed using BindProfX'? and FoldX."'

Fibroblast cultures

Primary fibroblast cultures were established from skin
biopsies of individual 8 (p.(Asp724Tyr)), individual 9
(p.(Asp724Gly)), and individual 11 (p.(Glu468Asp)) of the
current study as well as of Pl (p.(Arg87Cys)), P6
(p.(Ile664Met)), and P12 (p.(Tyr108His)) previously reported
by Zweier et al.,’> and of three unaffected individuals as
controls. Fibroblasts were cultured in DMEM supplemented
with 10% fetal bovine serum and 1% penicillin-streptomycin
(all Gibco, Life Technologies, Carlsbad, CA) and tested
negative for infection with Mycoplasma.

Migration assays

Wound healing assays were performed three times in
duplicates using black glass bottom 24-well plates with
culture inserts (ibidi, Gréfelfing, Germany). Ten thousand
fibroblasts were seeded in both wells of the insert in full
medium and cells were grown to a confluent monolayer for
24 hours. A consistently sized gap was created by removing
the inserts; cells were washed and incubated in medium
supplemented with 10 pg/ml of human platelet derived
growth factor BB (PDGF) (P3201, Sigma-Aldrich, St. Louis,
Missouri). Migration was assessed by multiframe live cell
imaging at 37 °C and 5% CO, every 30 minutes for 24 hours
with a 5x objective on a Zeiss AxioObserver Z1 widefield
microscope. Images were batch processed by enhancing
contrast before using a pipeline in Tlastik'* for segmentation
into cell-free and cell-covered area, which was then quantified
using CellProfiler.”> The cell-free area was plotted in
GraphPad Prism 8.3 (GraphPad Software, La Jolla, CA) and
values in the linear phase (from 0 to 15 hours) were fitted with
a linear regression, which was used to calculate the time to
half gap and migration speed. Statistical significance of
differences in relation to three controls was calculated using
one-way analysis of variance (ANOVA) and a significance
level of p <0.05.

Phalloidin staining

Fibroblasts were seeded on Poly-D-Lysine coated coverslips in
24-well plates and allowed to attach for about 1.5 hours before
changing to a serum-free medium for 24 hours. Cells were
stimulated with 100 ng/ml PDGF in full medium at 37 °C for
5 minutes, then were washed with warm phosphate-buffered
saline (PBS) and fixed with 3.7% methanol-free formaldehyde
for 10 minutes at room temperature. For the staining, cells
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were permeabilized with 0.1% Triton X-100 for 15 minutes at
room temperature, incubated with phalloidin conjugated to
Alexa Fluor 568 for 60 minutes at room temperature,
counterstained with DAPI, and mounted with ProLong Gold
Antifade Mountant (ThermoFisher Scientific). Images for
quantification of dorsal ruffles were taken on a Zeiss
AxioObserver Z1 with a 25x oil objective. Experiments
were repeated three times and at least 200 cells were counted
for each coverslip. Data were analyzed using Prism 8.3
(GraphPad Software, San Diego, CA, USA). Statistical
significance of differences in relation to three controls was
calculated using one-way ANOVA and a significance level of
p<0.05.

RESULTS
We identified 16 individuals with likely disease-associated
missense variants in CYFIP2 and three individuals with
putative loss-of-function (LoF) variants of unknown signifi-
cance (Table 1).

A novel recurrent variant and several unique missense
variants are associated with variable phenotypes

The 16 individuals with likely disease-associated missense
variants harbored 11 novel and two recurrent substitutions in
CYFIP2 (Fig. 1a). Three of these carry the previously reported
hotspot variant p.(Arg87Cys),"® and two harbor novel
substitutions of the arginine at this position (p.(Arg87His)
and p.(Arg87Ser)). Moreover, we establish the aspartate at
protein position p.724 as a new recurrently affected residue
mutated in four individuals (p.(Asp724His), p.(Asp724Gly),
and p.(Asp724Tyr)).

An overview of inheritance mode, conservation, computa-
tional predictions, presence in gnomAD, and available
experimental evidence is given in Table 1 for all CYFIP2
missense variants. All variants reported in the present study
are absent from gnomAD v2.1.1 and affect highly conserved
amino acids, except p.(Thr490Met) (individual 12), which was
detected once in gnomAD (minor allele frequency of
0.00003185) and affects a moderately conserved amino acid.
All variants were predicted to be deleterious by SIFT,
PolyPhen-2, and MutationTaster, apart from p.(Arg87Ser),
p-(Met311Thr), and p.(Met456Val) that show benign predic-
tions in PolyPhen-2. De novo inheritance was confirmed for
all 12 individuals where both parental samples were available
for testing, while in four individuals only one parental sample
could be obtained. According to the guidelines of the
American College of Medical Genetics and Genomics
(ACMG), 10 variants in 13 individuals were classified as
pathogenic or likely pathogenic, while three missense variants
(p-(Met456Val) in individual 14, p.(Phe888Ser) in individual
15, and p.(His1206Tyr) in individual 16) had to be formally
classified as wvariants of unknown significance due to
incomplete segregation testing. Nevertheless, based on their
absence in control populations, multiple lines of computa-
tional evidence supporting deleterious effects, their location in
the tertiary structure, and the result of our mutational
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modeling indicating similar effects as predicted for clearly
pathogenic variants, we assume also these three missense
variants are likely causative for the phenotype. Thus we
considered all 13 missense variants to be likely disease-
associated variants.

In all individuals of this cohort harboring missense variants
developmental delay (DD) was noted (at a median age of 6.5
months; range 6 weeks-2 years): 14/16 with global DD and 2/
16 with normal motor but delayed language development
(Table 2, Supplementary Table S1). Intellectual disability was
classified as severe or profound in 9 of 14 evaluated
individuals, as moderate in 4/14, and as mild in 1/14 cases
(according to Diagnostic and Statistical Manual of Mental
Disorders, 5th Edition [DSM V] criteria). Individuals 1 and 4
were too young for evaluation of ID with an age of 1 year 4
months or 5 months, respectively, at last investigation. About
half of the individuals in this cohort were reported to have
epilepsy (8/16, and suspected in individual 5) with onset at a
median age of 5 months (range neonatal-14 years). General-
ized tonic-clonic seizures (6/8) and epileptic spasms (4/8)
were the most prevalent seizure types. Electroencephalogram
(EEG) findings were variable, with hypsarrhythmia reported
in 4/8 individuals. Two individuals were seizure-free on
antiepileptic polytherapy, while six remained refractory to
treatment. Ten of 16 individuals showed generalized or
truncal muscular hypotonia, combined with limb hypertoni-
city in two cases. The majority of individuals presented with a
head circumference (HC) in the lower range (11/16
individuals with HC < -1.0 SD score). Microcephaly with a
HC below 2 standard deviations was diagnosed in 5/16
individuals of the current cohort. Dysphagia was reported in
seven individuals; three of them were dependent on gastric
tube feeding. Variable visual problems were present in six
individuals, and sleep difficulties were reported in seven
individuals. Morphological features revealed a shared but not
clearly recognizable facial gestalt including high, narrow
forehead; apparent hypertelorism; depressed nasal bridge;
bulbous nasal tip; full cheeks; everted lip vermilion; and long
tapered fingers in several individuals (Fig. 1b). All individuals
are alive at their age at last evaluation (5 months to 22 years).
A collation of the clinical features from all the cases
(Supplementary Table S1) and case reports for each case
can be found in the Supplement.

No evidence that loss-of-function variants lead to a
similarly severe phenotype

Three individuals harbored heterozygous CYFIP2 variants for
which a (partial) loss of one allele product is expected (Fig. 1a
and Table 1). Individual 18 harbored the de novo variant
p-(Lys501*%) while individual 19 carried the variant
p-(Ser258Glnfs*2) with unknown segregation. In individual
17 the splice variant ¢.2058-1G>C was detected and shown to
be absent in the mother. The variant resulted in an aberrant
in-frame transcript (lacking 58 codons) and an aberrant
out-of-frame transcript (p.(Glu686_Ser744delinsAsp) and
p-(Tyr687*), Supplementary Fig. S1). Individual 19 had mild
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ID and epilepsy while individuals 18 and 17 were both
affected by language delay, behavioral problems, and micro-
cephaly. Of note, individuals 18 and 17 had a family history of
language delay not segregating with the variant and the

GENETICS in MEDICINE | Volume 23 | Number 3 | March 2021

parents of individual 19 are consanguineous. A detailed
clinical description is provided in the case reports in the
Supplement. Note that the clinical data of these individuals
are not included in Table 2.
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Fig. 1 CYFIP2 variants and morphological features of affected individuals. (a) Schematic drawing of the CYFIP2 gene in chromosomal region 5933.3
with known and novel variants identified. (Likely) pathogenic variants are shown above and putative loss-of-function variants are depicted below the gene
scheme. Red labeling represents recurrent variants, and bold letters indicate variants detected in the present study. All variants were shown to have occurred
de novo except those marked with # (not maternal), § (not paternal), or $ (segregation unknown). Variant nomenclature and gene structure according to
NM_001291722.1 with exons numbered from 1 to 32 consecutively and NC_000005.10 for intronic sequences. Regions coding for the conserved protein
domains DUF1394 and FragX_IP are depicted in light green and light blue, respectively (according to the National Center for Biotechnology Information
[NCBI] conserved domain database). (b) Morphological features of individuals with likely disease-associated variants in CYFIP2. Note a shared but not clearly
recognizable facial gestalt including high, narrow forehead; apparent hypertelorism; depressed nasal bridge; bulbous nasal tip; full cheeks; everted lip
vermilion; and long tapered fingers in several individuals. Composite facial appearance in younger and older individuals is shown in F2GY and F2GO,
respectively (created by Face2Gene [FDNA Inc., Boston, MA, USA] with ten photos of nine individuals from this study and Zweier et al.> each).

<

Table 2 Main clinical features in all CYFIP2 patients with recurrent and unique likely disease-associated variants (published
previously and in the current study).

Feature Arg87 substitutions 1le664 substitutions Asp724 substitutions Non-recurrent sites All CYFIP2 patients
n=15% n=2° n=>5% n=12% n=34%

ID/DD 15/15 2/2 5/5 12/12 34/34 (100%)

Severe/profound 12 1 4 6 23 (68%)

Moderate 0 1 1 4 6 (17%)

Mild 0 0 0 1 1 (3%)

Too young to 3 0 0 1 4 (12%)

classify

Behavioral 3/8 12 2/5 9/12 15/27 (56%)

problems

Epilepsy 15/15 12 2/5 8/12 26/34 (76%)

l\/IicrocephaIyb 10/14 2/2 1/5 3/12 16/33 (48%)

Muscle tone 12/14 2/2 5/5 7/12 26/33 (79%)

anomalies

cMRI anomalies 9/14 01 1/5 4/12 14/32 (44%)

Visual problems 7/9 1/2 3/5 4/12 15/28 (54%)

Feeding difficulties  9/11 0/2 3/5 3/12 15/30 (50%)

cMRI cerebral magnetic resonance imaging, DD developmental delay, /D intellectual disability.

“Patient numbers are given only for those where the respective information was available, therefore the total count can be lower than the number of patients harboring
the respective variant.

PIncluding relative microcephaly.

CYFIP2 is indicated to be intolerant to both missense (z=  located in the interface with NCKAP1 (Fig. 2a, c). The
6.01) and loss-of-function (probability of LoF intolerance predominant effect of the p.(Tyr690Cys) is on the interaction
[pLI] =1) variants in gnomAD. However, no such LoF with NCKAPI, whereas p.(Met456Val) is predicted to mainly
sequence variants or small structural aberrations have been affect the stability of CYFIP2 itself (Supplementary Table S2).
reported in patients so far. It remains unclear if the putative  The interaction of Glu468 with BRICKI is likely weakened by
LoF variants detected in our three individuals cause or the p.(Glu468Asp) variant (Fig. 2a, d). Met311 and Phe888 are

contribute to the observed phenotype. buried in the CYFIP2 structure (Fig. 2a, e, f). The variants

affecting these residues result in disturbed interactions in the
Structural modeling of the missense variants predicts protein core and thus probably impact CYFIP2 stability. The
effects on WRC or CYFIP2 stability p-(His1206Tyr) exchange is not expected to significantly affect

We mapped each of the previously and currently reported protein stability or WRC interactions. However, His1206 is
CYFIP2 missense variants onto the available crystal structure of  close to the mapped RAC1 D binding site of CYFIP,'* and we
human WRC and classified the predicted effects on therefore speculate that this variant influences WRC activation
CYFIP2 stability and CYFIP2 affinity to its interaction partners by affecting RACI-CYFIP2 interaction. The effects of
(Supplementary Table S2). Our estimates of changes in binding  p.(Thr490Met) could not be modeled due to the incomplete
affinity within the WRC predicted a significant reduction of the  structural information in the respective region of the crystal
binding affinity for 15 of 20 variants that could be modeled. As  structure.

we have reported previously, Arg87 and Asp724 are located at

the interface to WASF1 in the three-dimensional protein fold  Missense variants impair dorsal ruffle formation in patient
(Fig. 2a, b)” and form direct intermolecular interactions to a6-  fibroblasts

and C-helices of WASF1. CYFIP2 variants affecting these  As our structural modeling predicted the CYFIP2 variants to
recurrently mutated positions disturb these interactions and affect WASF activity, we investigated the effect on actin
therefore favor the release of the activity-bearing VCA domain  cytoskeleton reorganization upon growth factor stimulation
of WASF1. Substitutions of Arg87 are additionally predicted to by staining filamentous actin with phalloidin in fibroblast
cause destabilization of the CYFIP2 structure due to a loss of  cultures of all six consenting affected individuals. We did not
intramolecular interactions. Met456 and Tyr690 are both  observe apparent differences in lamellipodia formation.
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Fig. 2 Structural location of CYFIP2 missense variants. (a) Structure of the WAVE-regulatory complex. The individual protein components are shown in
ribbon presentation and colored as follows: CYFIP2 (orange), NCKAP1 (cyan), WASF1 (green), BRICK1 (yellow), and ABI2 (red). Residues for which missense
variants were detected are shown in space-filled presentation and are colored according to the atom type. Black and gray labels denote residues identified in
the present and in previous studies, respectively. The same coloring scheme is also used for (b—f), which show enlargements of structurally relevant regions.
(b) Arg87, 1le664, Glu665, Asp724, and GIn725 (all colored according to their atom types) are located in the interface with WASF1 (green space-filled
presentation). (c) Ala455, Met456, and Tyr690 are all located in the interface with NCKAP1 (cyan space-filled presentation). (d) Glu468 is located in the
interface with BRICK1 (yellow space-filled presentation). (e) Met311 is buried in the CYFIP2 structure. All atoms closer than 5 A to Met311 are shown in
orange space-filled presentation. (f) Phe888 is buried in the CYFIP2 structure (orange) close to the interaction site of NCKAP1 (cyan ribbon). All atoms closer
than 5 A to Phe888 are shown in space-filled presentation.

However, a significantly reduced number of circular dorsal ~formed in response to growth factor stimulation.'” As CDRs
ruffles (CDRs) was observed in all patient fibroblast lines are implicated in preparation for cell movement, we further
compared with fibroblasts of three controls (Fig. 3). CDRs are  investigated a possible effect of CYFIP2 variants on fibroblast
ring-shaped, F-actin-rich structures that are transiently —migration using a wound healing assay. A slower migration
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speed and consecutively an increased time to half gap closure DISCUSSION

was observed only for the variant p.(Tyr108His), while there = Our data on 16 new individuals harboring likely disease-
was no difference in migration for the other patient fibroblasts  associated CYFIP2 missense variants and three individuals
(Fig. 3). harboring LoF variants of unknown significance considerably

550 Volume 23 | Number 3 | March 2021 | GENETICS in MEDICINE



BEGEMANN et a/

ARTICLE

Fig. 3 Phenotype in primary fibroblasts of affected individuals heterozygous for pathogenic CYFIP2 missense variants and unaffected
controls. (a) Representative images of PDGF-stimulated primary fibroblasts with phalloidin staining of F-actin. Fewer dorsal ruffles (indicated with white
arrows) were observed in patient cells compared with unaffected control cells. (b) Quantification of dorsal ruffle formation in patient and control fibroblasts.
The number of counted dorsal ruffles was normalized to cell number. Three independent experiments are shown, and at least 200 cells were analyzed in
each. (c) Representative images of wound healing assays with fibroblasts carrying the p.(Tyr108His) variant and a control line at time points 0 hours and 24
hours. (d,e) Wound healing assay analysis of (d) time to half gap and (e) migration speed of patient and control fibroblasts. Three independent experiments
with two technical replicates each were analyzed. Only fibroblasts harboring the p.(Tyr108His) variant showed a significant impairment of migration
compared with controls. Mean and standard deviation are displayed, and statistical significance was evaluated using one-way analysis of variance (ANOVA)

with p values indicated as follows: *p <0.05, **p<0.01, p**** < 0.0001.

<

broaden and delineate the genetic and phenotypic spectrum of
the novel CYFIP2-related neurodevelopmental disorder. The
new individuals with CYFIP2 missense variants presented with
similar features as reported previously, including ID/DD in all
cases, and seizures, muscular hypotonia, and microcephaly
frequently observed (Table 2, Supplementary Table S1).*” By
reporting on data of five further individuals harboring a
variant at the mutational hotspot p.Arg87, including two novel
substitutions, we confirm that p.Arg87 individuals show a
consistently very severe phenotype of developmental and
epileptic encephalopathy. In addition, we establish the
aspartate at protein position 724 as a novel recurrently
affected residue in CYFIP2 by describing four individuals
harboring three different substitutions. However, the total of
five Asp724 individuals (including patient 11 in Zweier et al.”)
present with a more variable phenotype ranging from
profound ID with intractable epilepsy to moderate ID without
epilepsy. In addition to the recurrently affected sites, we
contribute seven individuals with private variants affecting
novel positions in CYFIP2. Of note, two of these individuals
(I13 and I14 harboring variants p.(Tyr690Cys) and p.
(Met456Val), respectively) showed normal motor develop-
ment milestones with a delay of language development only,
considerably widening the phenotypic spectrum of the
CYFIP2-related neurodevelopmental disorder.

It has been previously shown that CYFIP2 missense variants
spatially cluster in the tertiary structure and are predicted to
weaken the interaction with WASF1 or NCKAP1 leading to
enhanced WASF1 activation.” We add six novel variants
located at the WASF1 or NCKAPI interface and describe the
CYFIP2-BRICKI1 interaction interface as a disease-associated
site affected by variant (p.(Glu468Asp)) (Fig. 2). Such
destabilization of the WRC due to disturbed protein-protein
interactions has already been experimentally supported by
demonstrating weaker interaction of CYFIP2 p.Arg87 variants
with the VCA of WASF]I, the active domain that is usually
sequestered by CYFIP2 binding.* In total, 15 of the 21 variants
observed so far are predicted to impair the interaction with
WRC members (Supplementary Table S2). Another effect
predicted by our structural modeling is a destabilization of the
CYFIP2 protein itself, which may result in impaired
interaction with the components of the WRC complex. A
change of CYFIP2 stability is predicted for 13 of the 21
variants reported. Interestingly, lower protein levels of the
CYFIP2 p.(Ala455Pro) and p.Arg87 variants compared with
wild type and other tested CYFIP2 mutants have already been

GENETICS in MEDICINE | Volume 23 | Number 3 | March 2021

observed in an overexpression model.'® However, in a single
LCL cell line established from a patient harboring the p.
(Arg87Leu) variant no changes in CYFIP2 levels were
detected.” Nevertheless, changes of expression levels of CYFIP
proteins in neurons were reported to alter spine morphology
and the excitatory/inhibitory balance and neuronal excit-
ability,'”'® which are considered to be one of the key
mechanisms underlying epilepsy and other neurodevelop-
mental disorders. Taken together, structural modeling
suggests that the mutated CYFIP2 proteins lead to impaired
WRC stability and hereby to increased WASF1 activity. The
only variant that is predicted to have no relevant impact on
binding affinity or CYFIP2 stability is p.(His1206Tyr).
However, this variant is located near the RAC1 D binding
site of CYFIP.'"* Mutants of the D binding site have been
shown to result in a loss of RACI1 binding and impaired
morphology and function of actin-based cell protrusions.'*"’
Hence, we assume that the p.(His1206Tyr) variant may affect
actin polymerization through a distinct pathomechanism.
Notably, the phenotype of the individual (I16) with moderate
ID and no seizures was not apparently different from the
other individuals.

To substantiate the effect of CYFIP2 variants on WASF1
activity in vitro we investigated actin cytoskeleton reorganiza-
tion in six patient fibroblast lines, which carried variants at
the WASF1 or BRICKI1 interaction interface. In all fibroblast
lines an impaired formation of CDRs was observed (Fig. 3), a
process already shown to require WASFI activity."” Actin
dynamics and CDRs are important for cell movement.”**'
However, we did not observe significant differences in cell
migration of patient fibroblasts in a wound healing assay, with
the exception of the cells harboring the previously reported’
variant p.(Tyr108His) (Fig. 3). This inconspicuous result for
five of six tested variants could be due to limited sensitivity in
the patient fibroblast model, which has lower CYFIP2
expression than the nervous system and still expresses a fully
functional protein from the wild-type allele. However,
fibroblasts carrying the p.(Tyrl08His) variant did exhibit
slower migration. The respective individual, published as
patient 12 in Zweier et al., showed profound ID and epilepsy
and no clearly distinct features. Interestingly, Tyrl08 is
annotated as a phosphorylation site with strong evidence in
PhosphoSitePlus,”* which is lost in the Tyr108His substitu-
tion. Signals from many different pathways including Rac
GTPase, phospholipids, and protein kinases converge at the
different subunits of the WRC to regulate its membrane
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localization and activation at the right time. Accordingly,
phosphorylation and dephosphorylation of CYFIP2 and the
WASF proteins have been shown to influence the release of
the VCA domain, actin polymerization, and dendritic spine
formation in neurons. Such phosphorylation sites include
Thr138 and Tyr151 of WASF]I that are located in the vicinity
of CYFIP2 Tyrl08 at the WASF1 meander region.”** >’
Hence, it can be speculated that lack of phosphorylation at the
mutated Tyr108 impairs signal integration and hereby WRC-
dependent cell motility, in addition to the disturbed dorsal
ruffle formation observed.

CYFIP2 and its effector WASF1 (or their orthologs) are
enriched in the brain®>” and have been implicated in several
aspects of neuronal morphogenesis, including morphology of
synapses and neurites or axon pathfinding in a multitude of
models."****** Variants in both CYFIP2 and WASFI lead to a
similar but unspecific neurodevelopmental phenotype with ID,
seizures, and muscular hypotonia, as well as microcephaly, visual
impairments and other features in some patients.” RACI,
ACTB, and ACTGI variants have also been shown to result in
similar overlapping phenotypes.’*® Although the exact patho-
mechanisms are yet to be elucidated, the current evidence from
fibroblast studies demonstrates an impairment of WRC-
dependent actin regulation, suggesting that a disturbed actin
regulation signaling cascade explains the neurological phenotype
of the patients in disorders linked with this pathway.

In addition to the reported CYFIP2 missense variants for
which we claim pathogenicity, we also identified three
putative loss-of-function variants. There is currently no clear
evidence derived from databases of copy-number or sequence
variants supporting pathogenicity or benignity of LoF variants
in CYFIP2. The three individuals reported in this study
harboring such variants also pose some challenges for
interpretation of their clinical relevance. The segregation
cannot be clarified in two cases, and in the third case a de
novo inheritance is established but other family members
were reported to have developmental difficulties indicating a
possible other, shared cause for the phenotype. Additionally,
no fibroblasts of individuals harboring LoF variants were
available for in vitro assessment. A potential compensation of
CYFIP2 loss of function by the highly homologous
CYFIP1 seems unlikely as multiple lines of evidence suggest
that they cannot compensate for each other; for example, their
expression was found to show cell-type specific differences
with Cyfip2 being mainly expressed in neurons, while Cyfip1
expression levels were higher in non-neuronal cells in the
mouse brain.”” Moreover, homozygous knockout in mice for
either gene is lethal, and Cyfipl and Cyfip2 are expressed at
different developmental time points,”*’° and distinct
functions have been described in animal models.”*"*

However, as all three individuals with putative LoF variants
have a milder phenotype than the individuals with de novo
missense CYFIP2 variants we conclude that the complete loss
of one allele product does not lead to the severe neurodeve-
lopmental phenotype found in cases with pathogenic missense
variants.
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In conclusion, our data of 19 new individuals harboring
CYFIP2 variants considerably broadens the genetic and
phenotypic spectrum of the novel CYFIP2-related neurodeve-
lopmental disorder typically caused by de novo missense
variants, while we propose that loss of one allele product leads
to a milder phenotype or may not be disease causing. Our
findings in patient fibroblasts indicate that pathogenic hetero-
zygous CYFIP2 missense variants disturb the WRC and
consecutively the Arp2/3-induced actin polymerization that is
required for the concise temporal and spatial regulation of CDR
formation. In line with previous findings,*” we conclude that
the underlying mechanism is a disinhibition of WASF1 by
aberrant CYFIP2, resulting in dysregulation of the WAVE-
regulatory pathway.

Further work is needed to understand the functional
consequences of CYFIP2 variants on WASF activity and actin
dynamics, and to elucidate their effect on the FMRP
interaction and translation regulation not studied so far.
Additionally, future observations of CYFIP2 loss-of-function
variants or small deletions in humans will help to elucidate
the question of CYFIP2 haploinsufficiency.
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