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Cyfip1 Regulates Presynaptic Activity during Development

Kuangfu Hsiao,'> Hala Harony-Nicolas,>* Joseph D. Buxbaum,>>*> Ozlem Bozdagi-Gunal,>* and Deanna L. Benson'>
'Department of Neuroscience, 2Department of Psychiatry, 3Seaver Autism Center for Treatment and Research, “Department of Genetics and Genomic
Sciences, and *Friedman Brain Institute, Icahn School of Medicine and Graduate School of Biomedical Sciences at Mount Sinai, New York, New York 10029

Copy number variations encompassing the gene encoding Cyfip1 have been associated with a variety of human diseases, including autism
and schizophrenia. Here we show that juvenile mice hemizygous for CyfipI have altered presynaptic function, enhanced protein trans-
lation, and increased levels of F-actin. In developing hippocampus, reduced Cyfip1 levels serve to decrease paired pulse facilitation and
increase miniature EPSC frequency without a change in amplitude. Higher-resolution examination shows these changes to be caused
primarily by an increase in presynaptic terminal size and enhanced vesicle release probability. Short hairpin-mediated knockdown of
Cyfip1 coupled with expression of mutant Cyfip1 proteins indicates that the presynaptic alterations are caused by dysregulation of the
WAVE regulatory complex. Such dysregulation occurs downstream of Racl as acute exposure to Racl inhibitors rescues presynaptic
responses in culture and in hippocampal slices. The data serve to highlight an early and essential role for Cyfip1 in the generation of
normally functioning synapses and suggest a means by which changes in Cyfip1 levels could impact the generation of neural networks and

contribute to abnormal and maladaptive behaviors.
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Several developmental brain disorders have been associated with gene duplications and deletions that serve to increase or de-
crease levels of encoded proteins. Cyfip1 is one such protein, but the role it plays in brain development is poorly understood. We
asked whether decreased Cyfip1 levels altered the function of developing synapses. The data show that synapses with reduced
Cyfip1 are larger and release neurotransmitter more rapidly. These effects are due to Cyfip1’s role in actin polymerization and are
reversed by expression of a Cyfipl mutant protein retaining actin regulatory function or by inhibiting Racl. Thus, Cyfip1 has a
more prominent early role regulating presynaptic activity during a stage of development when activity helps to define neural
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Introduction

Human genetic studies have identified CYFIPI as a gene that is
dysregulated in a wide variety of developmental brain disorders,
including particular forms of Angelman and Prader-Willi syn-
dromes, autism spectrum disorders, and schizophrenia (Butler et
al., 2004; Bittel et al., 2006; Sahoo et al., 2006; Horsthemke and
Wagstaff, 2008; Leblond et al., 2012). CYFIPI encodes a cytop-
lasmic protein named cytoplasmic FMRP interacting protein
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(Cyfipl), which has two structurally independent and highly
conserved functions. In the first, it represses the cap-dependent
translation of FMRP target mRNAs by binding to FMRP and
serving as a noncanonical initiation factor 4E binding protein
(4E-BP) (Napoli et al., 2008). In the second, it regulates the gen-
eration of branched actin filaments at the plasmalemma as an
integral component of the WAVE regulatory complex (WRC)
(Derivery and Gautreau, 2010). Regulation of both cap-dep-
endent translation and actin cytoskeleton is known to be impor-
tant for synapse assembly, morphology, and plasticity and has
been shown to be altered in developmental brain disorders
(Marin-Padilla, 1972; Purpura, 1974; Huttenlocher, 1975, 1991;
Matus et al., 1982; Jay et al., 1991; Kremer et al., 1991; Irwin et al.,
2000; Inoki et al., 2002; Zalfa et al., 2006; Au et al., 2007; Jansen et
al., 2008). Thus, it is easy to appreciate why loss of a single copy of
CYFIPI could have broad consequences on normal brain func-
tion, but the function of Cyfip1 at developing synapses is not fully
understood.

Cyfip1 is essential for mouse development. Mice lacking both
copies of Cyfipl (homozygous-null) die soon after fertilization
(Bozdagi et al., 2012; Pathania et al., 2014). Young adult mice
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hemizygous for Cyfipl appear grossly normal and show normal
baseline synaptic transmission and presynaptic release properties
but exhibit an enhanced form of long-term synaptic depression
(mGluR-dependent LTD) that is abnormally independent of a
requirement for new protein synthesis (Bozdagi et al., 2012).
This synapse plasticity alteration is also consistent with abnor-
malities in postsynaptic dendritic spine morphology observed in
neurons from Cyfipl ¥/~ mice (De Rubeis et al., 2013; Pathania et
al., 2014). However, Cyfipl is likely to have additional, earlier
actions. It is expressed in cortex and hippocampus beginning in
late gestation (Koster et al., 1998; Yoon et al., 2014) and as a
regulator of actin polymerization and protein translation would
be expected to participate in the generation and function of syn-
apses at earlier stages of development.

Here we used in vivo and in vitro approaches to investigate the
impact of reduced levels of Cyfipl on synapse formation and
function. Our data show that Cyfip1 regulates presynaptic termi-
nal size and vesicle release probability primarily by its participa-
tion in WRGC, highlighting an important role for Cyfip1 during a
period when synapses are forming and modulated by experience.
That altered Cyfip1 levels can greatly affect the normal function
of individual neurons would be expected to contribute signifi-
cantly to the generation of abnormal and maladaptive behaviors
and lends support to the observation that changes in Cyfipl
levels appear to exacerbate several distinct human brain disorders
(Chaietal., 2003; Butler et al., 2004; Bittel et al., 2006; Sahoo et al.,
2006; Stefansson et al., 2008; Kirov et al., 2009; Leblond et al.,
2012).

Materials and Methods

Animals. All procedures involving mice and rats were performed in strict
accordance with National Institutes of Health guidelines and were ap-
proved by the Animal Care and Use Committee of the Icahn School of
Medicine at Mount Sinai, which adheres to these guidelines. Timed preg-
nant Sprague Dawley rats were obtained from Taconic, and wild-type
(WT) and Cyfip1 haploinsufficient mice were bred on site from a line
of mice that was generated and backcrossed to C57BL/6NTac as de-
scribed recently (Bozdagi et al., 2012). Litters were obtained from WT
X Cyfipl *'~ matings, and animals of both sexes were used in all
experiments.

Antibodies, reagents, and cDNA constructs. Primary antibodies include
the following: GFP (Aves Labs), vGlut1/2/3 (Millipore), Synapsin1 (Syn-
aptic Systems), PSD95 (Pierce), Cyfipl (Millipore 07-531), WAVE1/
SCAR (NeuroMab clone K91/36), and GAPDH (Millipore Bioscience
Research Reagents 631401). Secondary antibodies include the following:
anti-rabbit Alexa-405, anti-chicken Dylight488, anti-mouse Rhodamine
Red-X, anti-guinea pig Alexa-647 (Jackson Immunologicals). FM4-64
lipophilic dye (Invitrogen), bafilomycin A1(1 M, Tocris Bioscience),
CNQX (50 uMm, Tocris Bioscience), APV (25 um, Tocris Bioscience),
MK-801 (40 wum, Tocris Bioscience), NSC23766 (200 um, Tocris Bio-
science), ADVASEP-7 (0.5 mum, Sigma), and rhodamine phalloidin
(Invitrogen).

shCyfip1 is a validated hairpin sequence recognizing both mouse and rat Cy-
fipl (Silva et al., 2009) (Dharmacon RNAi: V2LMM_79585, mature antisense:
TACATAAAGACAAACATGC); shCyfip1-2 (ttgaaagtgaagatttaacatca; NM_00
1107517) targets rat Cyfipl (QIAGEN SureSilence: KR45495G). shCyfipl was
used unless otherwise noted; nonsilencing shRNA construct shCon (Dharma-
con, RHS4346).

Human Cyfip1 (hCyfip1), Cyfipl K743E missense mutation (mutE),
and Cyfipl C terminus truncation (8C/AC) expression constructs
used in the rescue experiments were generated using CYFIP1TrueORF
expression-validated vectors purchased from OriGene (GenBank ID:
NM_014608, OriGENE SKU: RC203015), with the respective nucleotide
sequences replaced as described in the text and Figure 6A. pcDNA3-
SypHluorin 2x (SypH) was kindly provided by Yongling Zhu (Salk Insti-
tute) (Zhu and Stevens, 2008).
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Neuron cultures. Rats and mice were killed at embryonic day 18 (E18)
or postnatal day 3 (P3), respectively. Hippocampi were isolated, dissoci-
ated, and plated at 12,000 cells cm? on poly-L-lysine-coated coverslips
(1 mg/ml; Sigma) followed by laminin (13 ug/ml; Sigma) for all assays.
Neurons were maintained in Neurobasal Media (Invitrogen) containing
NS21 supplements (Chen et al., 2008) in an incubator at 5% CO,, 37°C.
c¢DNAs were introduced into 9—-11 DIV neurons using Lipofectamine
2000 (Invitrogen) (Hsiao et al., 2014). Right before transfection, culture
media was removed (and reserved) and replaced with 1.5 ml of fresh
Neurobasal. 3.75 ug of endo-free cDNA or shRNA were mixed with 4 ul
of Lipofectamine 2000 reagent in OPTI-MEM for 10 min at room tem-
perature, according to the manufacturer’s instructions, and then added
drop-wise onto neurons. After 30 min, fresh culture media was added to
transfected cells; and 1.5 h later, three-fourths of the media was replaced
with the reserved conditioned culture media. Constructs were expressed
18-24 h before live-cell imaging, fixing, or lysing at 10—12 DIV.

Live-cell imaging. Hippocampal neurons plated on 35 mm bottom
glass dishes (MatTek) were transfected with cDNA and/or shRNA at 9
DIV ~16 h before imaging. Media was replaced with preequilibrated
HEPES-buffered saline extracellular solution (Burrone et al., 2006),
and neurons were imaged using a 40X objective on a Zeiss LSM780
inverted confocal microscope in a controlled microenvironment main-
tained at 35°C, 5% CO,,.

For SypHluorin experiments, transfected cells were identified by
faint GFP fluorescence under nondepolarizing conditions. All axons
imaged were in the vicinity of dendrites. Fluorescence images were
collected at 3.803 pixels per wm with 488 ex/505 em filter sets before
and after depolarization in the presence of 1 um bafilomycin Al to
inhibit the vesicular H" ATPase.

For FM-dye experiments, presynaptic boutons were labeled with
FM4-64 (Invitrogen) by 120 s incubation in high potassium Tyrode’s
solution (90 mm KCl, 31.5 mm NaCl) containing 10 um FM dye, followed
bya 60 s incubation in normal Tyrode’s solution with 10 um FM dye. AP5
(50 wm) and CNQX (25 um) were added to the stimulation solution to
block glutamate receptors to prevent recurrent excitation as well as
changes in network properties due to postsynaptic activity. Neurons were
then washed in Ca®"-free Tyrode’s solution containing ADVASEP-7
(0.1 mm) for 1 min before imaging. Destaining was performed by 45 mm
KCl hyperkalemic stimulation. Transfected axons (in the vicinity of den-
drites) or dendrites were imaged before and after hyperkalemic stimula-
tion (two time points at multiple sites), or every 20 s throughout the
duration of the stimulation (at a single site) (Hsiao et al., 2014).

For all live imaging experiments, images from the same site, at differ-
ent time-points, were aligned using Image]J (StackReg) and labeled sites
in transfected axons were analyzed using SynD, a semiautomated image
analysis routine run in MATLAB (Schmitz et al., 2011) (see Immunocy-
tochemistry, image acquisition, quantification, and analysis; Fig. 3D).
Vesicle clusters exhibiting lateral movement were excluded from analy-
sis. For presentation, brightness and contrast were adjusted in Photo-
shop. In instances showing the same field at different times, the same
settings were used across all images.

Immunocytochemistry, image acquisition, quantification, and anal-
ysis. Cultured hippocampal neurons (10-12 DIV) were fixed using
4% PFA and 4% sucrose, washed and permeabilized using 0.2% Tri-
ton X-100, and incubated with relevant antibodies at 25°C for 2 h, or
overnight at 4°C. Immunocytochemical and other labeling were im-
aged on a Zeiss LSM 780.

Images were analyzed using MATLAB (The MathWorks) and Image]
(National Institutes of Health). In brief, confocal image stacks (134.63
pm X 134.63 um X 2.32 um, 6 planes; 3.803 pixels per um; 16 bits per
pixel) were average projected into 2D images and imported into SynD
(Schmitz et al., 2011). A threshold defining GFP labeling was used to
generate a mask of transfected axons and/or dendrites. Within the area
defined by the mask, a second threshold defining labeling for vGlut1 or
FM4-64 (1 SD above the mean intensity) was used to generate a submask.
Minimum size for fluorescent clusters was set at 0.78 X 0.78 um?. In-
tensity and area at 35-100 ROIs from transfected neurons were measured
and averaged and the mean data from several neurons were used to
compare groups.



1566 - J. Neurosci., February 3, 2016 - 36(5):1564—1576

For tissue sections, P10 mice (Cyfipl ¥/~ and WT) were perfused with
4% PFA, brains were removed, postfixed for 6 h, cryoprotected in 30%
sucrose, and sectioned at 30 wm on a freezing microtome. Sections were
immunolabeled with anti-vGlutl. Single 1024 X 1024 optical sections
(three images per section, three sections per brain, three mice per geno-
type) through CA1 stratum radiatum were captured at a magnification of
100X by an investigator blinded to genotype. Images were analyzed in
Image] (analyze particles). Results were exported to Excel, decoded, and
statistical analyses were performed using Prism (GraphPad).

Western blots and metabolic labeling. Dense hippocampal cultures
(7.5E5 neurons per well in a six-well plate) were used to obtain cell lysates
for Western blots. Forty-eight hours following transfection (see above),
two wells of cells were lysed directly in 100 ul 2 X Laemmli sample buffer.
Equal amounts of cell lysates were loaded per lane, resolved by SDS-
PAGE, blotted onto PVDF membrane, immunolabeled, and imaged us-
ing LiCor Odyssey far-red scanner. For presentation, images were
inverted, converted to grayscale and brightness and contrast were ad-
justed in Photoshop.

Primary cortical cultures from Cyfip and WT littermates were
deprived of methionine for 30 min and then incubated with AHA (L-
azidohomoalanine, a methionine substitute) (Dieterich et al., 2007,
2010). Copper-free Click-it reaction with DBCO-Seta650 (Seta Biomedi-
cals) and SDS-PAGE electrophoresis was performed as instructed by
manufacturer. Gel was imaged using LiCor and grayscale was inverted for
presentation. For in situ labeling of de novo synthesized protein with
AHA, primary Cyfipl 7/~ and WT hippocampal cultures were deprived
of methionine for 30 min and then incubated with AHA for 3 h. Cells
were thoroughly washed to remove residual AHA labeling reagent and a
click chemistry reaction with DBCO-Seta650 was performed on parafor-
maldehyde fixed cells.

Electrophysiology. Acute hippocampal slices (350 wm) were prepared
from brains of P10 to 4-week-old Cyfipl ¥/~ mice and WT littermates
for extracellular and intracellular recordings as described previously
(Bozdagi et al., 2012). Slices were maintained in extracellular recording
solution containing the following (in mwm): 125.0 NaCl, 2.5 KCl, 1.3
MgSO,, 1.0 NaH,PO,, 26.2 NaHCO,, 2.5 CaCl,, and 11.0 glucose.
Briefly, the field EPSPs (fEPSPs) were evoked by stimulation of the Schaf-
fer collateral-commissural afferents. Paired-pulse responses were mea-
sured with two stimuli delivered with interstimulus intervals of 20, 50,
and 100 ms, for 1 min period during the baseline or drug application, and
were expressed as the ratio of the averaged responses from the second
stimulation pulses (FP2) to those from the first (FP1). For recording
miniature EPSCs (mEPSCs), CA1 pyramidal neurons were held at —70
mV, in the presence of tetrodotoxin (0.5 um) and picrotoxin (50 um).
The recording patch pipettes were filled with the following (in mm): 120
cesium methane sulfonate, 5NaCl, 10 HEPES, 1.1 EGTA, 4 Mg-ATP, and
0.3 Na-GTP. Rate of decay of NMDA receptor-mediated EPSCs was
assessed following repetitive presynaptic stimulation at 0.1 Hz in the
presence of MK-801 (40 um) at a holding potential of —40 mV (Rosen-
mund et al., 1993).

F-actin/G-actin assay. F-actin/G-actin ratios were assayed in mouse
hippocampal lysates using the G-actin/F-actin In vivo Assay Kit (Cyto-
skeleton) according to the manufacturer’s instructions. Briefly, hip-
pocampus was dissected from Cyfipl *'~ mice and WT littermates,
homogenized, and lysed in a detergent-based lysis buffer that stabilizes
and maintains the G- and F-forms of cellular actin. Centrifugation at
100,000 X g was used to separate F-actin from the soluble G-actin. Sam-
ples of supernatant (including the G-actin fraction) and pellet (including
the F-actin fraction) were then separated by SDS-PAGE, immunoblotted
for actin, and imaged using LiCor. For presentation, image was inverted
and brightness and contrast were adjusted in Photoshop.

Statistical comparisons. For all experiments, group sizes are indicated
in the text and/or figure legends. Both males and females were included
in all of the assays. Statistical comparisons between groups were done by
unpaired Student’s t test or by one way ANOVA for more than two
groups. Sources of differences in ANOVA were identified using Tukey’s
or Dunn’s post hoc test. A detailed table of the data, statistics and p values
used for the figures can be found here: Dryad Digital Repository (http://
dx.doi.org/10.5061/dryad. nt60p).
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Results

Cyfip1 restrains presynaptic vesicle recycling specifically in
immature synapses

To explore the role of Cyfipl at developing synapses, we first
asked whether immature mice (P10) lacking a single copy of
Cyfipl showed detectable differences in glutamatergic synapse
structure or function in hippocampus. In sections taken through
CAl, vGlutl-immunolabeled terminals were enlarged and their
density was modestly increased in Cyfipl "/~ mice compared with
WT littermate controls (Fig. 1A—C). Whole-cell recordings of
CA1l pyramidal cells showed increased mEPSC frequency in
Cyfip1 *'~ neurons, but no change in amplitude compared with
WT [Fig. 1D; mEPSC frequency, 0.8 = 0.2 Hz (WT) vs 1.2 = 0.18
Hz (Cyfipl *'7), amplitude, 12 = 0.9 pA (WT) vs 11 = 1.1 pA
(Cyfipl *'7)], and by P21, mEPSC frequency and amplitude were
similar between genotypes (Fig. 1D; P21 WT: mEPSC frequency,
3.58 = 0.3 Hz, amplitude, 13.14 = 1.2 pA; P21 Cyfipl */~:3.63 =
0.4 Hz, amplitude, 13.48 £ 0.98 pA). To further explore the
possibility that presynaptic function was altered at P10, we mea-
sured paired-pulse facilitation (PPF) at Schaeffer collateral syn-
apses. Two presynaptic pulses were delivered at intervals ranging
from 20 to 100 ms, and the ratio of the two responses (FP2/FP1)
was compared. Cyfip] *'~ mice had significantly decreased PPF
that was most pronounced at shorter intervals compared with
WT (Fig. 1E), an effect that is no longer evident at P21 (Bozdagi et
al., 2012). To test whether decreased PPF reflected altered release
probability, we measured rate of decay of NMDA receptor-
mediated EPSCs during repetitive presynaptic stimulation in the
presence of MK-801, a use-dependent channel blocker (Rosen-
mund et al,, 1993). EPSCs from P10 Cyfipl "'~ mice were
blocked more rapidly consistent with a higher release probability
(Fig. 1F). Together, these data indicate that, in developing
Cyfip1 *'~ hippocampus, excitatory presynaptic terminals are
enlarged and show a higher release probability than in WT mice.

To investigate the mechanism, we first established that hip-
pocampal neurons grown in culture from Cyfipl ¥/~ and WT
littermate mice displayed phenotypes consistent with what is ob-
served in hippocampal slices and in vivo. To visualize synaptic
vesicle (SV) pools, we transfected neurons with SypHluorin
(SypH), a modified synaptophysin having 2 copies of pH-
sensitive pHluorin in its SV lumen-facing loop. SypH shows in-
creased fluorescence intensity as vesicles exocytose (pH 5.5-7.2)
(Miesenbock et al., 1998; Zhu and Stevens, 2008). To estimate
recycling pool size, neurons 10-12 DIV were imaged at rest, de-
polarized with 90 mMm KCl in the presence of bafilomycin to pre-
vent vesicle reacidification, and imaged again (Fig. 2A), and fold
change in fluorescence between resting and stimulated states
(Fg/Fgr) was determined (Fig. 2B). To estimate total pool size,
neurons were exposed to 50 mm NH,CI to alkalize vesicles (and
unquench all SypH molecules) and fold change in fluorescence
between NH,Cl exposure and resting status (Fyy.c/Fr) was
measured. The data show a significant increase in the recycling
SV poolin Cyfipl "/~ neurons compared with WT that appears to
be driven in part by a larger total pool (Fig. 2B), consistent with
the larger terminal sizes observed in vivo.

SV dynamics were monitored using the styryl dye FM4-64
(Betz et al., 1996). Neurons 10—12 DIV were first depolarized in
the presence of FM4-64 to label the recycling pool of SVs When
SVs fuse with the presynaptic plasmalemma, their exposed lume-
nal surface incorporates FM4-64; and following internalization,
vesicle clusters were imaged (uptake). Consistent with the SypH
data, fluorescence intensity of the recycling pool in boutons on
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Figure1.  Presynapticfunctionin Cyfip7 ™/~ neuronsis altered in hippocampus. 4, Confocal images of vGlut1-labeled single optical sections of CATin P10 mice of the indicated genotypes. B, Bar
graphs represent an increase in size of vGlut-labeled puncta (¢ test, 0.011, n = 3 mice each) and density (C) (t test, p = 0.015). Scale bar, 10 m. D, In whole-cell recordings, mEPSC frequency is
increased in hippocampal slices from Cyfip7 ™/~ mice compared with WT at P10 but is not different at P21. Top, Representative traces from whole-cell voltage-clamp recordings of mEPSCs in
hippocampal slices from WT and (yfip7 ™/~ mice. Calibration: 200 ms, 20 pA. Bottom, Bar graphs representing mean amplitude and frequency data (== SEM) for mEPSCsin Cyfip7 */~ and WT mice
(n= 6 mice/genotype). *p << 0.01 (¢ test). E, Graph of PPF plots the mean ratio (FP2/FP1) at different interpulse intervals (IPI) in WT and Cyfip /" littermates at P10. Cyfip7 ™/~ neurons (black)
showed decreased ratio compared with WT (gray) (n = 6 mice/genotype, 1 or 2 slices/animal). **p << 0.001 (¢ test). *p << 0.01 (¢ test). Inset, Representative fEPSP traces for PPF (50 ms IPI) from
Gyfip1™~ (black) and WT (gray) mouse, with traces normalized to the first response for comparison. Calibration: 0.5 mV, 20 ms. F, Graph of NMDA receptor-mediated EPSCs evoked at 0.1 Hzin the
presence of 40 M MK-801 in Cyfip1 ™/~ (black) and WT (gray) (N = 4 mice/genotype). p = 0.035 (one-way ANOVA). Inset, Representative EPSC traces at the first (1) and the last (2) stimulus in
aslicefroma (yfip7™/~ mouse. Calibration, same as E.

Cyfip1 ¥/~ neurons was greater than that in WT neurons (Fig. 2C;  Cyfip1 mediates its effects on presynaptic terminals directly
mean intensity FM puncta: Cyfipl ¥/, 388.9 + 15.41; WT,  The presynaptic phenotypes observed in Cyfipl *'~ neurons could
161.2 = 11.58, in arbitrary units; ¢ test, p < 0.001; n = 3 indepen-  be caused by decreased Cyfip1 levels in presynaptic terminals. How-
dent experiments). Vesicle release kinetics were then measured  ever, itisalso possible that CyfipI haploinsufficiency sets in motion a
by recording fluorescence traces of depolarization-induced FM  number of developmental changes that indirectly affect presynap-
dye destaining. Cyfipl /'~ terminals showed a more rapid loss of  tic function. Cyfipl can regulate postsynaptic properties in more
FM dye fluorescence compared with WT (Fig. 2C,D; mean time ~ mature neurons in culture and in ex vivo slice preparations, making
constants of synaptic FM4-64 destaining, V" = 87.06 + 4.135s, it also plausible that the effects we observed occur retrograde to a
n = 56 synapses; TP/ T = 67.40 + 4.338 s, n = 45 synapses; t  postsynaptic mechanism (Bozdagi et al., 2012; De Rubeis et al., 2013;
test, p < 0.005; two independent experiments). A comparison of ~ Pathania et al., 2014). To distinguish between direct and indirect
dye loss during activity-dependent discharge showed enhanced effects, we first asked where Cyfipl was localized in developing (7
exocytosis in Cyfipl "/~ terminals (Fig. 2E; mean fractional re-  DIV) WT neurons. Immunolabeling for Cyfip1 was diffusely local-
lease AF/f, WT, 0.56 = 0.006; Cyfip1l /7 0.64 = 0.007, in arbi-  ized in cell bodies and dendrites and additionally showed a clustered
trary units; ¢ test, p < 0.0001). Together, the data support that  distribution in axons and dendrites (Fig. 3A). Such clusters were
there are more SVs in Cyfipl ™/~ terminals that are more readily ~ commonly, but not exclusively, aligned with vGlut-labeled presyn-
released upon stimulation, suggesting that Cyfipl restrains the  aptic terminals (Fig. 3A, arrows), consistent with ultrastructural ob-
size and release of the recycling pool. servations (De Rubeis et al., 2013).
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neurons. ****p <0.0001 (¢ test).

To directly assess the impact of Cyfipl on presynaptic func-
tion, we transfected RNA interference constructs expressing Cy-
fipl shRNA (shCyfipl) (Silva et al., 2009) or control shRNA
(shCon) and GFP into 8 DIV rat hippocampal neurons. We con-
firmed that shCyfipl reduces Cyfipl expression in axons by
~40% (Fig. 3B,C). The sparse transfection of primary neurons
generates mosaic cultures in which untransfected neurons are
innervated by shCyfip1 or shCon expressing axons and vice versa.
This experimental design allows the isolation of cell-autonomous
phenotypes. After 36 h, FM4-64 was used to label and compare
SV recycling pools in transfected axons innervating untrans-
fected neurons (cis- or direct effect) and vice versa (trans-synaptic
or retrograde effect). In cis-, destaining kinetics and fraction re-
leased during exocytosis (AF/f) showed increased FM dye dis-
charge (Fig. 3D, E) and a steeper fluorescence decay (mean time
constants of synaptic FM4-64 destaining, r*"“°" = 71.85 + 3.711
s; TYIPIT/™ = 62 18 + 2.421 s; t test, p = 0.0381; two indepen-
dent experiments). A second shRNA targeting Cyfip1 produced

similar results (data not shown), and effects of shCyfip1 could be
rescued by coexpressing human Cyfip1 (hCyfip1), which is resis-
tant to shRNA knockdown (Fig. 3B, E). In contrast, reducing
Cyfip1 postsynaptically in dendrites (in trans) showed no trans-
synaptic effect on SV pool size or exocytosis on untransfected
axonal terminals compared with controls (Fig. 3F—H).

In 10-12 DIV neurons, not all recycling sites are opposite
postsynaptic densities, leaving open the possibility that the
changes observed were principally at nonsynaptic sites. We used
immunolabeling for PSD95 and vGlutl to identify synapses on
transfected axons. The data show that PSD95-labeled puncta
were increased in size opposite terminals expressing shCyfipl
compared with shCon (Fig. 4A-D), suggesting that postsynaptic
sites enlarge commensurate with presynaptic changes. Consistent
with this idea, vGlutl labeling intensity was increased in trans-
fected boutons apposed to PSD95 (Fig. 4A—C,E, F). Coexpres-
sion of hCyfip1 with shCyfip1 successfully rescued the aberrant
synaptic phenotypes (Fig. 4C-F).
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Collectively, the data strongly support
that the presynaptic phenotype observed
in Cyfip1*’~ neurons is exerted locally
within axons at synapses and occurs as a
direct consequence of diminished Cyfip1l
levels.
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Presynaptic Cyfip1 requlates synapse size. A-C, Confocal images of 10 DIV neurons expressing shCon, shCyfip1, or shCyfip1 + hCyfip1 together (rescue) and immunolabeled as

indicated. Low-magnification views represent GFP (white), PSD95 (magenta), and vGlut1 (green) as an overlay. High-magnification views of areas within dotted lines represent a mask of GFP
labeling (gray) used to demarcate axons; PSD95 (magenta) and vGLUTT (green) labeling is shown within the GFP mask. Yellow arrows indicate sites with both labels. Scale bars: overlay, 25 m;
inset, 15 yum. Bar graphs compare sizes of PSD95-immunolabeled clusters within transfected axons (D; ANOVA, p = 0.003) and vGlut1 labeling intensity at PSD95 sites (E, F; ANOVA, p = 0.0006).
Differences observed with shCyfip1 are restored to controls conditions by coexpression of hCyfip1 (rescue). *p << 0.05; **p << 0.01. ns, Not significant.

tants show enhanced F-actin assembly (Zhao et al., 2013). To
compare F-actin levels in axons, Texas Red phalloidin labeling
intensity was quantified in transfected axons within a submask
defined by Synapsinl-labeled presynaptic terminals (Fig. 5A-C).
The data show that F-actin labeling intensity was increased in
axons expressing shCyfipl compared with shCon and reduced to
control levels when shCyfip1 was coexpressed with hCyfip1. (Fig.
5D,E). To confirm these findings and to clearly distinguish pre-
synaptic from postsynaptic actin, we cotransfected CFP-actin
with shCyfipl or shCon. CFP-actin showed discrete puncta or
varicosities that often corresponded to dye recycling sites labeled
with fixable FM4-64 in the transfected axons (Fig. 3D, rightmost
panel) similar to what has been described (Morales et al., 2000).
CFP-actin fluorescence intensity in presynaptic terminals is
~1.6-fold higher in shCyfipl boutons compared with shCon
consistent with the increased presynaptic F-actin detected with
phalloidin labeling.

To determine whether or not this effect was more generalized,
we used Western blots to compare polymerized (F-) and soluble
(G-) actin fractions from whole hippocampal lysates taken from
Cyfip1*'~ and WT littermate mice. Cyfipl ¥/~ mice showed a
consistent increase in F- to G-actin ratio relative to WT (Fig.

5F,G) (WT: 1.5 = 0.3 vs Cyfip] 7/~ 3.5 = 1.1 arbitrary intensity
units; n = 10 each, p = 0.05).

Because work in vitro shows that Cyfipl can repress protein
translation (Napoli et al., 2008), we compared levels of baseline
protein translation in neurons cultured from Cyfipl "/~ and
WT littermate mice using FUNCAT (fluorescent noncanonical
amino acid tagging) (Dieterich et al., 2007, 2010) to label newly
synthesized proteins. There was a notable increase in overall lev-
els of protein translation in lysates from Cyfipl */~ neurons com-
pared with WT (Fig. 5H). Similar experiments performed in situ
also showed an increase in FUNCAT-labeling intensity (WT:
37.2 * 12.4 vs Cyfipl */7:166.7 * 13.2 arbitrary intensity units).

Cyfip1 regulates presynaptic function via its actions on the
WAVEI] complex

The crystal structure of WRC and FRET experiments indicates
that Cyfip1 cannot interact with eIF4E and WRC simultaneously
(Chen et al., 2010; De Rubeis et al., 2013). Thus, to determine
which Cyfipl role is most relevant to presynaptic function,
we used a Cyfipl knockdown + mutant rescue approach. Previ-
ous work has shown that a point mutation in the eIF4E-binding
region of Cyfipl (mut E) prevents translation initiation factor
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eIF4E binding (Napoli et al., 2008; Di Marino et al, 2015) but does
not prevent Napl binding (De Rubeis et al., 2013) (Fig. 6A). A
C-terminal Cyfip1 truncation mutant (AC) lacks both Nap1-and
elF4E-binding regions (Fig. 6A). Full-length and mutant Cyfip1l

restored responses in Cyfip
hippocampal slices from Cyfipl ¥/~ and WT littermate control
mice were exposed to NSC23766 or vehicle for 30 min, the de-
creased PPF observed in Cyfip1 ¥/~ mutants was restored to WT
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proteins, all of which are shCyfipl-
insensitive, were cloned in-frame to an N
terminus fusionRed tag to verify their ex-
pression and stability (Fig. 6B, C). Neu-
rons were cotransfected with shCyfipl
together with mut E, AC, or full-length
hCyfipl and compared with neurons
transfected with shCon or shCyfip1 alone.
The data show that both full-length Cy-
fipl and mut E fully restored the size of the
FM dye-labeled vesicle pool and reduced
release compared with Cyfip1 knockdown
alone, indicating that Cyfipl’s eIF4E
binding activities are unlikely to play a
major role in presynaptic function. By
contrast, neurons expressing the AC mu-
tant (with Napl binding sites removed)
showed no recovery (Fig. 6 D,E). A cumu-
lative distribution plot of the intensity
data additionally reveal a leftward shift in
axons expressing full-length Cyfipl
(along with Cyfipl shRNA), consistent
with the idea that Cyfip1 restrains vesicle
recycling (Fig. 6F).

Racl inhibition restores presynaptic
function
The data in cultured neurons showed that
reduced Cyfip1 levels increase synaptic ves-
icle recycling pool size by dysregulating
WRC. One possibility was that decreased
Cyfip1 alters WRC function by triggering a
compensatory decrease in WAVEL, a mech-
anism that has been observed in dividing
cells (Kunda et al., 2003; Grove et al., 2004;
Schenck et al.,, 2004; Yoon et al., 2014).
However, in neurons expressing shCyfipl,
WAVE] immunostaining intensity was
similar to those expressing shCon (Fig.
7A,B). Similarly, WAVEI levels measured
in Western blots of whole hippocampal ly-
sates were similar in CyfipI '~ mice com-
pared with WT littermate controls
(Cyfip1 *'~: 1.85 *+ 1.3 arbitrary intensity
units, WT: 1.47 * 1.3 arbitrary intensity
units, n = 8/genotype, t test, p = 0.2).
Another possibility was that abnormal
presynaptic function lay downstream of
Racl, which activates WRC. To test this,
neurons expressing shCyfipl or shCon
were exposed to a Racl inhibitor,
NSC23766, or vehicle for 30 min, and the
impact on recycling pools was assessed.
The data show that NSC2366 restored the
size of recycling and releasable vesicle
pools in neurons expressing shCyfip1, al-
though it had no effect on either parame-
ter in neurons expressing shCon (Fig. 7C—
E). Significantly, Racl inhibition also
17~ hippocampal slices. When P10
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Figure 6.  (yfip1-WAVE1 interaction regulates presynaptic function. A, Maps of relevant Cyfip1 binding partners and the mutants that were generated from human Cyfip1 fused in-frametoa N

terminus FusionRed fluorescent tag (Evrogen). B, Western blots of whole-cell lysates generated from HEK cells expressing the cDNAs indicated and blotted for the antibodies shown at right. The
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similarities between control and mute-expressing neurons. Tukey's post test values, *p << 0.05, **p << 0.01, ***p < 0.001.

levels. Vehicle treatment showed no effect (Fig. 7F, H vs Fig. 1E).
Similarly, mEPSC frequency in P10 Cyfip] ™/~ mice was restored
to WT levels in slices exposed to NSC23766 (mEPSC frequency
(vehicle), 1.32 = 0.21 Hz; (NSC23766), 0.91 = 0.24) (Fig. 7G).
These data indicate that reductions in Cyfip1 increase vesicle pool
size and release probability downstream of Racl.

Discussion

Our data show that Cyfip1 regulates presynaptic terminal de-
velopment, function, and plasticity and that it acts directly
within presynaptic neurons at a time when synapses are form-
ing and maturing. While Cyfip1 regulates both protein trans-
lation and WRC function, its roles in restraining vesicle pool
size and release are mediated principally by the WRC and are
consistent with the observed increases in levels of presynaptic
F-actin. The impact of CyfipI haploinsufficiency is rescued
acutely by treatment with Racl inhibitors, indicating that al-
tered function is not the consequence of an earlier develop-
mental defect, but rather the outcome of an ongoing process of
dysregulated cytoskeletal organization downstream of Racl.
The strong effects of reduced Cyfipl on presynaptic function
during development would be anticipated to alter the normal
course of synapse assembly, maturation, and pruning, which
require the coordinated activity of neural circuits and precise

regulation of the actin cytoskeleton and could contribute to
the role that Cyfip1 plays in a variety of developmental brain
disorders.

Cyfipl, WAVE], and F-actin

The data indicate that the presynaptic dysfunction observed in
Cyfipl mutants is due principally to the loss of Cyfipl’s WRC-
related function and not to its 4EBP/translation repression func-
tion. In neurons having reduced levels of Cyfipl, abnormal
presynaptic terminal size and function were rescued by a Cyfipl
elF4E binding mutant as effectively as with full-length Cyfip1,
and mutants lacking the Nap1l/WAVEI interaction domain failed
to rescue either parameter. Conversely, the increased protein
translation observed in Cyfip] "/~ mice did not appear to alter
baseline presynaptic function.

Defective neuromuscular junction development in Drosophila
cyfip mutants suggests that Cyfip’s participation in WRC-
dependent actin dynamics could play conserved roles in synapse
assembly (Schenck et al., 2003; Zhao et al., 2013); and consistent
with our findings, cyfip mutations enhance F-actin polymeriza-
tion at presynaptic terminals (Schenck et al., 2003; Zhao et al.,
2013). A normally regulated, dynamic actin cytoskeleton is criti-
cal for the generation of synapses (Allison et al., 1998; Zhang and
Benson, 2001) and supports normally functioning presynaptic
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terminals (Morales et al., 2000; Sun and Bamyji, 2011; Waites et al.,
2011). Several actin-anchored cell adhesion molecules influenc-
ing synapse assembly and maturation, including protocadherins,
cadherins, and Ig superfamily members, have a WRC binding
interface generated by interactions between Cyfip and Abi2 that
could be used to trigger actin polymerization at sites of synapse
adhesion (Nakao et al., 2008; Chen et al., 2014; Yoon et al., 2014).
Interestingly, as the influence of Cyfipl on presynaptic activity
declines over the course of maturation (Fig. 1D), F-actin also
transitions from an essential role anchoring presynaptic to post-
synaptic appositions to alternate roles in the regulation of syn-
apse plasticity and dendritic spine shape (Allison et al., 1998;
Fischer et al., 1998; Zhang and Benson, 2001; Bozdagi et al,,
2012).

A simple interpretation of our findings would be that Cyfip1l
normally exerts an inhibitory action on WAVE that is relieved by
activated Racl. There are some data to support this idea (Eden et
al., 2002), but more recent work suggests that a more nuanced
mechanism is at work. The most widely accepted model of WRC
function posits that Cyfipl shields the VCA domain in WAVE
and prevents the complex from promoting constitutive Arp2/3-
mediated actin polymerization. Racl binding triggers a confor-
mational change in Cyfip1 that exposes the VCA domain without
dissociation (Ismail et al., 2009; Chen et al., 2010; Derivery and
Gautreau, 2010). Because our data show that Racl inhibition
restores normal presynaptic function (Fig. 6), it is most likely that
decreased Cyfip1 levels trigger indirect modulation of WRC by
Racl or promote activation of an alternate Rac-activated path-
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way. For example, Rac can regulate actin polymerization via
IQGAP or by inhibiting cofilin (Govek et al., 2005; Brandt and
Grosse, 2007; Pertz, 2010). Racl may also regulate translation,
which is increased in Cyfipl ™/~ mice, but restoring Cyfip1’s
elF4E binding alone failed to restore presynaptic phenotypes,
suggesting that increased translation of Cyfip1 targets does not
impact the phenotypes measured here.

Presynaptic versus postsynaptic actions of Cyfipl

Our data show that, in 10—12 DIV neurons in culture and in P10
hippocampus and hippocampal slices, reduced Cyfip1 levels in-
crease size and function of synaptic vesicle pools, with no detect-
able impact on postsynaptic strength, measured by mEPSC
amplitude. By the third week of development, presynaptic func-
tion in Cyfipl ™/~ mice appears similar to WT, a time when post-
synaptic responses are aberrant: Cyfipl "/~ mice show enhanced
mGluR-dependent LTD that is also atypically independent of
mTOR activation and protein translation (Bozdagi et al., 2012),
hippocampal neurons have abnormal dendritic spine shapes
(Pathania et al., 2014); and in cultured cortical neurons, Cyfipl
knockdown prevents normal postsynaptic morphological re-
sponses to BDNF or NMDA (De Rubeis et al., 2013; Pathania et
al., 2014). The strong similarity between the exaggerated LTD
phenotype of Cyfipl */~ mice and that of Fmrl knock-out mice
strongly suggests that this effect is mediated by Cyfip1’s actions as
a translational suppressor with FMRP (Napoli et al., 2008),
whereas spine shape appears to be controlled by both Cyfip1 roles
(De Rubeis et al., 2013; Chazeau et al., 2014). It will be important
in future work to further parse the actions of Cyfip1 with respect
to developmental epoch and synaptic locus, as well as to address
whether some effects of Cyfipl reflect the shuttling of Cyfipl
molecules between WRC and eIF4E pools, as has been suggested
by work in cultured neurons (De Rubeis et al., 2013) or may be
complemented by actions of Cyfip2 (Han et al., 2015).

Relevance of Cyfip1 to human disease

Our findings in mice are likely to have relevance to human dis-
ease. Copy number variations (CNVs) in 15q11.2, the region that
contains CYFIPI, are replicated risk factors for schizophrenia,
epilepsy, intellectual disability, developmental delay, and autism
(Horsthemke and Wagstaft, 2008; Kirov, 2010; Tam et al., 2010;
van der Zwaag et al., 2010; Kirov et al., 2012; Chaste et al., 2014;
Fromer et al., 2014; Vanlerberghe et al., 2015). For example, in
two large studies of schizophrenia, recurrent CNVs in the
15q11.2 region were associated with 2-fold to 4-fold increased
risk (Chai et al., 2003; Stefansson et al., 2008; Kirov et al., 2009).
Type I deletions of Prader-Willi and Angelman syndromes that
include CYFIPI have been associated with more severe manifes-
tations, compared with Type II deletions that do not include this
interval (Butler et al., 2004; Bittel et al., 2006; Sahoo et al., 2006),
and microdeletions including CYFIPI in the absence of these
syndromes have been associated with delayed speech and motor
development, and behavioral problems including autism and
obsessive-compulsive disorder (Doornbos et al., 2009). Addi-
tional results suggest that this same region and, in particular,
CYFIPI deletion (Leblond et al., 2012), increases risk for autism,
likely in the presence of other genetic risk factors (Murthy et al.,
2007; Doornbos et al., 2009). However, either increased or de-
creased CYFIPI dosage is likely to be detrimental (Oguro-Ando
et al., 2015). A recent study of human controls shows that
15q11.2(BP1-BP2) deletion carriers have reduced volume of gray
and white matter in key brain areas compared with noncarriers
that are increased in a reciprocal manner in duplication carriers,
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and both CNVs show cognitive outcomes that track between nor-
mal and schizophrenic, providing evidence for allele dose-
dependent effects of CNVs (Stefansson et al., 2014).

Because Cyfipl is common to several disorders and its dys-
regulation appears to exacerbate symptoms, therapies targeting
Cyfipl function may prove beneficial for a variety of human
diseases.
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