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Abstract

Intellectual disability (ID) is a neurodevelopmental disorder affecting approximately 0.5-3% of the population in the
developed world. Individuals with ID exhibit deficits in intelligence, impaired adaptive behavior and often visual
impairments. Cytoplasmic fragile X mental retardation 1 (FMR1)-interacting protein 2 (CYFIP2) is an interacting partner of
the FMR protein, whose loss results in fragile X syndrome, the most common inherited cause of ID. Recently, CYFIP2 variants
have been found in patients with early-onset epileptic encephalopathy, developmental delay and ID. Such individuals often
exhibit visual impairments; however, the underlying mechanism is poorly understood. In the present study, we investigated
the role of Cyfip2 in retinal and visual functions by generating and analyzing Cyfip2 conditional knockout (CKO) mice. While
we found no major differences in the layer structures and cell compositions between the control and Cyfip2 CKO retinas, a
subset of genes associated with the transporter and channel activities was differentially expressed in Cyfip2 CKO retinas
than in the controls. Multi-electrode array recordings showed more sustained and stronger responses to positive flashes of
the ON ganglion cells in the Cyfip2 CKO retina than in the controls, although electroretinogram analysis revealed that Cyfip2
deficiency unaffected the photoreceptor and ON bipolar cell functions. Furthermore, analysis of initial and late phase
optokinetic responses demonstrated that Cyfip2 deficiency impaired the visual function at the organismal level. Together,
our results shed light on the molecular mechanism underlying the visual impairments observed in individuals with CYFIP2
variants and, more generally, in patients with neurodevelopmental disorders, including ID.
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Introduction

Neurodevelopmental disorders are a group of brain disorders,
including attention deficit hyperactivity disorder, autism spec-
trum disorder (ASD) and intellectual disability (ID). Sensory dis-
orders or atypical sensory features are broadly recognized as
common features in children and adults with neurodevelop-
mental disorders. Atypical sensory features include reduced
and excessive responsiveness and sensory seeking. Notably, the
criteria for ASD in the Diagnostic and Statistical Manual of
Mental Disorders, Fifth Edition, include hyper- or hyporeactivity
to sensory input or unusual interest in sensory aspects of the
environment. However, the causes and mechanisms of sen-
sory disorders associated with neurodevelopmental disorders
are poorly understood.

ID, formerly known as mental retardation, is characterized
by deficits in intelligence (IQ<70) and impaired adaptive
behavior (1). Individuals with ID frequently exhibit visual and/or
hearing disorders (2). Approximately 0.5-3% of the population
in the developed world is considered to be affected by this
disorder (3-6). Two evolutionarily conserved members of the
cytoplasmic fragile X mental retardation 1 (FMR1)-interacting
protein (CYFIP) family, CYFIP1 and CYFIP2, were originally
identified as direct interacting partners of FMR protein (FMRP)
(7), an RNA-binding protein whose loss leads to fragile X
syndrome, the leading single-gene cause of ASD and ID (8-10).
Additionally, CYFIP1 and CYFIP2 are critical components of the
heteropentameric Wiskott-Aldrich syndrome protein family
verprolin-homologous protein (WAVE) regulatory complex
(WRC) (11). As a downstream effector of the small Rho GTPase
Racl, which interacts with CYFIP1/2, the WRC regulates actin-
related protein 2/3 (Arp2/3) complex-mediated actin assembly
in diverse cellular compartments including neuronal synapses
(12,13). Therefore, CYFIP1 and CYFIP2 are thought to be key
players in the RNA processing regulation and actin cytoskeleton
dynamics, which are crucial for neuronal development and
function (14). Despite high amino acid sequence homologies,
CYFIP1 and CYFIP2 are suggested to exhibit in vivo functional
differences because of their distinct interaction partners and
spatiotemporal expression patterns in the brain (15,16). Indeed,
Cyfipl- and Cyfip2-deficient mice show lethality at different
developmental stages (17-19).

In humans, both CYFIP1 and CYFIP2 are linked to various
neurological and neuropsychiatric disorders (14,20). Specifically,
CYFIP1 gene deletions and duplications are associated with
schizophrenia, ASD and ID (21,22). In contrast, deletions of the
chromosomal region harboring CYFIP2 have been observed in
patients with seizures, developmental delay and ID (23,24). In
addition, recent whole-exome and whole-genome sequencing
identified CYFIP2 variants in individuals with early-onset
epileptic encephalopathy, developmental delay and ID (25-
27). Generally, CYFIP2 variants in individuals with ID are
linked to visual impairments (26,27). However, the underlying
mechanisms of visual impairment associated with CYFIP2
variants remain unclear. In the current study, we investigated
the role of Cyfip2 in the retinal and visual functions by combining
molecular, histological, electrophysiological and behavioral
analyses.

Results
Cyfip2 is expressed in the inner retina

We have previously reported that microRNA-124a (miR-124a) is
required for neuronal maturation and function in the retina and

brain (28,29). The Drosophila homolog of FMRP is physically and
functionally associated with miR-124a (30). To gain insight into
the function of FMRP in the retina, we focused on the FMRP-
interacting proteins CYFIP1 and CYFIP2 in the current study.
To investigate the spatial and temporal expression patterns of
Cyfipl and Cyfip2 in the retina, we performed in situ hybridiza-
tion analysis using mouse retinal sections (Fig. 1A). Cyfip2 was
expressed in the neuroblastic layer and ganglion cell layer (GCL)
atembryonic day 13.5 (E13.5) and E17.5. After postnatal day 3 (P3),
the Cyfip2 signal was restricted to the inner side of the retina. In
contrast to Cyfip2, we did not detect significant signals of Cyfip1,
an ortholog of Cyfip2, in the retina at all stages examined. We
observed that the expression pattern of Fmrl was similar to that
of Cyfip2. We next examined the tissue distribution of Cyfip2
in mice using northern blot analysis and found that Cyfip2 is
expressed in the retina, brain, thymus, heart, kidney, spleen and
ovary (Fig. 1B).

Histological characterization of the Cyfip2-deficient
retina

To investigate the in vivo functions of CYFIP2 in the retina,
we generated Cyfip2 flox mice by targeted gene disruption
(Supplementary Material, Fig. S1A and B). Since Cyfip2~/~
mice were shown to be perinatal lethal (17,18), we crossed
Cyfip2 flox mice with Dkk3-Cre mice (31), which express
Cre recombinase predominantly in retinal progenitor cells,
to generate Cyfip2 conditional knockout (CKO) mice (Sup-
plementary Material, Fig. S1A and B). We did not detect
Cyfip2 mRNA in Cyfip2 CKO retinas by reverse transcription
polymerase chain reaction (RT-PCR) (Supplementary Material,
Fig. S1C).

To examine whether Cyfip2 deficiency affects retinal layer
structure and cell composition, we performed histological
analyses using retinal sections from Cyfip2 CKO mice. Toluidine
blue staining showed that the thickness of the outer nuclear
layer, outer plexiform layer, inner nuclear layer, inner plexiform
layer (IPL) and GCL in Cyfip2 CKO retinas was comparable with
the control (Fig. 2A and B). We immunostained retinal sections
using marker antibodies against rhodopsin (rod outer segments),
S-opsin (S-cone outer segments), Chx10 (bipolar cells), calbindin
(horizontal cells and a part of amacrine cells) and S1008 (Miiller
glial cells) and found no substantial differences between the
control and Cyfip2 CKO retinas (Fig. 2C). We observed a small
number of misplaced cells positive for Pax6 (a marker for
amacrine and ganglion cells) in the IPL of Cyfip2 CKO retinas
(Fig. 2C). To examine whether the mislocalized Pax6-positive
cells are amacrine or ganglion cells, we immunostained retinal
sections using marker antibodies against AP-2« (a marker for
a part of amacrine cells) and Brn3a (a marker for a part of
ganglion cells). We found that the number of amacrine and
ganglion cells increased in the IPL of the Cyfip2 CKO retina
compared with that of the control retina, although major
populations exhibited proper positioning (Fig. 2D and E). To
investigate which amacrine cell subtypes are misplaced in the
Cyfip2 CKO retina, we immunostained retinal sections using
marker antibodies against ChAT (starburst amacrine cells)
and tyrosine hydroxylase (TH) (dopaminergic amacrine cells).
We found no substantial differences between the control and
Cyfip2 CKO retinas (Supplementary Material, Fig. S2), suggesting
that Cyfip2 deficiency leads to misplacement of amacrine cell
subtype(s) other than starburst and dopaminergic amacrine
cells.
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Figure 1. Spatial and temporal expression of Cyfip1, Cyfip2 and Fmr1. (A) In situ hybridization analysis of Cyfip1, Cyfip2 and Fmr1 in the developing mouse retina. Cyfipl
mRNA expression is below detection level. The Cyfip2 signal is detected in the NBL and GCL at E13.5 and E17.5, in the inner NBL and GCL at P3 and in the INL and GCL
at P9, P14 and P28. The Fmr1 signal is observed in the NBL and GCL at E13.5, E17.5 and P3 as well as in the INL and GCL at P9, P14 and P28. NBL, neuroblastic layer; ONL,
outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. (B) Northern blot analysis of Cyfip2 transcripts in adult mouse tissues. Arrowheads indicate the
Cyfip2 mRNA bands of ~6.4 and ~4.5 kb. The lower panel shows the ethidium bromide-stained RNA.

Changes in global gene expression in the retina due to
Cyfip2 deficiency

Next, we performed RNA-sequencing (RNA-seq) analysis using
total RNA purified from the control and Cyfip2 CKO retinas to
assess the transcriptional consequences of Cyfip2 deficiency
in the retina (Fig. 3; Supplementary Material, Fig. S3). Principal
component analysis (PCA) showed that the cluster of Cyfip2
CKO retinas could be separated from that of the control retinas
(Fig. 3A). Using the cut-off (fold change >1.2, < —1.2; P <0.05),
we obtained 256 downregulated and 247 upregulated genes in
the Cyfip2 CKO retina. Several marker genes enriched in each
retinal cell type were downregulated in the Cyfip2 CKO retina
(Supplementary Material, Fig. S3), suggesting that the regulation
of gene expression across various retinal cell types was affected

by the Cyfip2 deficiency. We carried out Gene Ontology (GO)
analysis and classified upregulated and downregulated genes
into functional categories according to the GO term enrichment
for molecular functions. These genes were associated with
several molecular functions related to channel and transporter
activities, including inorganic cation transmembrane trans-
porter activity (Fig. 3B and C), implying that electrophysiological
properties are affected in the Cyfip2 CKO retina.

Light response changes in the ganglion cells of the
Cyfip2 CKO retina

To test the electrophysiological properties of the Cyfip2 CKO
retina, we first measured the electroretinograms (ERGs) of Cyfip2
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Figure 2. Histological analysis of the Cyfip2 CKO retina. (A) Toluidine blue staining of the control and Cyfip2 CKO retinas at 1 month. (B) The thickness of the ONL,
OPL, INL, IPL and GCL in the control and Cyfip2 CKO retinas (n=3 per each genotype). Data are presented as mean =+ SD. There are no significant differences between
the control and Cyfip2 CKO retinas (unpaired t-test). (C) Immunohistochemical analysis of the control and Cyfip2 CKO retinas at 1-month using marker antibodies
as follows: rhodopsin (rod outer segments), S-opsin (S-cone outer segments), Chx10 (bipolar cells), calbindin (horizontal cells and a subset of amacrine cells), Pax6
(amacrine and ganglion cells) and S1008 (Miiller glial cells). Arrowheads indicate Pax6-positive cells in the IPL. (D) Immunohistochemical analysis of the control and
Cyfip2 CKO retinas at 1 month using anti-AP-2« (a marker for a subset of amacrine cells) and anti-Brn3a (a marker for a subset of ganglion cells) antibodies. Arrowheads
indicate AP-2«-positive or Brn3a-positive cells in the IPL. (E) The number of AP-2«-positive and Brn3a-positive cells in the IPL in the control and Cyfip2 CKO retinas (n=4
retinas from four animals for each genotype). Data are presented as mean + SD. *P < 0.05, ***P < 0.001 (unpaired t-test). OS, outer segment; ONL, outer nuclear layer;
OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.
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Figure 3. Gene expression profiles in the Cyfip2 CKO retina. (A) PCA of the RNA-seq data from the control and Cyfip2 CKO retinas. (B) The top 10 most significantly
enriched molecular functions determined by gene ontology enrichment analysis for differentially expressed genes (fold change >1.2 or < —1.2; P < 0.05, unpaired t-test).
X-axis indicates —log10 [false discovery rate (FDR)] and Y-axis indicates molecular functions. (C) Heatmaps of differentially expressed genes (fold change >1.2 or <
—1.2; P <0.05, unpaired t-test) associated with inorganic cation transmembrane transporter activity (GO: 0022890). Gene expression values were visualized using a color
scale from blue to red. Fragments per kilobase of exon per million mapped fragment values from the RNA-seq dataset were used for the heatmap visualization.

CKO mice under dark-adapted (scotopic) and light-adapted
(photopic) conditions. Under scotopic conditions, the amplitude
of a-waves and b-waves, originating mainly from the population
activity of rod photoreceptor cells (a-waves) and rod bipolar cells
(b-waves), was not significantly different between the control
and Cyfip2 CKO mice (Fig. 4A-C). Similar to scotopic ERG, the
amplitudes of photopic a-waves and b-waves, mainly reflecting
the population activity of cone photoreceptor cells (a-waves)
and cone ON bipolar cells (b-waves), in Cyfip2 CKO mice were
comparable with the control mice (Fig. 4D-F). These results
suggest that Cyfip2 deficiency does not affect photoreceptor
and ON bipolar cell functions.

Thereafter, multi-electrode array (MEA) recordings were
obtained to evaluate the retinal outputs to the brain. Spike
discharges were recorded from isolated mouse retinas, and each
ganglion cell was classified based on the response properties
to flash stimuli (17 ON cells, 10 OFF cells, 3 ON-OFF cells from
the control retinas, 25 ON cells, 12 OFF cells and 4 ON-OFF cells
from the Cyfip2 CKO retinas) (see Materials and Methods). We
examined the basic ON and OFF responses of ganglion cells

and did not conduct experiments to separate subtypes in detail.
Raster plots and peristimulus time histograms calculated from
an ON cell and an OFF cell are shown in Fig. 5A; ON-OFF cells are
not shown. Other examples of ON cells and OFF cells from the
Cyfip2 CKO retinas are also shown in Supplementary Material,
Fig. S4A. ON cells of Cyfip2 CKO retinas (Fig. 5A, lower left) tended
to show more prolonged, stronger responses to the positive
flashes than those from the control retinas (Fig. 5A, upper left).
The baseline firing rate in the ON cells from the Cyfip2 CKO
retinas was higher than that in the ON cells of the control
retinas (Mann-Whitney U test; n=17 for the controls, n=25 for
Cyfip2 CKOs, P =0.003). There was no significant difference in the
baseline firing rate between the OFF cells in the control retinas
and those in the Cyfip2 CKO retinas (Mann-Whitney U test; n=10
for the controls, n=12 for Cyfip2 CKOs, P=0.59) (Supplementary
Material, Fig. S4B). To evaluate the temporal properties of the
light responses of ganglion cells, we calculated the cumulative
relative frequency functions from a spike train of each ganglion
cell during flash stimuli (Fig. 5B and C). In response to positive
flashes, the cumulative relative frequency of the ON cells of
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Figure 4. ERG analysis of Cyfip2 CKO mice. ERGs were recorded from the control (n=4) and Cyfip2 CKO (n=5) mice at 1 month. (A) Representative scotopic ERGs elicited by
four different stimulus intensities (—4.0 to 1.0 log cd-s/m?) from the control and Cyfip2 CKO mice. (B, C) The scotopic amplitudes of a-wave (B) and b-wave (C) shown as
a function of stimulus intensity. Data are presented as mean =+ SD. n.s., not significant (two-way repeated-measures ANOVA). (D) Representative photopic ERGs elicited
by four different stimulus intensities (—0.5 to 1.0 log cd-s/m?) from the control and Cyfip2 CKO mice. (E, F) Photopic amplitudes of a-wave (E) and b-wave (F) shown as
a function of stimulus intensity. Data are presented as mean + SD. n.s., not significant (two-way repeated-measures ANOVA).

the control retinas increased with post-stimulus time and took
0.42 s to reach 0.5 level (Fig. 5B, upper left, red line). In Cyfip2
CKO retinas, the probability increased virtually linearly and
took 0.87 s to reach 0.5 level (Fig. 5B, lower left, red line). This
result indicates that ON cells in Cyfip2 CKO retinas tended to

respond to positive flash stimuli with a constant firing rate
from the stimulus onset to offset. The latencies to reach a
cumulative relative frequency of 0.5 level of ON cells in Cyfip2
CKO retinas were significantly longer than those of the control
retinas (Fig. 5D, upper left, Mann-Whitney U test; n=17 for the



controls, n=25 for Cyfip2 CKOs, P=0.07 x 1073%), indicating that
the ON cells of the Cyfip2 CKO retinas showed more sustained
responses than those of the control retinas. The latencies of the
OFF cells in response to negative flashes showed no significant
difference between the control retinas and Cyfip2 CKO retinas
(Fig. 5D, upper right, Mann-Whitney U test; n=10 for the control,
n=12 for Cyfip2 CKO, P=0.92). Statistical tests for the ON and
OFF responses of the ON-OFF cells were not performed because
of the small number of cells recorded in this study. We also
analyzed the number of spikes of the ON cells recorded during
the positive flash presentation and that of the OFF cells recorded
during the negative flash presentation to evaluate the response
intensity to the light stimulus. Statistical tests showed that the
number of firings of the ON cells in the Cyfip2 CKO retinas was
significantly higher than that in the control retinas (Fig. 5D,
lower left, Mann-Whitney Utest; n=17 for the controls, n=25
for Cyfip2 CKOs, P=0.02). The spike number of the OFF cells in
response to negative flashes showed no significant difference
between the control and Cyfip2 CKO retinas (Fig. 5D, lower right,
Mann-Whitney U test; n =10 for the control, n=12 for Cyfip2 CKO,
P=0.19). These results indicate that the response to positive
flashes of the ON cells of Cyfip2 CKO retinas is more sustained
and stronger than that of the control retinas.

Cyfip2 CKO mice exhibit impaired optokinetic responses

To explore the effect of Cyfip2 deficiency on visual function at
the organismal level, we measured the optokinetic responses
(OKRs), which are reflexive eye movements observed in response
to moving objects (32), in Cyfip2 CKO mice (Fig. 6; Supplementary
Material, Fig. S5). The OKRs are divided into initial and late OKRs
based on the time range during eye movement (33,34). The initial
OKR is a smooth eye movement observed in a short period within
500 ms after visual sensing of a moving object, while the late OKR
is a series of eye movements that alter slow tracking and quick
resetting to initial eye position within a longer period (30 s in this
study).

To characterize the initial OKRs in Cyfip2 CKO mice, we used
visual motion stimuli with spatiotemporal frequencies. Repre-
sentative eye velocity profiles of the control and Cyfip2 CKO mice
are shown in Supplementary Material, Fig. SSA and B. Cyfip2
CKO mice showed OKRs to a wide range of spatial and temporal
frequencies compared to the control mice (Fig. 6A-D). While
the optimal spatial frequency significantly decreased in Cyfip2
CKO mice compared with that in the control mice, the optimal
temporal frequency and peak amplitude significantly increased
in Cyfip2 CKO mice compared with those in the control mice
(Fig. 61-K).

To characterize the dependence of the late OKRs on the
spatiotemporal frequency of the visual stimulus, the mean eye
velocity was calculated during the slow phase of nystagmus for
each condition. Representative eye position profiles of the con-
trol and Cyfip2 CKO mice are shown in Supplementary Material,
Fig. S5C and D. Cyfip2 CKO mice showed weaker OKRs com-
pared to the control mice (Fig. 6E-H). The optimal spatiotemporal
frequencies of Cyfip2 CKO mice were significantly lower than
those in the control mice (Fig. 6L and M). The peak amplitude of
the responses was significantly decreased in Cyfip2 CKO mice
compared with that in the control mice (Fig. 6N). The speed at
the optimal stimulus was not significantly different between the
control and Cyfip2 CKO mice (Fig. 60). The gain at the optimal
stimulus was smaller in Cyfip2 CKO mice than in the control mice
(Fig. 6P).
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Discussion

In the current study, we performed ERG, MEA and OKR anal-
yses to investigate the retinal and visual functions in Cyfip2
CKO mice. We found that Cyfip2 CKO mice exhibited altered
retinal ganglion cell responses as well as impaired initial- and
late-phase OKRs. Future studies utilizing other methods such
as two-photon calcium imaging in the V1 visual cortex would
deepen our understanding of the roles of CYFIP2 in the visual
system. Since Cre mRNA was detected weakly in the brain of
Dkk3-Cre mice (31), we cannot exclude the possibility that Cyfip2
deficiency in the brain influenced OKRs in Cyfip2 CKO mice. It
would be useful to evaluate neuronal functions in brain visual
centers including the thalamus, superior colliculus and visual
cortex in the Cyfip2 CKO mice. However, we have previously
reported that retinal functional changes can modulate OKRs
(35-38), suggesting that retinal functional changes due to Cyfip2
deficiency could cause impaired OKRs in Cyfip2 CKO mice.

We observed that ERG a- and b-wave amplitudes in the
control and Cyfip2 CKO mice were comparable, implicating
that the functions of photoreceptors and ON bipolar cells were
unaffected by Cyfip2 deficiency. Based on this observation,
we hypothesized that ganglion cell property changes in the
Cyfip2 CKO retina were due to alterations in visual information
processing in the inner retina rather than in the outer retina.
Our hypothesis is further supported by in situ hybridization,
which showed Cyfip2 expression mainly in the inner part of the
retina. However, using RNA-seq analysis, we observed that the
expression levels of the cone photoreceptor and horizontal cell
marker genes decreased in Cyfip2 CKO retinas; hence, we cannot
deny the possible contribution of the outer retina in addition to
the inner retina to changes in the retinal ganglion cell responses
resulting from Cyfip2 deficiency.

The CYFIP proteins, CYFIP1 and CYFIP2, interact with
FMRP, an RNA-binding protein (7). CYFIP1 associates with
ribonucleoprotein particles (RNPs) and mediates translational
repression by FMRP (39). Although CYFIP2’s role in FMRP-
mediated translational repression is not well known, it interacts
with RNPs (40). We found that Cyfip2 and Fmr1 exhibited similar
expression patterns using in situ hybridization, suggesting that
FMRP and CYFIP2 could cooperatively regulate translation in the
retina. Therefore, it would be worth investigating the functional
relationship between FMRP and CYFIP2 in the retina. Previ-
ously, FMRP is reported to control transcription by regulating
the translation of chromatin-associated proteins, including
bromodomain-containing protein 4 (41). Downregulation or
upregulation of a subset of genes in the Cyfip2 CKO retina
might result from dysregulation of FMRP-mediated translation.
In contrast, ERG recordings measuring scotopic a- and b-
wave amplitudes demonstrated a reduction in the maximal
photoreceptor response and an alteration of signal transmission
between the photoreceptor and ON bipolar cells in Fmrl-
deficient mice (42,43). Unchanged scotopic and photopic ERG
amplitudes in the control and Cyfip2 CKO mice in this study
suggest that distinct functions of FMRP and CYFIP2 in the
photoreceptor and ON bipolar cells.

We observed displaced amacrine and ganglion cells in the IPL
of the Cyfip2 CKO retina. In a zebrafish cyfip2 mutant, nevermind
(nev), a subset of amacrine and ganglion cells is displaced to the
IPL (44), suggesting evolutionarily conserved roles of Cyfip2 in
the retina among species. The retinal ganglion cells in zebrafish
cyfip2 mutants autonomously exhibit defects in axon sorting
in the optic tract and aberrant axonal projections in the tec-
tum (40,44). Mechanistically, CYFIP2’s function in axon sorting
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Figure 5. Firing properties of the ganglion cells in the Cyfip2 CKO retina. (A) Raster plots and peristimulus time histograms (PSTHs) of retinal ganglion cells in response
to light stimuli. Both in the control and Cyfip2 CKO retinas, the ON cells and OFF cells responded just after the onset of flashes and the responses were consistent
across trials. The time bin width in the PSTHs was 100 ms. (B) Cumulative relative frequency of the ON responses of the ON cells (left) and ON-OFF cells (right) plotted
against post-stimulus time during the positive flash presentation. In all subsequent analyses, the average firing rate for 1 s before the stimulus onset was calculated
as the spontaneous firing level and subtracted from spike data. Gray lines indicate cumulative relative frequency functions calculated from each cell. Red lines and
blue lines indicate the median and upper/lower quartiles at each post-stimulus time, respectively. (C) Cumulative relative frequency of the OFF responses of the OFF
cells (left) and ON-OFF cells (right) plotted against post-stimulus time during the negative flash presentation. (D) Summary of data on latencies to cumulative relative
frequency 0.5 (upper) and numbers of spikes during flash stimulus presentation (lower). Each dot represents one cell. Box plots show median and quartiles. *P <0.05,

**%P <0.001, n.s., not significant (Mann-Whitney U test).

requires its interaction with the WRC (40). Impaired OKRs in
Cyfip2 CKO mice might be attributed to missorting of retinal
ganglion cell axons mediated through compromised WRC func-
tion and resulting abnormal projections to the brain regions,
including the superior colliculus. Moreover, using RNA-seq anal-
ysis, we observed a subset of downregulated or upregulated
genes in the Cyfip2 CKO retina. GO analysis revealed that the
upregulated and downregulated genes were associated with the
extracellular matrix structural constituents. A previous report
revealed that the upregulated and downregulated genes in the
Cyfip2-deficient cerebral cortex are associated with extracel-
lular matrix-related terms (45) implying a similar function of
CYFIP2, in part, in the retina and cerebral cortex. In addition,

the upregulated and downregulated genes in the Cyfip2 CKO
retina were associated with several molecular functions related
to channel and transporter activities, including inorganic cation
transmembrane transporter activity. Although we cannot rule
out other explanations, dysregulation of ion homeostasis in the
retina might underpin alterations in the retinal ganglion cell
properties and OKRs in Cyfip2 CKO mice.

In humans, CYFIP2 variants have been reported to be linked to
ID (26,27). Notably, visual impairment is frequently observed in
individuals with ID (2). Some ID cases harboring CYFIP2 variants
exhibit visual impairments (26,27). We found alterations in the
retinal ganglion cell properties and impaired OKRs in Cyfip2
CKO mice. Our results shed light on the mechanisms underlying
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visual impairments associated with human CYFIP2 variants.
More broadly, this study implies that visual problems observed
in subjects with neurodevelopmental disorders, including ID,
are, at least in part, attributed to abnormalities in the retinal
circuit function. Further studies would be useful to explore
the causes and mechanisms leading to sensory symptoms in
neurodevelopmental disorders.

Materials and Methods
Animal care

All procedures conformed to the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research. These proce-
dures were approved by the Institutional Safety Committee on
Recombinant DNA Experiments (approval ID 04220-4) and Ani-
mal Experimental (approval ID 29-01-3) Committees of Institute
for Protein Research at Osaka University and by the Institutional
Animal Care and Use Committee of Senshu University’s Depart-
ment of Psychology (approval ID 2018-3). These procedures were
also performed in compliance with the institutional guidelines
and conformed to the relevant ethics guidelines for research
with animals in Japan. Mice were housed in a temperature-
controlled room at 20-26°C with a 12-h light/dark cycle. Fresh
water and rodent diet were available at all times.

Generation of Cyfip2 flox mice and Cyfip2 CKO mice

An embryonic stem (ES) clone, Cyfip2tm1aEUCOMMWisi_EPD436_2_B03

(M8A3.N1), in which the LacZ, neomycin-resistant (Neo) gene
cassettes and loxP sites were inserted into the genomic region
of Cyfip2, was purchased from the European conditional mouse
mutagenesis program (EUCOMM). ES cells were microinjected
into C57BL/6 blastocysts to generate chimeric mice. These
chimeric mice were bred with C57BL/6 mice to generate het-
erozygous Cyfip2tm1aEUCOMMWsi mijce which were subsequently
crossed with B6-Tg(CAG-FLPe)37 mice (#RBRC01835, RIKEN BRC)
to remove the flippase recognition target (FRT)-flanked LacZ and
Neo cassettes using flippase (Flp) recombinase. We mated the
Cyfip2 flox mouse line with the transgenic mice expressing Cre
recombinase under the control of the Dkk3 promoter (Dkk3-Cre)
(31).

In situ hybridization

In situ hybridization was performed as described previously (46).
Digoxigenin-labeled riboprobes were generated by in vitro tran-
scription using 11-digoxigenin UTPs (Roche, Switzerland). Com-
plementary DNA (cDNA) fragments of mouse Cyfip1, Cyfip2 and
Fmr1 for in situ hybridization probes were obtained by PCR using
a mouse P6 retinal cDNA library as a template. Primers used for
amplification are listed in Supplementary Material, Table S1.

Northern blot analysis

Northern blot analysis was carried out as described previously
(47). Total RNAs were extracted from the mouse tissues. Five
micrograms of total RNA from the retina or 10 ug of total RNA
from other tissues were electrophoresed on a 1.0% agarose
formaldehyde gel and transferred to a nylon membrane (Pall,
USA). The Cyfip2 cDNA fragment for the in situ hybridization
probe was used to synthesize radiolabeled probes.

RT-PCR analysis

RT-PCR analysis was performed as described previously (48).
Retinal total RNAs from control and Cyfip2 CKO mice were iso-
lated using TRIzol RNA extraction reagent (Invitrogen, USA).
Total RNA of 2 ug was reverse-transcribed into cDNA with ran-
dom hexamers using Superscriptll (Invitrogen). The cDNAs were
used as templates for PCR reactions by rTaq polymerase (Takara,
Kyoto, Japan). Primers used for amplification are listed in Sup-
plementary Material, Table S1. The product sizes of Cyfip2 and
B-actin were 78 and 201 bp, respectively.

Toluidine blue staining

Toluidine blue staining of retinal sections was performed as
described previously (49). Retinal sections were rinsed with
phosphate-buffered saline (PBS) and then stained with 0.1%
toluidine blue in PBS for 1 min. After washing with PBS,
slides were coverslipped and immediately observed under the
microscope.

Immunohistochemistry

Immunohistochemical analysis of retinal sections was per-
formed as described previously (50). Mouse eyecups were fixed
with 4% paraformaldehyde in PBS for 30 min. The tissues were
then rinsed in PBS, cryoprotected with 30% sucrose in PBS,
embedded in TissueTec OCT compound 4583 (Sakura, Japan),
frozen and sectioned. Frozen 20 um sections on slides were
dried for 30 min at room temperature, rehydrated in PBS for
5 min, incubated with blocking buffer (5% normal donkey serum,
and 0.1% Triton X-100 in PBS) for 1 h and then with primary
antibodies at 4°C overnight. Slides were washed with PBS three
times for 10 min each time and incubated with secondary
antibodies for 2 h at room temperature. We used the following
primary antibodies for immunostaining: rabbit anti-Rhodopsin
(1:1000, LSL, Japan, LB-5597), goat anti-S-opsin (1:500, Santa
Cruz, USA, sc-14363), rabbit anti-Chx10 (1:400) (51), rabbit anti-
Calbindin (Calbiochem, USA, PC253L, 1:2000), mouse anti-Pax6
(DSHB, USA, 1:200), mouse anti-S1008 (1:200, Sigma, USA, S-
2532), rabbit anti-Ap2a (Novus Biologicals, USA, NBP1-95386,
1:1000), mouse anti-Brn3a (Chemicon, USA, MAB1585, 1:400),
rabbit anti-ChAT (Chemicon, AB143, 1:500) and mouse anti-
TH (Millipore, USA, MAB5280, 1:500) antibodies. We used Cy3-
conjugated secondary antibodies (Jackson ImmunoResearch
Laboratories, USA, 1:500) and Alexa Fluor 488-conjugated
secondary antibodies (Sigma, 1:500). The specimens were
observed under a laser confocal microscope (LSM700, Carl Zeiss,
Germany).

RNA-seq and data analysis

RNA-seq analysis was performed as previously described
(52), with some modifications. Total retinal RNAs from the
control and Cyfip2 CKO mice at P14 were isolated using
TRIzol RNA extraction reagent (Invitrogen). Sequencing was
performed on an Illumina NovaSeq 6000 platform in the 101-
base single-end mode. The raw reads were mapped to the mouse
reference genome sequences (mm10) using TopHat ver. 2.0.13,
in combination with the Bowtie2 ver. 2.3.5.1, and SAMtools
ver. 1.11. The number of fragments per kilobase of exon per
million mapped fragments was calculated using Cufflinks ver.
2.2.1. PCA and heatmap visualization were conducted using the
web tool ClustVis (53) with default parameters. GO analysis was
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performed using the ToppGene Suite web tool (54). Cyfip2 and
Dkk3 genes were excluded from PCA and GO analyses.

ERG recording

ERGs were recorded with a white LED luminescent electrode
placed on the cornea as described previously (PUREC; Mayo,
Japan) (55). Mice were dark adapted overnight and anesthetized
with an intraperitoneal injection of 100 mg/kg ketamine and
10 mg/kg xylazine and then placed on a heating pad. Pupils were
dilated with topical 0.5% tropicamide and 0.5% phenylephrine
HCI. The mice were stimulated with an LED flash. Four levels of
stimulus intensities ranging from —4.0 to 1.0 log cd-s/m? were
used for the scotopic ERG recordings, and four levels of stimuli
ranging from —0.5 to 1.0 log cd-s/m? were used for the photopic
ERG recordings. After mice were light adapted for 10 min, the
photopic ERGs were recorded on a rod-suppressing white back-
ground of 1.3 log cd/m?. Eight and four responses were averaged
for scotopic recordings (—4.0 and —3.0 log cd-s/m?, respectively).
Sixteen responses were averaged for photopic recordings.

MEA recording

MEA recordings were conducted as described previously (37,56).
Control mice of either sex (two males and three females) and
Cyfip2 CKO mice of either sex (one male and five females) were
dark-adapted for 1 h and sacrificed. All dissection procedures
were conducted under dim red light. The retina was exposed
to red light at 5.0 1x for 5-8 min before recording. The eyes
were enucleated under a stereomicroscope. The eyeballs were
transferred into the dish with the artificial cerebrospinal
fluid (ACSF) described below, and the cornea and lens were
removed. The retina was carefully isolated from the pigment
epithelium and fixed on filter paper with a hole (2 mm in
diameter). The retina with the filter paper was placed on a
perforated MEA (60pMEA100/30iR-Ti, Multichannel Systems,
Germany: 60 electrodes, electrode size 30x30 um, inter-
electrode distance 100 pm) with the GCL facing down (57).
The retina was continually superfused (4 ml/min) with the
bicarbonate-buffered ACSF bubbled with 95% 0,/5% CO, at 32°C.
The ACSF contained 117 mm NaCl, 6 mm D-glucose, 3.1 mm KCl,
23 mM NaHCOs3, 0.5 mm KH,PO4, 2.0 mM CaCl,, 1 mm MgSO, and
4 mg/l phenol red.

Spike discharges from the retinal ganglion cells were
amplified (MEA 1060-BC, Multichannel Systems) and stored
at 20 kHz (PowerLab 16/35, AD Instruments, Australia) on a
computer hard disk. Waveforms of each spike were band-pass
filtered (200-2000 Hz) and sorted into single-unit activities
by PCA and template matching with programs using Spike2
(Version 9, Cambridge Electronic Design, UK). Among several
unit activities recorded from each electrode, we selected one to
three single units with a good signal-to-noise ratio for further
analyses. Only units with clear refractory periods observed in
the auto-correlogram with a bin width of 1 ms were included in
the analyses in this study.

Light stimulation and cell classification in the MEA
recording

Light stimuli were generated by Psychtoolbox 3 (58,59) in MAT-
LAB and presented on a liquid crystal display (CL8801N, refresh
rate 60 Hz, 800 x 600 pixels, NEWAY Industrial Limited, China).
Images of the display were projected onto the retina using optics.
The light stimulus on the retina was a square of 3800 x 2857 pum.
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The background level was maintained at 1.32 Ix. Both spatially
uniform positive flash (light intensity=2.63 1x) and negative
flash stimuli (light intensity=0.01 1x) were presented (dura-
tion=2 s) to the retinas. Both stimuli were presented 11 times
(stimulus onset asynchrony=28 s), and the data obtained from
the first trial were omitted from the analyses. Based on the pho-
toresponse properties, we classified all cells into three groups as
follows; the ON cell group: cells showed an increase in firing rate
following stimulus onset of a positive flash, the OFF cell group:
cells showed an increase in firing rate following the stimulus
onset of a negative flash and the ON-OFF cell group: cells showed
increases in the firing rate following stimulus onset, both posi-
tive and negative flashes. No analysis was performed on cells
that showed no light response.

OKR recording

OKR recording was performed as described previously (33,35-
38,60-64). The mouse right eye was illuminated by infrared light
emitting diodes and monitored with CCD camera using image
processing software (Geteye, Matsuura-Denko-sha, Japan). The
visual stimuli were moving sinusoidal grating patterns of five
spatial frequencies selected randomly from a lookup table:
0.0313, 0.0625, 0.125, 0.25 and 0.5 cycle/deg in a given trial. The
temporal frequency was selected from 0.1875, 0.375, 0.75, 1.5, 3,
6, 12 or 24 Hz. In initial OKR experiment, the data on six control
and six Cyfip2 CKO mice were obtained. In late OKR experiment,
the data on five control and seven Cyfip2 CKO mice were
obtained.

Statistical analysis

Statistical analysis was performed using unpaired t-test, Mann-
Whitney Utest or two-way repeated measures ANOVA as indi-
cated in figure legends. A value of P<0.05 was taken to be
statistically significant.

Data availability
All sequencing data are available on GEO (GSE176528).

Supplementary Material

Supplementary Material is available at HMG online.
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