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Abstract

Small RhoGTPases regulate changes in post-synaptic spine morphology and density that
support learning and memory. They are also major targets of synaptic disorders, including
Autism. Here we sought to determine whether upstream RhoGTPase regulators, including
GEFs, GAPs, and GDls, sculpt specific stages of synaptic development. The majority of
examined molecules uniquely regulate either early spine precursor formation or later matura-
tion. Specifically, an activator of actin polymerization, the Rac1 GEF 3-PIX, drives spine pre-
cursor formation, whereas both FRABIN, a Cdc42 GEF, and OLIGOPHRENIN-1, a RhoA
GAP, regulate spine precursor elongation. However, in later development, a novel Rac1
GAP, ARHGAP23, and RhoGDIs inactivate actomyosin dynamics to stabilize mature synap-
ses. Our observations demonstrate that specific combinations of RhoGTPase regulatory pro-
teins temporally balance RhoGTPase activity during post-synaptic spine development.

Introduction

RhoGTPases are molecular switches that orchestrate various signaling pathways and are

best known for being master regulators of actin cytoskeleton polymerization and organization
[1]. Recently, they have emerged as crucial regulators of neuronal development, including
dendritic arborization, growth cone development, axon guidance, and post-synaptic spine
morphogenesis underlying excitatory neurotransmission [2-4]. During normal synaptic devel-
opment, the small RhoGTPase, Racl, promotes the formation of filopodia-like spine precur-
sors [5-8] that subsequently mature through RhoA/ROCK-dependent myosin II activation
into polarized mushroom-shape spines [9,10]. Further excitatory stimulation associated with
long-term potentiation leads to Racl-driven spine head expansion [6,11].

Through these mechanisms RhoGTPases also impact learning and memory. Altered
RhoGTPase signaling leads to abnormal spine morphology and synaptic development and
appears to contribute to the pathology of neuronal disorders, such as Autism Spectrum Disor-
ders and non-syndromic mental retardation, as well as neurodegenerative disorders, like Alz-
heimer’s disease (AD) [12-16].

RhoGTPases are activated by Guanine Exchange Factors (GEFs) and inactivated by
GTPase-Activating Proteins (GAPs), while Guanine Dissociation Inhibitors (GDIs) attenuate
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RhoGTPase signaling by binding and sequestering the inactive GDP-bound state in the cytosol
[17]. Several of these upstream RhoGTPase regulatory proteins are implicated in neurodeve-
lopmental disorders. For example, mutations in the RhoA-GAP OLIGOPHRENIN-1 result in
non-syndromic mental retardation [16], through glutamatergic dysfunction, preventing den-
dritic spine development and synapse maturation [15,18]. Furthermore, RhoGTPases are
disproportionately represented in copy number variants associated with Autism and schizo-
phrenia, further highlighting the fundamental developmental role of RhoGTPases in shaping
proper neuronal connections [19,20].

Despite a fundamental role for RhoGTPase signaling in neurons, how and when these
signaling pathways are activated is not known. In this present study, we explored whether
RhoGTPase regulators exhibit stage-specific roles in synaptic development. Our results suggest
that RhoGTPase regulators function temporally at discrete stages of synaptic development.
Individual regulators orchestrate actomyosin dynamics that support post-synaptic spine mor-
phogenesis in either early spine precursor formation or later spine maturation. In addition to
demonstrating that specific molecules uniquely remodel synaptic architecture at distinct devel-
opmental periods, this study also suggests the feasibility of targeted therapeutic intervention of
actomyosin regulation during synaptic plasticity.

Results

Expression of synaptic RhoGTPase regulatory proteins in neuronal
development

While previous studies have largely focused on a particular stage of synaptic development, we
sought to determine how RhoGTPase regulators function throughout synaptic development
by evaluating their contribution to both early development, when immature filopodia-like
spine precursors form, and later synapse formation, when spines mature into a mushroom-
shaped morphology. These stages of synapse development are observed in vitro with cultured
rat hippocampal neurons; they exhibit robust spine precursor formation at approximately 1
week in culture and spine maturation after 2-3 weeks in culture (Fig 1A) [9,21,22]. We used
shRNA to acutely downregulate expression of select RhoGTPase regulators at these distinct
stages of synaptic development (S1 Fig). We selected known synaptic RhoGTPase regulatory
proteins, B-PIX, a GEF [5,23,24], and OLIGOPHRENIN-1, a GAP protein that is mutated in
non-syndromic mental retardation [15,18]. We also included the three mammalian RhoGDI
family members (o, B, and y)[25], to develop a broader and more holistic picture of RhoGT-
Pase regulation during synaptic development. All of these RhoGTPase regulators are either
mutated or have copy number variants associated with known synaptic disorders, including
non-syndromic mental retardation and Autism Spectrum Disorders (ASD) (Table 1), although
their specific contribution to disease pathology may not yet be determined. As a negative con-
trol for excitatory synapse development associated with spines, we included ARHGEF9, a reg-
ulator of gephyrin clustering and inhibitory synapse formation [26,27].

We also identified and included potential novel regulators of synaptic RhoGTPase activity
by screening published synaptic proteomes [28-32] for targets containing either the RhoGAP
domain or possessing GEF characteristics, e.g., a Dbl Homology (DH) domain followed by the
Pleckstrin Homology (PH) domain [33]. This search revealed potential RhoGTPase regulatory
proteins whose role in synaptic development is understudied or completely unknown. These
include the GEFs, FRABIN/FGD4 and VAV2, as well as a GAP, ARHGAP23 (Table 1).

Using Real-Time RT-PCR, we assayed for mRNA expression in primary rat hippocampal
neurons cultured for either 1 or 2 weeks (Fig 1B). Rat hippocampal neurons express all of the
selected RhoGTPase regulators, except for RhoGDI-B, which is predominantly found in
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Fig 1. Expression of RhoGTPase regulators during synapse development. A) Primary rat hippocampal neurons expressing
GFP were stained for the dendritic marker, MAP-2 (MAP-2). At ~1 week in culture (days in vitro, DIV-10), filopodia-like spine
precursors extend from the dendritic shaft. However, after 2 weeks, spines begin to mature into a polarized mushroom-shape,
characterized by a bulbous spine head atop a thin spine neck. B) Real-Time RT-PCR of RhoGTPase regulators from RNA harvested
from primary rat hippocampal neurons grown for either 1 or 2 weeks in culture (DIV-7, grey bars; DIV-14, black bars). RNA expression
levels are expressed as a percentage of actin RNA. (n > 5 neuron cultures for each time point; p<0.001 for Arhgdia expression at
DIV-7 vs DIV-14 (Mann-Whitney Rank Sum Test) and p = 0.033 for Arhgdig expression at DIV-7 vs DIV-14 (t-test); RNA expression
levels of all other regulators was not statistically significant between DIV-7 and DIV-14.

doi:10.1371/journal.pone.0170464.g001
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Table 1. Synaptic Regulators of RhoGTPase Signaling.

RhoGTPase Target Proteome Known Synaptic Function(s) Neuronal Disease Chromosome Autism-Associated
ID Association Location Copy Number
Variants*
GEFs
FRABIN (FDG4) Cdc42 [53] [28] ¢ Unknown Mutated in Charcot-Marie | 12p11.21 ¢ Deletion in Autism
Tooth [37,38] (32,655,040— with Scoliosis Case
32,798,983) [54]
* 6 Duplications [55]
¢ 4 Duplications and
1 Deletion [56]
*1 Reported
Duplication in each
publication [57,58]
* 1 Deletion [54]
ARHGEF9 Cdc42 [59] [31] * Promotes inhibitory X-linked Mental Xqi1.1 ¢ 2 Duplications and
(COLLYBISTIN) synapse formation through | Retardation [60,61] (62,854,848— 1 Deletion [56]
gephyrin clustering [26,27] 63,005,426)
ARHGEF7 (B-PIX) | Rac[62] [28,31] * Promotes synaptic vesicle | Mutations in B-PIX isoform | 13q34 * 24 Deletions and 1
recruitment [63] (on X Chromosome) result | (111,767,624— Duplication [65]
¢ Increases synaptic Rac in non-syndromic mental | 111,958,081) * 16 Deletions and
activity, resulting in retardation [64] 16 Duplications [56]
increased dendritic ¢ 1 Deletion and 1
protrusions [5,23] Duplication [55]
* 1 Reported
Deletion in each
publication
[57,58,66]
* 1 Duplication and
1 Unspecified CNV
Reported [67]
¢ 1 Duplication [19]
VAV2 Rac (can also [31] * Promotes dendritic None Reported 9g34.1 ¢ 12 Duplications
regulate Cdc42 development [69,70] (136,627,016— [56]
and RhoA in vitro) ¢ Activated in Response to 136,857,726) *1 Reported
[68] BDNF and increases spine Duplication in each
head size [71] publication [72,73]
* 1 Deletion [74]
¢ 1 Deletion [19]
GAPs
ARHGAP23 e unknown [32] ¢ Unknown None Reported 17912 *1 Reported
(36,584,719— Duplication in each
36,668,627) publication [56,75]
* 1 Duplication and
1 Deletion [65]
OLIGOPHRENIN-1 | RhoA N/A * Regulates activity- X-linked Mental Xq12 (67262186— | * 36 Duplications
dependent strengthening of | Retardation [16] 67653299 and 11 Deletions
excitatory synapses [56]
through interaction with * 3 Duplications [77]
Homer [76] *1 Reported
* Regulates spine length Duplication in each
and maturation [15,18] publication [78-80]
*1 Mosaic
Duplication [74]
*1 Reported
Deletion in each
publication [57,81]
GDIs
ARHGDIA RhoGTPases N/A * Unknown None, but is mutated in 17925.3 * 3 Duplications [65]
(RHOGDI a) Nephrotic Syndrome [82] (79825597- * 1 Duplication [83]
79829282) * 1 Duplication [19]
(Continued)
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Table 1. (Continued)

RhoGTPase Target Proteome Known Synaptic Function(s) Neuronal Disease Chromosome Autism-Associated
ID Association Location Copy Number
Variants*
ARHGDIB RhoGTPases N/A ¢ Unknown None Reported 12p12.3 * 4 Duplications and
(RHOGDI B) (15094950 1 Deletion [56]
15114562) * 2 Reported

Deletions in each
publication [84,85]
* 1 Deletion [86]

*1 Reported
Duplication in each

publication
[57,58,73,87]
ARHGDIG RhoGTPases N/A e Unknown None Reported 16p13.3 * 13 Duplications
(RHOGDI y) (330606-333003) | and 1 Deletion [65]

* 5 Duplications and
4 Deletions [56]

* 1 Reported
Deletion in each
publication [55,88—
90]

* 1 Duplication [57]

* In most cases, CNVs were identified through SFARI gene and include CNV reports that include all or part of the gene. In certain cases, Autism is not the
primary patient diagnosis.

doi:10.1371/journal.pone.0170464.t001

hematopoietic cells [34], and was therefore incorporated as an additional negative control.
Strikingly, the Racl GEF, B-PIX, exhibited the highest levels of expression at both time points.
However, only Rho GDI-o. ovd-y significantly increased during neuronal maturation, suggest-
ing a specific role for RhoGDIs in synapse maturation.

The Rac1 GEF, B-PIX, drives spine precursor formation

To assess the role of specific GEFs and GAPs in spine precursor formation and elongation during
early stages of neuronal development, we performed acute shRNA knockdowns at approximately
1 week in culture (DIV6/7) and assessed spine morphology and density after 72 hours (DIV9/
10). At one week in development, control neurons exhibit an abundance of immature filopodia-
like spine precursors with very few mature spines (Fig 1A). These immature spine precursors are
highly dynamic, allowing them to contact a pre-synaptic partner [9,22,35]. We therefore hypoth-
esized that decreased expression of activators of actin polymerization, such as the Racl GEF,
B-PIX, would reduce both spine precursor density and length. In support of this hypothesis,
shRNA sequences targeting 3-Pix decreased the density of spine precursors (Fig 2A and 2B).

By contrast, we did not observe consistent, significant changes in spine density with
shRNAs against the other GEFs or GAPs identified in Table 1 (data not shown). This is consis-
tent with a role for Racl in the formation of immature filopodia-like spine precursors [5-8].
We confirmed this role for Racl in the formation of filopodia-like spine precursors using a
genetically encoded photoactivatable Racl (PA-Rac) [36], which increased formation of spine
precursors along the dendritic shaft after acute photoactivation (Fig 3A and 3C and S1 Video).
Unexpectedly, shRNAs against B-Pix did not decrease spine length, but resulted in increased
length (Fig 2A and 2C), similar to expression of dominant negative Rac1T17N [6]. Consistent
with this finding, while chronic Racl activation increased spine length (Fig 3B and 3C ‘Lit’
Rac) acute Racl photoactivation did not alter spine length (Fig 3B and 3C PA-Rac). Together,
these studies highlight a preferential role for Racl in initiating spine precursor formation.
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Fig 2. Regulators of spine precursor formation and elongation. A) Representative Images of GFP-expressing DIV-9 neurons transfected with the
indicated shRNA targeting sequence for 72 hours. B) 3-pix shRNA targeting sequences significantly decrease spine precursor density in DIV-9/10 neurons.
Spine density is expressed as the percentage of the average control spine density. n = 24 control neurons, 15 3-PIX shRNA #1 neurons, and 7 B-PIX shRNA
#2 neurons; p = 0.001 for Control vs 3-pix shRNA #1 (t-test) and p = 0.007 for Control vs B-pix shRNA #2 (t-test). C) Cumulative distribution plot of spine length
in DIV-9/10 primary rat hippocampal neurons co-expressing GFP and the indicated shRNA targeting sequence. Spine length is expressed as a percentage of
the average control spine length. shRNAs against either the RhoA-GAP, Oligophrenin-1, or Cdc42-GEF, Frabin, significantly decrease spine length, whereas
shRNAs against 3-pix significantly increase spine length. n = 1114 control, 680 Oligophrenin-1 shRNA #1, 115 Oligophrenin-1 shRNA #2, 613 Frabin shRNA
#1, 393 Frabin shRNA #2, 465 B-pix shRNA #1, and 166 -pix shRNA #2 spines; p = 0.005 for Control vs B-pix shRNA #1 (Mann-Whitney Rank Sum Test),

p <0.001 for Control vs B-pix shRNA #2 (Mann-Whitney Rank Sum Test), p = 0.001 for Control vs Frabin shRNA #1 (Mann-Whitney Rank Sum Test), p = 0.01
for Control vs Frabin shRNA #2 (Mann-Whitney Rank Sum Test), p < 0.001 for Control vs Oligophrenin-1shRNA #1 (Mann-Whitney Rank Sum Test),

p < 0.001 for Control vs Oligophrenin-1shRNA #2 (Mann-Whitney Rank Sum Test).

doi:10.1371/journal.pone.0170464.g002

Balanced RhoA and Cdc42 activities regulate spine precursor elongation

By contrast, shRNAs against the RhoA GAP, Oligophrenin-1, decreased spine length (Fig 2A
and 2C) as previously described for spines in the CA1 region of rat hippocampal slices [18].
Though primarily known for its role in myelination and Charcot-Marie Tooth Disease [37,38],
shRNAs against the CDC42 GEF, Frabin, also decreased spine length (Fig 2A and 2C). We did
not observe consistent, significant changes in spine precursor length with shRNAs against the
other GEFs or GAPs identified in Table 1 (data not shown). These results lead us hypothesize
that competition between RhoA-driven myosin II contractility and Cdc42-mediated actin
polymerization may regulate spine precursor elongation.

To test whether Cdc42 activity is negatively regulated by myosin II-mediated contractility,
we measured Cdc42 activity in spine precursors using a FRET biosensor, Raichu-Cdc42 [39],
following treatment with the non-muscle myosin II (NMII) inhibitor, blebbistatin. Consistent
with previous results, NMII inhibition resulted in spine elongation [9,40]. Increased Cdc42
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activity accompanied the spine elongation (Fig 3D), thus confirming that NMII negatively reg-
ulates Cdc42-mediated elongation to determine spine precursor length.

ARHGAP23 promotes spine maturation

While actin polymerization drives spine precursor formation, RhoA/ROCK-mediated myosin
IT activation is necessary for spine maturation into a polarized mushroom-shape [9,10,41].
Furthermore, RhoA and Racl mutually inhibit each other’s activity [42], even at synapses [10],
leading us to hypothesize that spine maturation might be regulated by either activation of
RhoA and/or inactivation of Racl. To assess this, we performed acute shRNA knockdowns of
specific regulators after 2 weeks in culture (DIV14) and assessed spine morphology and den-
sity after 48 hours (DIV16) (Fig 4). Regulators of spine precursor formation, including acti-
vators of actin polymerization, f-PIX and FRABIN, and OLIGROPHENIN-1, a GAP that
inactivates RhoA-driven NMII activation, did not affect spine length or density during spine
maturation (Fig 4A, 4B and 4D). Interestingly, shRNAs against the GEF, Vav2, consistently
resulted in increased spine length (Fig 4A and 4E). However, we observed the most prominent
effect on mature spine morphology and density with shRNAs toward Arhgap23, a putative
GAP identified by our in-silico screen. shRNAs against Arhgap23 increased spine density and
resulted in immature spine morphologies with increased spine length similar to filopodia-like
spine precursors (Fig 4A, 4C and 4E), leading us to hypothesize that ARHGAP23 may function
to inactivate Rac-driven actin polymerization.

ARHGAP23 is a novel Rac1 GAP

ARHGAP23 is a novel RhoGTPase regulator identified in silico [43], but its cellular function is
unknown. To determine whether it indeed functions as a Racl GAP, we used migratory CHO.
K1 cells to readily visualize the effects of ShRNA downregulation or expression on actin fila-
ment bundle organization and adhesion maturation, properties regulated by RhoGTPases. In
migratory cells, Racl-mediated actin polymerization contributes to the formation of the lead-
ing edge [17]. Similar to neurons, CHO.K1 cells also express ARHGAP23 (data not shown).
ARHGAP23 knockdown resulted in extensive lamellipodia formation and nascent adhesions
(Fig 5C and 5D). Conversely, cells expressing GFP-tagged ARHGAP23 exhibited increased
adhesion maturation (Fig 5A and 5B, compare adhesions in control cells of S2 Video with
adhesion maturation in a GAP23-GFP-expressing CHO.K1 cells in S3 Video). These results
are consistent with a corresponding increase in RhoA-mediated actomyosin bundle formation
in response to Racl inactivation [1,44,45]. A Rac FRET biosensor [39] confirmed that shRNA
against ARHGAP23 increased Racl activity to levels indistinguishable from constitutively
active Raichu Rac V12 (Fig 5D and 5E), demonstrating that ARHGAP23 functions as a novel
Racl GAP in adhesion maturation of migratory CHO.K1 cells as well as synapse maturation in
neurons.

GDI-mediated attenuation of RhoGTPase signaling maintains the
mature mushroom-shape spine

We next investigated the role of the three mammalian GDI isoforms (o, B, and y) in spine
development [25]. Expression of both o and vy significantly increases during neuronal matura-
tion as measured by real-time RT-PCR, while § exhibited negligible RNA expression during
both early (DIV7) and later (DIV14) neuronal development (Fig 1B). Consistent with these
RNA expression profiles, knockdown of either GDI-a or -y, but not B, during neuronal matu-
ration resulted in a striking reversion to immature filopodia-like spine precursors (Fig 6),
demonstrating that attenuation of RhoGTPase signaling is necessary for the maintenance of
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Representative images of neurons expressing either photoactivable Rac1 (PA-Rac1, top panel) or the constitutively active ‘lit Rac1 control
(bottom panel) that were either kept in the dark (left panel) or exposed to room lighting for 10 min (light-activated, right panel). D) DIV-9/10
primary rat hippocampal neurons transfected with WT Raichu Cdc42 were treated with 50uM Blebbistatin for 1 hour or left untreated.
FRET was calculated as the ratio of FRET signal to CFP donor signal. Blebbistatin treatment increases Cdc42 activity by ~7%. n = 50
spine precursors each for untreated and Blebbistatin-treated, p = 0.016 (t-test).

doi:10.1371/journal.pone.0170464.9003

mature-mushroom-shaped spines, and is the first evidence of a role for GDIs in post-synaptic
spine plasticity.

Discussion

Our research demonstrates that unique combinations of Rho GTPase family members regulate
distinct stages of synaptic development. Altered spine formation and maturation are increas-
ingly implicated in neurodevelopmental disease pathology, whereas the maintenance of
mature synaptic connections is lost in neurodegenerative disease pathology. In addition, regu-
latory pathways of the actin cytoskeleton are increasingly implicated in these neuronal disor-
ders. Despite this association, how synaptic connections are temporally constructed and
maintained has been unclear.

We showed that distinct RhoGTPase regulators sequentially orchestrate synapse formation
and maturation. During spine formation, the Racl GEF B-PIX promoted spine precursor for-
mation, while the RhoA GAP OLIGOPHRENIN-1 and Cdc42 GEF FRABIN cooperatively
regulated spine precursor elongation. These results lead us to hypothesize that Racl initiates
spine precursor formation, while competition between RhoA-mediated myosin II activation
and Cdc42-driven actin polymerization determines spine length. In support of this hypothesis,
acute Racl photoactivation drove spine precursor formation, but did not affect spine length.
By comparison, myosin II inhibition promoted Cdc42 activation together with increased spine
length. How can we understand these differential roles for Racl and Cdc42-mediated actin
polymerization on spine precursor formation and subsequent elongation? In general, Racl
drives Arp2/3-mediated branched actin arrays, generating lamellipodia-like veils along the
dendritic shafts of neurons [8,10,46]. Intriguingly, EM of filopodia-like spine precursors sug-
gests that they emanate from patches of branched actin [47] consistent with a role for Racl in
the initiation of spine precursor formation. In contrast to these branched actin structures,
Cdc42 promotes linear actin polymerization, generating filopodia in migratory cells, though
the role for Cdc42 in synaptic plasticity and filopodia-like spine precursors is less clear. Here
we show that, while not required for spine precursor formation, FRABIN-mediated Cdc42
activation drives spine precursor elongation. This spine autonomous role for Cdc42 is con-
sistent with recent evidence for spine- restricted Cdc42 activity in response to glutamate-
mediated stimulation [48]. However, active Rac and RhoA spread through the dendrite into
adjacent spines [48], suggesting either differential diffusion properties of RhoGTPases them-
selves or association of upstream regulators with distinct synaptic signaling scaffolds.

In contrast to spine formation, spine maturation was characterized by Racl inactivation via
the novel RhoGTPase regulator, ARHGAP23. RhoGDI-mediated attenuation of RhoGTPase
signaling pathways and subsequent actomyosin dynamics was also necessary for the mainte-
nance of mature spines. These studies support a model for spine development whereby the
switch from GEF-mediated Rac1/Cdc42 activation to GAP/GDI-mediated Racl/RhoGTPase
inactivation promotes spine maturation and the maintenance of excitatory synaptic con-
nections. This Racl activity switch is consistent with previous work demonstrating that an-
tagonism between the Racl GEF, TIAM]I, and Racl GAP, BCR, control spine and synapse
development [49]. Similarly, the Racl GEF, kalirin-7, is known to have reduced GEF activity
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Fig 4. Regulators of spine maturation are distinct from regulators of spine precursor formation. A) Representative Images of GFP-expressing

DIV-16 neurons transfected with the indicated shRNA targeting sequence for 48 hours. B) Regulators of spine precursor formation, OLIGOPHRENIN-1
(OPHN-1), B-PIX, and FRABIN, do not alter spine density later in synaptic development (DIV-16). Spine density is expressed as the percentage of the
average control spine density. n = 44 control, 16 Ophn-1shRNA #1, 5 Ophn-1shRNA #2, 17 B-pixshRNA #1, 7 B-pix shRNA #2, 15 FrabinshRNA #1, 8
Frabin shRNA #2 neurons (Spine density was not significantly different from control as determined by t-test, except for 3-pix shRNA #1 which was determined
by Mann-Whitney Rank Sum Test). C) Arhgap23 shRNAs significantly increase spine density later during synaptic development (DIV-16). n = 44 control
(same as B), 22 Arhgap23 shRNA #1, and 12 Arhgap23 shRNA #2 neurons; p = 0.02 for Control vs Arhgap23 shRNA #1 (Mann-Whitney Rank Sum Test),

p = 0.002 for Control vs Arhgap23 shRNA #2 (Mann-Whitney Rank Sum Test). D) Regulators of spine precursor formation, OLIGOPHRENIN-1 (OPHN-1),
B-PIX, and FRABIN, do not alter spine length later in synaptic development (DIV-16) neurons. Cumulative distribution plot of spine length in DIV-16 primary rat
hippocampal neurons co-expressing GFP and the indicated shRNA targeting sequence. Spine length is expressed as a percentage of the average control
spine length. n = 3273 control, 651 Ophn-1shRNA #1, 130 Ophn-1shRNA #2, 729 3-pix shRNA #1, 449 3-pix shRNA #2, 556 Frabin shRNA #1, 688 Frabin
shRNA #2 spines (Spine length was not significantly different from control as determined by Mann-Whitney Rank Sum test). E) Arhgap23and Vav2 shRNAs
significantly increase spine length later in neuronal development (DIV-16). n = 3273 control (same as D), 1207 Arhgap23 shRNA #1, 1182 Arhgap23 shRNA
#2, 962 Vav2shRNA #1, and 551 Vav2shRNA #2 spines; p < 0.001 for Control vs Arhgap23 shRNA #1 (Mann-Whitney Rank Sum Test), p < 0.001 for Control
vs Arhgap23 shRNA #2 (Mann-Whitney Rank Sum Test), p = 0.006 for Control vs Vav2 shRNA #1 (Mann-Whitney Rank Sum Test), p < 0.001 for Control vs
Vav2 shRNA #2 (Mann-Whitney Rank Sum Test).

doi:10.1371/journal.pone.0170464.9004

when associated with the post-synaptic density [50], suggesting that maintenance of mature
synapses involves Racl inactivation.

However, subsequent Racl and Cdc42 activation is necessary for spine head enlargement
following excitatory neurotransmission [11,48]. Thus, it will be important to understand the
mechanisms that transiently promote Racl and Cdc42 activity in response to excitatory
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cell. F) Quantification of FRET intensity in control or Arhgap23 shRNA cells expressing Raichu Rac probes. n = 31 control WT
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Raichu Rac, 24 control Raichu Rac V12, 11 Arhgap23 shRNA #1 WT Raichu Rac cells, 7 Arhgap23 shRNA #1 Raichu Rac V12
cells, 18 Arhgap23 shRNA #2 WT Raichu Rac cells, 13 Arhgap23 shRNA #2 Raichu Rac V12 CHO.K1 cells; p < 0.001 for WT
Raichu Rac vs Raichu Rac V12 in control CHO.K1 cells (t-test), but WT Raichu Rac is not statistically different from Raichu Rac V12

when CHO.K1 cells are transfected with either Arhgap23 shRNA sequence (t-test).

doi:10.1371/journal.pone.0170464.g005

stimulation, leading to synaptic strengthening. Consistent with the role of Racl and Cdc42 in
synaptic strengthening, chronic Racl or Cdc42 inactivation with dominant negative constructs
reduces spine maturation [51]. Additionally, the Racl1 GAP, ARHGAP12, negatively regulates
spine volume [52], supporting the hypothesis that specific RhoGTPase regulators orchestrate
distinct stages of synaptic development and plasticity. Finally, glutamate uncaging leads to
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Fig 6. A & B) RhoGDIla and y maintain spine maturation. Quantification of Spine Length in GFP-
expressing DIV16-27 neurons transfected with the indicated shRNA targeting sequences or control neurons.
Spine Length is normalized to the average control spine length for each neuronal culture. n = 1232 control
spines, 1757 Arhgdi-a shRNA spines, 1305 Arhgdi-3 shRNA spines, and 1526 Arhgdi-y shRNA spines;

p < 0.001 for control neurons vs either Arhgdi-a shRNA or Arhgdi-y shRNA neurons, but is not statistically
different from Arhgdi-8 shRNA neurons (Mann-Whitney Rank Sum Test).

doi:10.1371/journal.pone.0170464.9006
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coincident activation of RhoA, Rac, and Cdc42 [48], suggesting that the GDI-mediated attenu-
ation of RhoGTPase activity must also be transiently and dynamically regulated in response to
excitatory stimulation to allow for structural synaptic plasticity. Thus, it will be of interest to
perform a future screen with acute knockdown followed by NMDA receptor activation to
assess the role of specific RhoGTPase regulators in response to excitatory stimulation leading
to synaptic strengthening. Ultimately, our identification of distinct RhoGTPase regulators for
particular stages of synaptic development suggests the feasibility of targeted intervention of
actomyosin dynamics during critical periods of neuronal development.

Materials and Methods
Antibodies and reagents

A mouse monoclonal antibody (MAB378) against the dendritic marker, MAP-2, was pur-
chased from Millipore. A mouse monoclonal antibody against paxillin (Clone 349) was pur-
chased from BD Biosciences. Alexa-conjugated secondary antibodies were from Invitrogen.
Rhodamine phalloidin was purchased from Cytoskeleton (Denver, CO) and used at a ratio of
1:100. Blebbistatin, was purchased from Calbiochem (La Jolla, CA) and used at a concentration
of 50 uM.

Neuronal culture and transfection

Low-density hippocampal cultures were prepared from E19 rat embryos as described previ-
ously [57]. All experiments were carried out in compliance with the Guide for the Care and
Use of Laboratory Animals of the National Institutes of Health and approved by the University
of Virginia Animal Care and Use Committee (Protocol Number: 2884). Neurons were plated
on glass coverslips coated with 1 mg/ml poly-L-lysine at an approximate density of 70 cells/
mm?” and were transfected at DIV-6/7 using a modified calcium phosphate precipitation
method as described previously [57] or at DIV-14 with Lipofectamine 2000 (Life Technolo-
gies) used at a ratio of 1.3 pl lipofectamine 2000 per 1 ug DNA. shRNAs were co-transfected
with GFP. Neurons were fixed and stained 48-72 hours after transfection.

Plasmids and shRNA sequences

Target small hairpin RNA (shRNA) sequences used in this study were cloned into a pSuper
vector (Oliogoengine) between the BamHI and HindIII restriction sites.
Arhgap23 shRNA #1: 5° ~CATCGAGGCCAATCGGATA-3"
Arhgap23 shRNA #2: 5" ~CCGCAGAGGATCATCGIGA-3’
Arhgdia shRNA #1: 5’ ~-GGTGTGGAGTACCGGATAA-3
Arhgdib shRNA #1: 5’ ~-GCTAAAGGAAGGTATCGAA-3'
Arhgdig shRNA: 5’ ~ACGAGGTGCTGGACGAAAT-3"’
Arhgef7 (B-pix) ShRNA #1: 57 ~-CAACAGGACTTGCACGAAT-3'
Arhgef7 (B-pix) shRNA #2: 5/ ~GGAGCATGATCGAGCGCAT-3"
Arhgef9 shRNA #1: 5’ ~CAACAAGGAAACCGAAGAA-3’
Arhgef9 shRNA #2: 5’ ~ACATAGACCTTTACGTATA-3’
Frabin shRNA #1: 5’ ~-CCAAGATGGATACGTGATA-3'
Frabin shRNA #2: 5’ ~GTAAATATCCCCAGCGGTA-3"’
Oligophrenin-1 shRNA #1: 5 -TGAGATTAATATTGCGGAA-3"
Oligophrenin-1 ShRNA #1: 5’ ~-CCAGTCGTTTCAGTTTGAT-3"
Vav2 shRNA #1: 5’ ~-GGTGGAAGGGCGAGACGAA-3'
Vav2 shRNA #2: 5’ ~-CCCAGTTCCTGTGTCTGAA-3’
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Full-length human Arhgap23 was obtained from Dharmacon ORFeome library and sub-
cloned into the pEGFP-N1 vector (Clonetech). FRET biosensor probes, including Raichu Rac
Cdc42 and WT Raichu Rac and constitutively active, Raichu Rac G12V (V12), were kindly
provided by M. Matsuda (Osaka University, Osaka, Japan) [39], and consist of YFP, the CRIB
domain of human PAK1 (amino acids 68-150), human Cdc42 or Racl (amino acids 1-176)
and CFP cloned into a derivative of the pCAGGS vector [91]. The genetically encoded photo-
activatable Rac was kindly provided by Dr. Klaus Hahn (UNC Chapel Hill, NC, USA) [36],
and was activated by exposure to room lighting for 10min (Fig 1C) or acute activation with
458nm light for approximately 1 min using confocal imaging as described below. Full-length
chicken paxillin-GFP cloned into the pEGFP-N3 vector (Clontech) has been described previ-
ously [92] and GFP was replaced by mCherry from R. Tsien (University of San Diego, San
Diego, CA) [93].

Immunocytochemistry

Neurons and CHO.K1 cells were fixed in 4% formaldehyde ultra-pure EM grade (Polysciences,
Inc., Warrington, PA) + 4% sucrose in PBS for 20 min at room temperature and permeabilized
with 0.2% Triton X-100 for 5-10 min at room temperature, followed by blocking and antibody
incubations in 5-20% normal goat serum (Abcam). Coverslips were mounted with Vectashield
mounting media (Vector Laboratories, Burlingame, CA).

CHO.K1 cell culture and transfection

Wild-type CHO.K1 fibroblast were cultured in low glucose DMEM (Invitrogen/Life Technol-
ogy, Invitrogen) supplemented with nonessential amino acids, 100 units/ml penicillin, 100 pg/
ml streptomycin, and 10% FBS. Co-transfections of Raichu-Rac FRET probes and plasmids
containing the ArhGAP23 shRNAs were perform using Lipofectamine 2000 (Invitrogen) at a
ratio of 5 pl lipofectamine per 1 ug DNA. After 48-72 hours, 1X10*-2x10* cells were plated for
2-4 hours on glass bottom dishes, which were coated with 2-pug/ml fibronectin. For FRET,
cells were either imaged live or fixed by incubation for 15-20 minutes at RT with a 4% parafor-
maldehyde + 4% sucrose PBS solution and imaged in PBS.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from cells with TRIZOL (Invitrogen). Total RNA was reverse tran-
scribed using the iScript CDNA Synthesis Kit (BioRad). gRT-PCR assays were performed
using TagMan Gene Expression Assays (Applied Biosystems) according to manufacturer’s
protocol. The following FAM-MGB TagMan probes (Applied Biosystems/ThermoFisher)
were used to analyze expression of rat RhoGTPase regulators during neuronal development:
Rat Actb (Rn00667869_m1); Rat Arhgap23 (Rn01496413_m1); Rat Arhgdia (Rn01751927_g1);
Rat Arhgdib (Rn01459333_m1); Rat Arhgdig (Rn01750774_m1); Rat Arhgef7 (B-pix)
(Rn00586980_m1); Rat Arhgef9 (Rn00576661_m1); Rat Fgd4 (Frabin) (Rn00594991_m1); Rat
Oligophrenin-1 (Rn01752886_m1); Rat Vav2 (Rn01436349_m1)

PCR reactions were run using a StepOnePlus Real-Time PCR System (Applied Biosystems,
USA) under the following thermocycler conditions of 95°C for 10 min, 40 cycles of 95°C for
30 sec, 58°C for 1 min and 72°C for 1 min. All samples were tested in triplicate and mean Ct
values were calculated for transcriptional changes by normalizing to a standard curve for the
housekeeping gene, human beta actin (Hs01060665 probe). No-template controls were also
included in each amplification run to monitor for contamination.
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Confocal imaging and analysis

Confocal images were acquired on a laser scanning Olympus Fluoview 1000 microscope (IX81
base) equipped with a 60X/1.35 NA oil objective (Olympus). Green fluorescent probes (GFP)
were excited with a 488 nm laser line of a multi-Argon laser, while red probes (Rhodamine)
were excited with the 543 nm laser line of a He-Ne laser; and the far-red probe Alexa647 was
excited with the 635 nm line of a diode laser. Fluorescence emission was collected using the
following dichroic mirror/filter combinations: SDM560/BA505-525 (GFP), SDM640/BA560-
620 (mCherry, RFP, Alexa568 and Rhodamine) and BA655-755 (Alexa647). Fluorescent
images were collected in a Z-stack and in sequential line scanning mode using Olympus Fluo-
view software. Image analysis was performed with Image J software on max intensity Z
projections.

Statistical analysis

Statistical analysis was performed using Sigma Plot 11.0. In each case, we first assessed whether
the data assumed a normalized distribution using the Shapiro-Wilk test and also if the two
data sets under comparison presented with equal variance. If the data assumed a normalized
distribution with equal variance, the t-test was used to assess statistical significance. However,
if the data failed to have either a normalized distribution or equal variance, we used a non-
parametric statistical analysis, the Mann-Whitney Rank Sum Test. We have indicated the test
used to determine statistical significance in each figure legend.

FRET imaging and analysis

Confocal images were acquired with a Fluoview 1000 microscope using a 60x 1.35 NA oil
objective (Olympus). For dual-emission ratio imaging of Raichu-Cdc42/Rac, we used the

458 nm line of a multi-Argon ion laser for CFP excitation and SDM510/BA480-495 (CFP)

and BA535-565 (YFP/FRET) filters for the collection of CFP and YFP fluorescence emission,
respectively. Ratiometric FRET images of max intensity Z projections of the acquired CFP and
YFP images were created using the Biosensor Processing Software 2.1 available from the Danu-
ser laboratory (University of Texas Southwestern, Dallas, TX). Image analysis of the resulting
FRET images was performed with Image J software.

Total Internal reflection microscopy (TIRF)

TIRF images were acquired with an Olympus inverted microscope (IX70) fitted with a Ludl
modular automation controller (Ludl Electronic Products, Hawthorne, NY) using an Olympus
60X/1.45NA oil Plan Apochromatic TIRFM objective and charge-coupled device (CCD) cam-
era (Retiga Exi, QImaging). CHO.K1 cells were plated on 2ug/ml fibronectin-coated glass
coverslips and imaged in HyClone CCM1 media (GE Healthcare) at 37°C within ~1hour of
plating. Images were acquired with Metamorph Imaging Software (Molecular Devises, Sunny-
vale, CA). Green fluorescent probes (GFP) were excited with a 488 nm laser line of a multi-
Argon laser, while red probes were excited with a 561nm diode laser. Images were acquired
every 5 sec for a total of 10 min.

Supporting Information

S1 Fig. Validation of shRNAs expressed in REF-52 cells. Protein schematics are based on
information available from www.uniprot.org, and the corresponding region targeted by the
different shRNAs are depicted below the schematic. Note: We were unable to detect expres-
sion of either Fdg4 (Frabin) or Arhgdig (RhoGDI-y) in either REF-52 or CHO.K1 cell lines.
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However, the two different shRNAs targeting FDG4 did not downregulate expression of the
other GEFs, either B-pix or Vav2, and both shRNAs similarly reduced spine length (Fig 2D),
and the involvement of Cdc42 regulation in spine length was further confirmed by a FRET
biosensor (Fig 2E). Arhgdig, which was upregulated during neuronal development similar to
Arhgdia (Fig 1B), similarly affected mature spine morphology (Fig 5).

(TIF)

S1 Video. Rac photoactivation promotes spine precursor formation. A DIV-14 primary rat
hippocampal neuron transfected with a genetically encoded photoactivatable Rac was exposed
to 458 nm light at the indicated region of photoactivation at t = 0 sec (continuous slow scan
speed for ~49 sec), and the resulting spine precursor formation was monitored by timelapse
confocal microscopy. The magenta reference image represents neuron morphology at the time
of photoactivation and is superimposed with GFP timelapse images before (t = -120 sec to 0
sec) and after photoactivation (t = 0 sec to 300 sec).

(AVI)

$2 Video. Adhesion maturation in a control CHO.K1 cell. A CHO.K1 cell transfected with
paxillin mCherry was plated on fibronectin and imaged by TIRF microscopy to visualize adhe-
sions. In the bottom right, a protrusion exhibits small nascent adhesions, some of which begin

to mature into focal adhesions. Each frame = 10 sec for a total of 10 min.
(AVI)

$3 Video. ARHGAP23 promotes adhesion maturation. A CHO.K1 cell transfected with pax-
illin mCherry and ARHGAP23-GFP was plated on fibronectin and imaged by TIRF micros-
copy to visualize adhesions. GAP23 results in elongated adhesions, particularly along the side
of the protrusion. Each frame = 10 sec for a total of 10 min.

(AVI)

Acknowledgments

This work was supported by an NIGMS grant (GM23244) to R. Horwitz and a Howard
Hughes Institute Fellowship administered by the Life Sciences Research Foundation and Hart-
well Foundation Fellowship to K. Newell-Litwa.

Author Contributions
Conceptualization: KNL RH.
Data curation: KNL SMV.
Formal analysis: KNL SMV.
Funding acquisition: RH KNL.
Investigation: KNL SMV LW HA JZ.
Methodology: KNL RH SMV.
Project administration: KNL.
Supervision: KNL RH.
Validation: KNL SMV.
Visualization: KNL SMV.

PLOS ONE | DOI:10.1371/journal.pone.0170464 January 23, 2017 16/21


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170464.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170464.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170464.s004

@° PLOS | ONE

RhoGTPase Regulators in Synaptic Development

Writing - original draft: KNL SMV.

Writing - review & editing: KNL RH SMV.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Jaffe AB, Hall A. Rho GTPases: biochemistry and biology. Annu Rev Cell Dev Biol. 2005; 21: 247-269.
doi: 10.1146/annurev.cellbio.21.020604.150721 PMID: 16212495

Ahnert-Hilger G, Héltie M, GroBe G, Pickert G, Mucke C, Nixdorf-Bergweiler B, et al. Differential effects
of Rho GTPases on axonal and dendritic development in hippocampal neurones. J Neurochem. 2004;
90: 9-18. doi: 10.1111/j.1471-4159.2004.02475.x PMID: 15198662

Ng J, Nardine T, Harms M, Tzu J, Goldstein A, Sun Y, et al. Rac GTPases control axon growth, guid-
ance and branching. Nature. 2002; 416: 442—447. doi: 10.1038/416442a PMID: 11919635

Rex CS, Chen LY, Sharma A, Liu J, Babayan AH, Gall CM, et al. Different Rho GTPase-dependent sig-
naling pathways initiate sequential steps in the consolidation of long-term potentiation. J Cell Biol. 2009;
186: 85-97. doi: 10.1083/jcb.200901084 PMID: 19596849

Zhang H, Webb DJ, Asmussen H, Horwitz AF. Synapse formation is regulated by the signaling adaptor
GIT1. J Cell Biol. 2003; 161: 131—42. doi: 10.1083/jcb.200211002 PMID: 12695502

Tashiro A, Yuste R. Regulation of dendritic spine motility and stability by Rac1 and Rho kinase: evi-
dence for two forms of spine motility. Mol Cell Neurosci. 2004; 26: 429—40. doi: 10.1016/j.mcn.2004.04.
001 PMID: 15234347

Nakayama AY, Harms MB, Luo L. Small GTPases Rac and Rho in the Maintenance of Dendritic Spines
and Branches in Hippocampal Pyramidal Neurons. J Neurosci. 2000; 20: 5329-5338. Available: http://
www.jneurosci.org/content/20/14/5329.abstract PMID: 10884317

Zhang H, Macara IG. The polarity protein PAR-3 and TIAM1 cooperate in dendritic spine morphogene-
sis. Nat Cell Biol. Nature Publishing Group; 2006; 8: 227-37. doi: 10.1038/ncb1368 PMID: 16474385

Hodges JL, Newell-Litwa K, Asmussen H, Vicente-Manzanares M, Horwitz AR. Myosin 11B Activity and
Phosphorylation Status Determines Dendritic Spine and Post-Synaptic Density Morphology. Gottardi
C, editor. PLoS One. Public Library of Science; 2011; 6: 14. Available: http://www.pubmedcentral.nih.
gov/articlerender.fcgi?artid=3162601&tool=pmcentrez&rendertype=abstract

Newell-Litwa KA, Badoual M, Asmussen H, Patel H, Whitmore L, Horwitz AR. ROCK1 and 2 differen-
tially regulate actomyosin organization to drive cell and synaptic polarity. J Cell Biol. 2015; 210: 225—42.
doi: 10.1083/jcb.201504046 PMID: 26169356

Fortin DA, Davare MA, Srivastava T, Brady JD, Nygaard S, Derkach VA, et al. Long-term potentiation-
dependent spine enlargement requires synaptic Ca2+-permeable AMPA receptors recruited by CaM-
kinase I. J Neurosci. 2010; 30: 11565—75. doi: 10.1523/JNEUROSCI.1746-10.2010 PMID: 20810878

Huesa G, Baltrons MA, Gémez-Ramos P, Moran A, Garcia A, Hidalgo J, et al. Altered distribution of
RhoA in Alzheimer’s disease and ABPP overexpressing mice. J Alzheimer’s Dis. 2010; 19: 37-56.

Petratos S, Li QX, George AJ, Hou X, Kerr ML, Unabia SE, et al. The?? -amyloid protein of Alzheimer’s
disease increases neuronal CRMP-2 phosphorylation by a Rho-GTP mechanism. Brain. 2008; 131:
90-108. doi: 10.1093/brain/awm260 PMID: 18000012

Labandeira-Garcia JL GM. Rho Kinase and Dopaminergic Degeneration: A Promising Therapeutic Tar-
get for Parkinson’s Disease. Neuroscientist. 2014;

Nadif Kasri N, Nakano-Kobayashi A, Malinow R, Li B, Van Aelst L. The Rho-linked mental retardation
protein oligophrenin-1 controls synapse maturation and plasticity by stabilizing AMPA receptors. Genes
Dev. 2009; 23: 1289-302. doi: 10.1101/gad.1783809 PMID: 19487570

Billuart P, Bienvenu T, Ronce N, des Portes V, Vinet MC, Zemni R, et al. Oligophrenin-1 encodes a rho-
GAP protein involved in X-linked mental retardation. Nature. 1998; 392: 923-926. doi: 10.1038/31940
PMID: 9582072

Heasman SJ, Ridley AJ. Mammalian Rho GTPases: new insights into their functions from in vivo stud-
ies. Nat Rev Mol Cell Biol. 2008; 9: 690—701. doi: 10.1038/nrm2476 PMID: 18719708

Govek E- E, Newey SE, Akerman CJ, Cross JR, Van der Veken L, Van Aelst L. The X-linked mental
retardation protein oligophrenin-1 is required for dendritic spine morphogenesis. Nat Neurosci. 2004; 7:
364—72. doi: 10.1038/nn1210 PMID: 15034583

Pinto D, Pagnamenta AT, Klei L, Anney R, Merico D, Regan R, et al. Functional impact of global rare
copy number variation in autism spectrum disorders. Nature. 2010; 466: 368—72. doi: 10.1038/
nature09146 PMID: 20531469

PLOS ONE | DOI:10.1371/journal.pone.0170464 January 23, 2017 17/21


http://dx.doi.org/10.1146/annurev.cellbio.21.020604.150721
http://www.ncbi.nlm.nih.gov/pubmed/16212495
http://dx.doi.org/10.1111/j.1471-4159.2004.02475.x
http://www.ncbi.nlm.nih.gov/pubmed/15198662
http://dx.doi.org/10.1038/416442a
http://www.ncbi.nlm.nih.gov/pubmed/11919635
http://dx.doi.org/10.1083/jcb.200901084
http://www.ncbi.nlm.nih.gov/pubmed/19596849
http://dx.doi.org/10.1083/jcb.200211002
http://www.ncbi.nlm.nih.gov/pubmed/12695502
http://dx.doi.org/10.1016/j.mcn.2004.04.001
http://dx.doi.org/10.1016/j.mcn.2004.04.001
http://www.ncbi.nlm.nih.gov/pubmed/15234347
http://www.jneurosci.org/content/20/14/5329.abstract
http://www.jneurosci.org/content/20/14/5329.abstract
http://www.ncbi.nlm.nih.gov/pubmed/10884317
http://dx.doi.org/10.1038/ncb1368
http://www.ncbi.nlm.nih.gov/pubmed/16474385
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3162601&amp;tool=pmcentrez&amp;rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3162601&amp;tool=pmcentrez&amp;rendertype=abstract
http://dx.doi.org/10.1083/jcb.201504046
http://www.ncbi.nlm.nih.gov/pubmed/26169356
http://dx.doi.org/10.1523/JNEUROSCI.1746-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20810878
http://dx.doi.org/10.1093/brain/awm260
http://www.ncbi.nlm.nih.gov/pubmed/18000012
http://dx.doi.org/10.1101/gad.1783809
http://www.ncbi.nlm.nih.gov/pubmed/19487570
http://dx.doi.org/10.1038/31940
http://www.ncbi.nlm.nih.gov/pubmed/9582072
http://dx.doi.org/10.1038/nrm2476
http://www.ncbi.nlm.nih.gov/pubmed/18719708
http://dx.doi.org/10.1038/nn1210
http://www.ncbi.nlm.nih.gov/pubmed/15034583
http://dx.doi.org/10.1038/nature09146
http://dx.doi.org/10.1038/nature09146
http://www.ncbi.nlm.nih.gov/pubmed/20531469

@° PLOS | ONE

RhoGTPase Regulators in Synaptic Development

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Zhao Z, Xu J, Chen J, Kim S, Reimers M, Bacanu S-A, et al. Transcriptome sequencing and genome-
wide association analyses reveal lysosomal function and actin cytoskeleton remodeling in schizophre-
nia and bipolar disorder. Mol Psychiatry. 2014;

Papa M, Bundman MC, Greenberger V, Segal M. Morphological analysis of dendritic spine develop-
ment in primary cultures of hippocampal neurons. J Neurosci. 1995; 15: 1—11. Available: http://www.
ncbi.nlm.nih.gov/pubmed/7823120 PMID: 7823120

Hotulainen P, Llano O, Smirnov S, Tanhuanpaa K, Faix J, Rivera C, et al. Defining mechanisms of actin
polymerization and depolymerization during dendritic spine morphogenesis. J Cell Biol. 2009; 185:
323-39. doi: 10.1083/jcb.200809046 PMID: 19380880

Zhang H, Webb DJ, Asmussen H, Niu S, Horwitz AF. A GIT1/PIX/Rac/PAK signaling module regulates
spine morphogenesis and synapse formation through MLC. J Neurosci. 2005; 25: 3379-88. doi: 10.
1523/JNEUROSCI.3553-04.2005 PMID: 15800193

Park E, Na M, Choi J, Kim S, Lee J- R, Yoon J, et al. The Shank family of postsynaptic density proteins
interacts with and promotes synaptic accumulation of the beta PIX guanine nucleotide exchange factor
for Rac1 and Cdc42. J Biol Chem. 2003; 278: 19220-9. doi: 10.1074/jbc.M301052200 PMID:
12626503

Dovas A, Couchman JR. RhoGDI: multiple functions in the regulation of Rho family GTPase activities.
Biochem J. 2005; 390: 1-9. doi: 10.1042/BJ20050104 PMID: 16083425

Reddy-Alla S, Schmitt B, Birkenfeld J, Eulenburg V, Dutertre S, Bohringer C, et al. PH-domain-driven
targeting of collybistin but not Cdc42 activation is required for synaptic gephyrin clustering. Eur J Neu-
rosci. 2010; 31: 1173-84. doi: 10.1111/].1460-9568.2010.07149.x PMID: 20345913

Tyagarajan SK, Ghosh H, Harvey K, Fritschy J- M. Collybistin splice variants differentially interact with
gephyrin and Cdc42 to regulate gephyrin clustering at GABAergic synapses. J Cell Sci. 2011; 124:
2786-96. doi: 10.1242/jcs.086199 PMID: 21807943

Collins MO, Husi H, Yu L, Brandon JM, Anderson CNG, Blackstock WP, et al. Molecular characteriza-
tion and comparison of the components and multiprotein complexes in the postsynaptic proteome. J
Neurochem. 2006; 97 Suppl 1: 16-23.

Jordan BA, Fernholz BD, Boussac M, Xu C, Grigorean G, Ziff EB, et al. Identification and verification of
novel rodent postsynaptic density proteins. Mol Cell Proteomics. 2004; 3: 857—71. doi: 10.1074/mcp.
M400045-MCP200 PMID: 15169875

Peng J, Kim MJ, Cheng D, Duong DM, Gygi SP, Sheng M. Semiquantitative proteomic analysis of rat
forebrain postsynaptic density fractions by mass spectrometry. J Biol Chem. 2004; 279: 21003—11. doi:
10.1074/jbc.M400103200 PMID: 15020595

Yoshimura Y, Yamauchi Y, Shinkawa T, Taoka M, Donai H, Takahashi N, et al. Molecular constituents
of the postsynaptic density fraction revealed by proteomic analysis using multidimensional liquid chro-
matography-tandem mass spectrometry. J Neurochem. 2003; 88: 759-768.

Coba MP, Pocklington AJ, Collins MO, Kopanitsa M V, Uren RT, Swamy S, et al. Neurotransmitters
drive combinatorial multistate postsynaptic density networks. Sci Signal. 2009; 2: ra19. doi: 10.1126/
scisignal.2000102 PMID: 19401593

Bos JL, Rehmann H, Wittinghofer A. GEFs and GAPs: critical elements in the control of small G pro-
teins. Cell. 2007; 129: 865—77. doi: 10.1016/j.cell.2007.05.018 PMID: 17540168

Garcia-Mata R, Boulter E, Burridge K. The “invisible hand”: regulation of RHO GTPases by RHOGDIs.
Nat Rev Mol Cell Biol. 2011; 12: 493-504. doi: 10.1038/nrm3153 PMID: 21779026

Ziv NE, Smith SJ. Evidence for a Role of Dendritic Filopodia in Synaptogenesis and Spine Formation.
Neuron. 1996; 17: 91-102. PMID: 8755481

Wu Y1, Frey D, Lungu Ol, Jaehrig A, Schlichting |, Kuhiman B, et al. A genetically encoded photoactiva-
table Rac controls the motility of living cells. Nature. 2009; 461: 104—8.:10.1038/nature08241 doi: 10.
1038/nature08241 PMID: 19693014

Delague V, Jacquier A, Hamadouche T, Poitelon Y, Baudot C, Boccaccio |, et al. Mutations in FGD4
encoding the Rho GDP/GTP exchange factor FRABIN cause autosomal recessive Charcot-Marie-
Tooth type 4H. Am J Hum Genet. 2007; 81: 1-16. doi: 10.1086/518428 PMID: 17564959

Stendel C, Roos A, Deconinck T, Pereira J, Castagner F, Niemann A, et al. Peripheral nerve demyelin-
ation caused by a mutant Rho GTPase guanine nucleotide exchange factor, frabin/FGD4. Am J Hum
Genet. 2007; 81: 158—64. doi: 10.1086/518770 PMID: 17564972

Itoh RE, Kurokawa K, Ohba Y, Yoshizaki H, Mochizuki N, Matsuda M. Activation of rac and cdc42 video
imaged by fluorescent resonance energy transfer-based single-molecule probes in the membrane of liv-
ing cells. Mol Cell Biol. 2002; 22: 6582-91. Available: http://www.pubmedcentral.nih.gov/articlerender.
fcgi?artid=135619&tool=pmcentrez&rendertype=abstract doi: 10.1128/MCB.22.18.6582-6591.2002
PMID: 12192056

PLOS ONE | DOI:10.1371/journal.pone.0170464 January 23, 2017 18/21


http://www.ncbi.nlm.nih.gov/pubmed/7823120
http://www.ncbi.nlm.nih.gov/pubmed/7823120
http://www.ncbi.nlm.nih.gov/pubmed/7823120
http://dx.doi.org/10.1083/jcb.200809046
http://www.ncbi.nlm.nih.gov/pubmed/19380880
http://dx.doi.org/10.1523/JNEUROSCI.3553-04.2005
http://dx.doi.org/10.1523/JNEUROSCI.3553-04.2005
http://www.ncbi.nlm.nih.gov/pubmed/15800193
http://dx.doi.org/10.1074/jbc.M301052200
http://www.ncbi.nlm.nih.gov/pubmed/12626503
http://dx.doi.org/10.1042/BJ20050104
http://www.ncbi.nlm.nih.gov/pubmed/16083425
http://dx.doi.org/10.1111/j.1460-9568.2010.07149.x
http://www.ncbi.nlm.nih.gov/pubmed/20345913
http://dx.doi.org/10.1242/jcs.086199
http://www.ncbi.nlm.nih.gov/pubmed/21807943
http://dx.doi.org/10.1074/mcp.M400045-MCP200
http://dx.doi.org/10.1074/mcp.M400045-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/15169875
http://dx.doi.org/10.1074/jbc.M400103200
http://www.ncbi.nlm.nih.gov/pubmed/15020595
http://dx.doi.org/10.1126/scisignal.2000102
http://dx.doi.org/10.1126/scisignal.2000102
http://www.ncbi.nlm.nih.gov/pubmed/19401593
http://dx.doi.org/10.1016/j.cell.2007.05.018
http://www.ncbi.nlm.nih.gov/pubmed/17540168
http://dx.doi.org/10.1038/nrm3153
http://www.ncbi.nlm.nih.gov/pubmed/21779026
http://www.ncbi.nlm.nih.gov/pubmed/8755481
http://dx.doi.org/10.1038/nature08241
http://dx.doi.org/10.1038/nature08241
http://www.ncbi.nlm.nih.gov/pubmed/19693014
http://dx.doi.org/10.1086/518428
http://www.ncbi.nlm.nih.gov/pubmed/17564959
http://dx.doi.org/10.1086/518770
http://www.ncbi.nlm.nih.gov/pubmed/17564972
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=135619&amp;tool=pmcentrez&amp;rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=135619&amp;tool=pmcentrez&amp;rendertype=abstract
http://dx.doi.org/10.1128/MCB.22.18.6582-6591.2002
http://www.ncbi.nlm.nih.gov/pubmed/12192056

@° PLOS | ONE

RhoGTPase Regulators in Synaptic Development

40.

M.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Ryu J, Liu L, Wong TP, Wu DC, Burette A, Weinberg R, et al. A critical role for myosin Ilb in dendritic
spine morphology and synaptic function. Neuron. 2006; 49: 175-82. doi: 10.1016/j.neuron.2005.12.017
PMID: 16423692

Nakazawa T, Kuriu T, Tezuka T, Umemori H, Okabe S, Yamamoto T. Regulation of dendritic spine mor-
phology by an NMDA receptor-associated Rho GTPase-activating protein, p250GAP. J Neurochem.
2008; 105: 1384-93. doi: 10.1111/1.1471-4159.2008.05335.x PMID: 18331582

Parsons JT, Horwitz AR, Schwartz MA. Cell adhesion: integrating cytoskeletal dynamics and cellular
tension. Nat Rev Mol Cell Biol. Nature Publishing Group, a division of Macmillan Publishers Limited. All
Rights Reserved.; 2010; 11: 633—43. doi: 10.1038/nrm2957 PMID: 20729930

Katoh M, Katoh M. Identification and characterization of human ARHGAP23 gene in silico. Int J Oncol.
2004; 25: 535—-40. Available: http://www.ncbi.nim.nih.gov/pubmed/15254754 PMID: 15254754

Ridley AJ, Hall A. The small GTP-binding protein rho regulates the assembly of focal adhesions and
actin stress fibers in response to growth factors. Cell. 1992; 70: 389-399. PMID: 1643657

Katoh K, Kano Y, Ookawara S. Rho-kinase dependent organization of stress fibers and focal adhesions
in cultured fibroblasts. Genes to Cells. 2007; 12: 623-638. doi: 10.1111/j.1365-2443.2007.01073.x
PMID: 17535253

Tashiro A, Minden A, Yuste R. Regulation of dendritic spine morphology by the rho family of small
GTPases: antagonistic roles of Rac and Rho. Cereb Cortex. 2000; 10: 927-38. Available: http://www.
ncbi.nim.nih.gov/pubmed/11007543 PMID: 11007543

Korobova F, Svitkina T. Molecular architecture of synaptic actin cytoskeleton in hippocampal neurons
reveals a mechanism of dendritic spine morphogenesis. Mol Biol Cell. 2010; 21: 165-76. doi: 10.1091/
mbc.E09-07-0596 PMID: 19889835

Hedrick NG, Harward SC, Hall CE, Murakoshi H, Mcnamara JO, Yasuda R. Rho GTPase complemen-
tation underlies BDNF- dependent homo-and heterosynaptic plasticity The Rho GTPase proteins Ract,
RhoA and Cdc42 have a central role in regulating the actin cytoskeleton in dendritic spines. Nat Publ
Gr. 2016; 538.

Um K, Niu S, Duman JG, Cheng JX, Tu Y-K, Schwechter B, et al. Dynamic control of excitatory synapse
development by a Rac1 GEF/GAP regulatory complex. Dev Cell. 2014; 29: 701-15. doi: 10.1016/j.
devcel.2014.05.011 PMID: 24960694

Penzes P, Johnson RC, Sattler R, Zhang X, Huganir RL, Kambampati V, et al. The neuronal Rho-GEF
Kalirin-7 interacts with PDZ domain-containing proteins and regulates dendritic morphogenesis. Neu-
ron. 2001; 29: 229-42. Available: http://www.ncbi.nim.nih.gov/pubmed/11182094 PMID: 11182094

Vadodaria KC, Brakebusch C, Suter U, Jessberger S. Stage-Specific Functions of the Small Rho
GTPases Cdc42 and Rac1 for Adult Hippocampal Neurogenesis. J Neurosci. 2013; 33.

Ba W, Selten MM, van der Raadt J, van Veen H, Li L-L, Benevento M, et al. ARHGAP12 Functions as a
Developmental Brake on Excitatory Synapse Function. Cell Rep. 2016; 14: 1355—1368. doi: 10.1016/j.
celrep.2016.01.037 PMID: 26854232

Umikawa M, Obaishi H, Nakanishi H, Satoh-Horikawa K, Takahashi K, Hotta |, et al. Association of fra-
bin with the actin cytoskeleton is essential for microspike formation through activation of Cdc42 small G
protein. J Biol Chem. 1999; 274: 25197—-200. Available: http://www.ncbi.nlm.nih.gov/pubmed/10464238
PMID: 10464238

Soysal Y, Vermeesch J, Davani NA, Hekimler K, Imirzalioglu N. A 10.46 Mb 12p11.1-12.1 interstitial
deletion coincident with a 0.19 Mb NRXN1 deletion detected by array CGH in a girl with scoliosis and
autism. Am J Med Genet A. 2011; 155A: 1745-52. doi: 10.1002/ajmg.a.34101 PMID: 21626680

Sanders SJ, Ercan-Sencicek AG, Hus V, Luo R, Murtha MT, Moreno-De-Luca D, et al. Multiple recur-
rent de novo CNVs, including duplications of the 7q11.23 Williams syndrome region, are strongly asso-
ciated with autism. Neuron. 2011; 70: 863—85. doi: 10.1016/j.neuron.2011.05.002 PMID: 21658581

Kaminsky EB, Kaul V, Paschall J, Church DM, Bunke B, Kunig D, et al. An evidence-based approach to
establish the functional and clinical significance of copy number variants in intellectual and developmen-
tal disabilities. Genet Med. 2011; 13: 777-84. doi: 10.1097/GIM.0b013e31822¢79f9 PMID: 21844811

lourov IY, Vorsanova SG, Kurinnaia OS, Zelenova MA, Silvanovich AP, Yurov YB. Molecular karyotyp-
ing by array CGH in a Russian cohort of children with intellectual disability, autism, epilepsy and con-
genital anomalies. Mol Cytogenet. 2012; 5: 46. doi: 10.1186/1755-8166-5-46 PMID: 23272938

Tzetis M, Kitsiou-Tzeli S, Frysira H, Xaidara A, Kanavakis E. The clinical utility of molecular karyotyping
using high-resolution array-comparative genomic hybridization. Expert Rev Mol Diagn. 2012; 12: 449—
57. doi: 10.1586/erm.12.40 PMID: 22702362

Reid T, Bathoorn A, Ahmadian MR, Collard JG. Identification and characterization of hPEM-2, a gua-
nine nucleotide exchange factor specific for Cdc42. J Biol Chem. 1999; 274: 33587-93. Available:
http://www.ncbi.nIm.nih.gov/pubmed/10559246 PMID: 10559246

PLOS ONE | DOI:10.1371/journal.pone.0170464 January 23, 2017 19/21


http://dx.doi.org/10.1016/j.neuron.2005.12.017
http://www.ncbi.nlm.nih.gov/pubmed/16423692
http://dx.doi.org/10.1111/j.1471-4159.2008.05335.x
http://www.ncbi.nlm.nih.gov/pubmed/18331582
http://dx.doi.org/10.1038/nrm2957
http://www.ncbi.nlm.nih.gov/pubmed/20729930
http://www.ncbi.nlm.nih.gov/pubmed/15254754
http://www.ncbi.nlm.nih.gov/pubmed/15254754
http://www.ncbi.nlm.nih.gov/pubmed/1643657
http://dx.doi.org/10.1111/j.1365-2443.2007.01073.x
http://www.ncbi.nlm.nih.gov/pubmed/17535253
http://www.ncbi.nlm.nih.gov/pubmed/11007543
http://www.ncbi.nlm.nih.gov/pubmed/11007543
http://www.ncbi.nlm.nih.gov/pubmed/11007543
http://dx.doi.org/10.1091/mbc.E09-07-0596
http://dx.doi.org/10.1091/mbc.E09-07-0596
http://www.ncbi.nlm.nih.gov/pubmed/19889835
http://dx.doi.org/10.1016/j.devcel.2014.05.011
http://dx.doi.org/10.1016/j.devcel.2014.05.011
http://www.ncbi.nlm.nih.gov/pubmed/24960694
http://www.ncbi.nlm.nih.gov/pubmed/11182094
http://www.ncbi.nlm.nih.gov/pubmed/11182094
http://dx.doi.org/10.1016/j.celrep.2016.01.037
http://dx.doi.org/10.1016/j.celrep.2016.01.037
http://www.ncbi.nlm.nih.gov/pubmed/26854232
http://www.ncbi.nlm.nih.gov/pubmed/10464238
http://www.ncbi.nlm.nih.gov/pubmed/10464238
http://dx.doi.org/10.1002/ajmg.a.34101
http://www.ncbi.nlm.nih.gov/pubmed/21626680
http://dx.doi.org/10.1016/j.neuron.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21658581
http://dx.doi.org/10.1097/GIM.0b013e31822c79f9
http://www.ncbi.nlm.nih.gov/pubmed/21844811
http://dx.doi.org/10.1186/1755-8166-5-46
http://www.ncbi.nlm.nih.gov/pubmed/23272938
http://dx.doi.org/10.1586/erm.12.40
http://www.ncbi.nlm.nih.gov/pubmed/22702362
http://www.ncbi.nlm.nih.gov/pubmed/10559246
http://www.ncbi.nlm.nih.gov/pubmed/10559246

@° PLOS | ONE

RhoGTPase Regulators in Synaptic Development

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Marco EJ, Abidi FE, Bristow J, Dean WB, Cotter P, Jeremy RJ, et al. ARHGEF9 disruption in a female
patient is associated with X linked mental retardation and sensory hyperarousal. J Med Genet. 2008;
45:100-5. doi: 10.1136/jmg.2007.052324 PMID: 17893116

Shimojima K, Sugawara M, Shichiji M, Mukaida S, Takayama R, Imai K, et al. Loss-of-function mutation
of collybistin is responsible for X-linked mental retardation associated with epilepsy. J Hum Genet.
2011; 56: 561-5. doi: 10.1038/jhg.2011.58 PMID: 21633362

Manser E, Loo TH, Koh CG, Zhao ZS, Chen XQ, Tan L, et al. PAK kinases are directly coupled to the
PIX family of nucleotide exchange factors. Mol Cell. 1998; 1: 183-92. Available: http://www.ncbi.nlm.
nih.gov/pubmed/9659915 PMID: 9659915

Sun'Y, Bamiji SX. B-Pix modulates actin-mediated recruitment of synaptic vesicles to synapses. J Neu-
rosci. 2011; 31: 17123-33. doi: 10.1523/JNEUROSCI.2359-11.2011 PMID: 22114281

Kutsche K, Yntema H, Brandt A, Jantke I, Nothwang HG, Orth U, et al. Mutations in ARHGEF6, encod-
ing a guanine nucleotide exchange factor for Rho GTPases, in patients with X-linked mental retardation.
Nat Genet. 2000; 26: 247-50. doi: 10.1038/80002 PMID: 11017088

Nguyen LS, Kim H- G, Rosenfeld JA, Shen Y, Gusella JF, Lacassie Y, et al. Contribution of copy num-
ber variants involving nonsense-mediated mRNA decay pathway genes to neuro-developmental disor-
ders. Hum Mol Genet. 2013; 22: 1816—-25. doi: 10.1093/hmg/ddt035 PMID: 23376982

Battaglia A, Doccini V, Bernardini L, Novelli A, Loddo S, Capalbo A, et al. Confirmation of chromosomal
microarray as a first-tier clinical diagnostic test for individuals with developmental delay, intellectual dis-
ability, autism spectrum disorders and dysmorphic features. Eur J Paediatr Neurol. 2013; 17: 589-99.
doi: 10.1016/j.ejpn.2013.04.010 PMID: 23711909

Girirajan S, Rosenfeld JA, Coe BP, Parikh S, Friedman N, Goldstein A, et al. Phenotypic heterogeneity
of genomic disorders and rare copy-number variants. N Engl J Med. 2012; 367: 1321-31. doi: 10.1056/
NEJMoa1200395 PMID: 22970919

Abe K. Vav2 Is an Activator of Cdc42, Rac1, and RhoA. J Biol Chem. 2000; 275: 10141-10149. PMID:
10744696

Murata T, Ohnishi H, Okazawa H, Murata Y, Kusakari S, Hayashi Y, et al. CD47 promotes neuronal
development through Src- and FRG/Vav2-mediated activation of Rac and Cdc42. J Neurosci. 2006; 26:
12397-407. doi: 10.1523/JNEUROSCI.3981-06.2006 PMID: 17135401

Moon M, Gomez TM. Balanced Vav2 GEF activity regulates neurite outgrowth and branching in vitro
and in vivo. Mol Cell Neurosci. 2010; 44: 118-28. doi: 10.1016/1.mcn.2010.03.001 PMID: 20298788

Hale CF, Dietz KC, Varela JA, Wood CB, Zirlin BC, Leverich LS, et al. Essential role for vav Guanine
nucleotide exchange factors in brain-derived neurotrophic factor-induced dendritic spine growth and
synapse plasticity. J Neurosci. 2011; 31: 12426-36. doi: 10.1523/JNEUROSCI.0685-11.2011 PMID:
21880903

Yatsenko SA, Hixson P, Roney EK, Scott DA, Schaaf CP, Ng Y, et al. Human subtelomeric copy num-
ber gains suggest a DNA replication mechanism for formation: beyond breakage-fusion-bridge for telo-
mere stabilization. Hum Genet. 2012; 131: 1895-910. doi: 10.1007/s00439-012-1216-9 PMID:
22890305

Al-Qattan SM, Wakil SM, Anazi S, Alazami AM, Patel N, Shaheen R, et al. The clinical utility of molecu-
lar karyotyping for neurocognitive phenotypes in a consanguineous population. Genet Med. 2014

Lionel AC, Tammimies K, Vaags AK, Rosenfeld JA, Ahn JW, Merico D, et al. Disruption of the ASTN2/
TRIM32 locus at 9933.1 is a risk factor in males for autism spectrum disorders, ADHD and other neuro-
developmental phenotypes. Hum Mol Genet. 2014; 23: 2752—68. doi: 10.1093/hmg/ddt669 PMID:
24381304

Szatmari P, Paterson AD, Zwaigenbaum L, Roberts W, Brian J, Liu X-Q, et al. Mapping autism risk loci
using genetic linkage and chromosomal rearrangements. Nat Genet. 2007; 39: 319-28. doi: 10.1038/
ng1985 PMID: 17322880

Nakano-Kobayashi A, Tai Y, Nadif Kasri N, Van Aelst L. The X-linked mental retardation protein

OPHN1 interacts with Homer1b/c to control spine endocytic zone positioning and expression of synaptic
potentiation. J Neurosci. 2014; 34: 8665—71. doi: 10.1523/JNEUROSCI.0894-14.2014 PMID:
24966368

Kaya N, Colak D, Albakheet A, Al-Owain M, Abu-Dheim N, Al-Younes B, et al. A novel X-linked disorder
with developmental delay and autistic features. Ann Neurol. 2012; 71: 498-508. doi: 10.1002/ana.
22673 PMID: 22213401

Walker S, Scherer SW. Identification of candidate intergenic risk loci in autism spectrum disorder. BMC
Genomics. 2013; 14: 499. doi: 10.1186/1471-2164-14-499 PMID: 23879678

PLOS ONE | DOI:10.1371/journal.pone.0170464 January 23, 2017 20/21


http://dx.doi.org/10.1136/jmg.2007.052324
http://www.ncbi.nlm.nih.gov/pubmed/17893116
http://dx.doi.org/10.1038/jhg.2011.58
http://www.ncbi.nlm.nih.gov/pubmed/21633362
http://www.ncbi.nlm.nih.gov/pubmed/9659915
http://www.ncbi.nlm.nih.gov/pubmed/9659915
http://www.ncbi.nlm.nih.gov/pubmed/9659915
http://dx.doi.org/10.1523/JNEUROSCI.2359-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22114281
http://dx.doi.org/10.1038/80002
http://www.ncbi.nlm.nih.gov/pubmed/11017088
http://dx.doi.org/10.1093/hmg/ddt035
http://www.ncbi.nlm.nih.gov/pubmed/23376982
http://dx.doi.org/10.1016/j.ejpn.2013.04.010
http://www.ncbi.nlm.nih.gov/pubmed/23711909
http://dx.doi.org/10.1056/NEJMoa1200395
http://dx.doi.org/10.1056/NEJMoa1200395
http://www.ncbi.nlm.nih.gov/pubmed/22970919
http://www.ncbi.nlm.nih.gov/pubmed/10744696
http://dx.doi.org/10.1523/JNEUROSCI.3981-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/17135401
http://dx.doi.org/10.1016/j.mcn.2010.03.001
http://www.ncbi.nlm.nih.gov/pubmed/20298788
http://dx.doi.org/10.1523/JNEUROSCI.0685-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21880903
http://dx.doi.org/10.1007/s00439-012-1216-9
http://www.ncbi.nlm.nih.gov/pubmed/22890305
http://dx.doi.org/10.1093/hmg/ddt669
http://www.ncbi.nlm.nih.gov/pubmed/24381304
http://dx.doi.org/10.1038/ng1985
http://dx.doi.org/10.1038/ng1985
http://www.ncbi.nlm.nih.gov/pubmed/17322880
http://dx.doi.org/10.1523/JNEUROSCI.0894-14.2014
http://www.ncbi.nlm.nih.gov/pubmed/24966368
http://dx.doi.org/10.1002/ana.22673
http://dx.doi.org/10.1002/ana.22673
http://www.ncbi.nlm.nih.gov/pubmed/22213401
http://dx.doi.org/10.1186/1471-2164-14-499
http://www.ncbi.nlm.nih.gov/pubmed/23879678

@° PLOS | ONE

RhoGTPase Regulators in Synaptic Development

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Dasouki M, Roberts J, Santiago A, Saadi I, Hovanes K. Confirmation and further delineation of the
3026.33-3g27.2 microdeletion syndrome. Eur J Med Genet. 2014; 57: 76-80. doi: 10.1016/j.ejmg.2013.
12.007 PMID: 24462885

Pinto D, Delaby E, Merico D, Barbosa M, Merikangas A, Klei L, et al. Convergence of genes and cellular
pathways dysregulated in autism spectrum disorders. Am J Hum Genet. 2014; 94: 677-94. doi: 10.
1016/j.ajhg.2014.03.018 PMID: 24768552

Celestino-Soper PBS, Shaw CA, Sanders SJ, Li J, Murtha MT, Ercan-Sencicek AG, et al. Use of array
CGH to detect exonic copy number variants throughout the genome in autism families detects a novel
deletion in TMLHE. Hum Mol Genet. 2011; 20: 4360-70. doi: 10.1093/hmg/ddr363 PMID: 21865298

Gupta IR, Baldwin C, Auguste D, Ha KCH, El Andalousi J, Fahiminiya S, et al. ARHGDIA: a novel gene
implicated in nephrotic syndrome. J Med Genet. 2013; 50: 330-8. doi: 10.1136/jmedgenet-2012-
101442 PMID: 23434736

Chong WWS, Lo IFM, Lam STS, Wang CC, Luk HM, Leung TY, et al. Performance of chromosomal
microarray for patients with intellectual disabilities/developmental delay, autism, and multiple congenital
anomalies in a Chinese cohort. Mol Cytogenet. 2014; 7: 34. doi: 10.1186/1755-8166-7-34 PMID:
24926319

Dimassi S, Andrieux J, Labalme A, Lesca G, Cordier M- P, Boute O, et al. Interstitial 12p13.1 deletion
involving GRIN2B in three patients with intellectual disability. Am J Med Genet A. 2013; 161A: 2564-9.
doi: 10.1002/ajmg.a.36079 PMID: 23918416

Lamb AN, Rosenfeld JA, Neill NJ, Talkowski ME, Blumenthal |, Girirajan S, et al. Haploinsufficiency of
SOX5 at 12p12.1 is associated with developmental delays with prominent language delay, behavior
problems, and mild dysmorphic features. Hum Mutat. 2012; 33: 728—40. doi: 10.1002/humu.22037
PMID: 22290657

Girirajan S, Brkanac Z, Coe BP, Baker C, Vives L, Vu TH, et al. Relative burden of large CNVs on a
range of neurodevelopmental phenotypes. PLoS Genet. 2011; 7: €1002334. doi: 10.1371/journal.pgen.
1002334 PMID: 22102821

Poultney CS, Goldberg AP, Drapeau E, Kou Y, Harony-Nicolas H, Kajiwara Y, et al. Identification of
small exonic CNV from whole-exome sequence data and application to autism spectrum disorder. Am J
Hum Genet. 2013; 93: 607-19. doi: 10.1016/j.ajhg.2013.09.001 PMID: 24094742

Krumm N, Turner TN, Baker C, Vives L, Mohajeri K, Witherspoon K, et al. Excess of rare, inherited trun-
cating mutations in autism. Nat Genet. 2015; 47: 582-8. doi: 10.1038/ng.3303 PMID: 25961944

Levy D, Ronemus M, Yamrom B, Lee Y, Leotta A, Kendall J, et al. Rare de novo and transmitted copy-
number variation in autistic spectrum disorders. Neuron. 2011; 70: 886-97. doi: 10.1016/j.neuron.2011.
05.015 PMID: 21658582

Large-scale discovery of novel genetic causes of developmental disorders. Nature. 2015; 519: 223-8.
doi: 10.1038/nature14135 PMID: 25533962

Niwa H, Yamamura K, Miyazaki J. Efficient selection for high-expression transfectants with a novel
eukaryotic vector. Gene. 1991; 108: 193-9. Available: http://www.ncbi.nim.nih.gov/pubmed/1660837
PMID: 1660837

Laukaitis CM, Webb DJ, Donais K, Horwitz AF. Differential dynamics of alpha 5 integrin, paxillin, and
alpha-actinin during formation and disassembly of adhesions in migrating cells. J Cell Biol. 2001; 153:
1427-40. Available: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2150721&tool=
pmcentrez&rendertype=abstract PMID: 11425873

Shaner NC, Campbell RE, Steinbach PA, Giepmans BNG, Palmer AE, Tsien RY. Improved monomeric
red, orange and yellow fluorescent proteins derived from Discosoma sp. red fluorescent protein. Nat
Biotechnol. 2004; 22: 1567—72. doi: 10.1038/nbt1037 PMID: 15558047

PLOS ONE | DOI:10.1371/journal.pone.0170464 January 23, 2017 21/21


http://dx.doi.org/10.1016/j.ejmg.2013.12.007
http://dx.doi.org/10.1016/j.ejmg.2013.12.007
http://www.ncbi.nlm.nih.gov/pubmed/24462885
http://dx.doi.org/10.1016/j.ajhg.2014.03.018
http://dx.doi.org/10.1016/j.ajhg.2014.03.018
http://www.ncbi.nlm.nih.gov/pubmed/24768552
http://dx.doi.org/10.1093/hmg/ddr363
http://www.ncbi.nlm.nih.gov/pubmed/21865298
http://dx.doi.org/10.1136/jmedgenet-2012-101442
http://dx.doi.org/10.1136/jmedgenet-2012-101442
http://www.ncbi.nlm.nih.gov/pubmed/23434736
http://dx.doi.org/10.1186/1755-8166-7-34
http://www.ncbi.nlm.nih.gov/pubmed/24926319
http://dx.doi.org/10.1002/ajmg.a.36079
http://www.ncbi.nlm.nih.gov/pubmed/23918416
http://dx.doi.org/10.1002/humu.22037
http://www.ncbi.nlm.nih.gov/pubmed/22290657
http://dx.doi.org/10.1371/journal.pgen.1002334
http://dx.doi.org/10.1371/journal.pgen.1002334
http://www.ncbi.nlm.nih.gov/pubmed/22102821
http://dx.doi.org/10.1016/j.ajhg.2013.09.001
http://www.ncbi.nlm.nih.gov/pubmed/24094742
http://dx.doi.org/10.1038/ng.3303
http://www.ncbi.nlm.nih.gov/pubmed/25961944
http://dx.doi.org/10.1016/j.neuron.2011.05.015
http://dx.doi.org/10.1016/j.neuron.2011.05.015
http://www.ncbi.nlm.nih.gov/pubmed/21658582
http://dx.doi.org/10.1038/nature14135
http://www.ncbi.nlm.nih.gov/pubmed/25533962
http://www.ncbi.nlm.nih.gov/pubmed/1660837
http://www.ncbi.nlm.nih.gov/pubmed/1660837
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2150721&amp;tool=pmcentrez&amp;rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2150721&amp;tool=pmcentrez&amp;rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/11425873
http://dx.doi.org/10.1038/nbt1037
http://www.ncbi.nlm.nih.gov/pubmed/15558047

