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Abstract

Genome sequencing has revealed an increasing number of genetic variations that are associated
with neuropsychiatric disorders. Frequently, studies limit their focus to likely gene-disrupting
mutations because they are relatively easy to interpret. Missense variants, instead, have often been
undervalued. However, some missense variants can be informative for developing a more profound
understanding of disease pathogenesis and ultimately targeted therapies. Here we present an
example of this by studying a missense variant in a well-known autism spectrum disorder (ASD)
causing gene SHANK3. We analyzed Shank3’s 7 vivo phosphorylation profile and identified
S685 as one phosphorylation site where one ASD-linked variant has been reported. Detailed
analysis of this variant revealed a novel function of Shank3 in recruiting Abelson interactor 1
(ABI1) and the WAVE complex to the post-synaptic density (PSD), which is critical for synapse
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and dendritic spine development. This function was found to be independent of Shank3’s other
functions such as binding to GKAP and Homer. Introduction of this human ASD mutation into
mice resulted in a small subset of phenotypes seen previously in constitutive Shank3 knockout
mice, including increased allogrooming, increased social dominance, and reduced pup USV.
Together, these findings demonstrate the modularity of Shank3 function /n vivo. This modularity
further indicates that there is more than one independent pathogenic pathway downstream of
Shank3 and correcting a single downstream pathway is unlikely to be sufficient for clear clinical
improvement. In addition, this study illustrates the value of deep biological analysis of select
missense mutations in elucidating the pathogenesis of neuropsychiatric phenotypes.

INTRODUCTION

Autism spectrum disorders (ASD) are a group of neurodevelopmental disorders
characterized by impaired social communication, poor language development, repetitive
behaviors, and restricted interests. Genome sequencing has revealed an increasing number of
genes responsible for ASD by identification of de novo likely gene-disrupting (LGD)
mutations. Missense mutations, instead, have been considered far less informative because
most of them are of unknown significance.

LGD mutations in SHANKZ3 are estimated to contribute to ~1% of all ASD cases 1-3.
Moreover, epigenetic dysregulation of SHANK?3 has been reported in up to 15% of
individuals with ASD 4. Thus, SHANKZ3 s a well-established autism risk gene, and detailed
mechanistic studies provide insights into ASD pathogenesis. Individuals with mutations in
SHANK?3 often manifest intellectual disability, autism, hypotonia, and motor delay °.
Shanka3 serves as a scaffolding protein within the postsynaptic density (PSD) of dendritic
spines, which are actin-rich protrusions from dendrites /. The protein has a PSD95/discs
large/Z0-1 (PDZ) domain that binds guanylate kinase-associated proteins (GKAPS), which
further bridge Shank3 to PSD-95, another major scaffold in the PSD 7. Shank3 also has a
large proline-rich domain containing ABI1, IRSp53, Homer and cortactin binding motifs
711 Knock down or knockout (KO) of Shank3 reduces dendritic spine density and
maturation 1216 whereas overexpression of Shank3enhances spine development 1217-19,
Most excitatory synapses are built on dendritic spines. As expected, loss of Shank3 causes
excitatory synaptic transmission deficits 13-16.20-27 Sych synaptic dysfunction further leads
to abnormal behaviors including altered social interaction, motor coordination deficits and
repetitive behaviors in Shank3 KO mouse models 13:14.28,15,16,20,21,23,25-27

Efforts have been made to elucidate the underlying molecular mechanisms for developing
targeted treatments for individuals with ASD due to a SHANK3 mutation. Multiple
pathways, including CLK2, /; channel, mGIuR5, and PAK signaling have been reported to
be dysregulated upon loss of Shank3 in model systems 28-31, However, it is unknown if
individual dysregulated molecular pathways are independently responsible for a subset of
physiological and behavioral phenotypes. If so, this would represent a modularity to Shank3
function. This information is particularly important regarding targeted treatment of
SHANKaopathies because if phenotypes are indeed independently mediated by distinct
modules of Shank3 function, correcting a single downstream molecular defect is unlikely to
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be sufficient for improving all the symptoms. A modularity of Shank3 function has not been
investigated because most, if not all, studies were done using Shank3 heterozygous or
homozygous null models. Although these models retain construct validity of LGD
mutations, it is difficult to pinpoint the specific contribution of each pathway due to the
confounding effects of other dysregulated pathways in the same model. To understand the
functional modularity of Shank3, missense variants, each only affecting one residue, could
be informative.

Here, by analyzing a missense variant of SHANK3found in an individual with autism, we
identify a downstream effector that interacts with Shank3 in a phosphorylation-dependent
manner. We describe generation and characterization of a knock-in (K1) mouse model of this
variant with this interaction specifically disrupted. Using this model, we further determine
how this effector and its associated pathway mediate a subset of SHANKopathy phenotypes.
We demonstrate the modularity of Shank3 function /n vivo and highlight the value of
studying missense mutations in autism.

MATERIALS AND METHODS

Reagents and resources

RESULTS

For resources such as antibodies and primers, please see Supplementary Table 8 for more
information.,

A detailed description of the materials and methods is provided in Supplementary
Information.

Phosphorylation of Shank3 at S685 modulates its interaction with ABI

Phosphorylation is a common regulatory mechanism to control key protein-effector
interactions, and Shank3 phosphorylation has been reported before 32, Therefore, to identify
direct downstream effectors of Shank3, we first examined the phosphorylation state of
Shank3 /n vivo. As no commercial Shank3 antibody consistently worked for
immunoprecipitation, we generated a 2xFlag-Shank3transgenic mouse to efficiently purify
Shank3 /n vivo (Supplementary Figure 1a). We characterized the 2xFlag-tagged Shank3 and
found that it, like endogenous Shank3, was enriched in synaptic fractions (P2 and PSD 1)
(Supplementary Figure 1b). The regional and temporal expression pattern of 2xFlag-Shank3
paralleled those of endogenous Shank3 (Supplementary Figure 1c,d). Compared with wild-
type (WT) mice, the transgenic mice had a 1.4-fold greater abundance of the a. isoform and
a 1.3-fold more in total Shank3 in the crude synaptosomal fraction (Supplementary Figure
le).

We immunoprecipitated 2xFlag-Shank3 with an anti-Flag antibody from the cortex,
hippocampus, and striatum of the transgenic mice (Supplementary Figure 1f).
Immunoprecipitation followed by mass spectrometry analysis identified 41 phosphorylated
residues of Shank3 /n vivo (Figure 1a and Supplementary Table 1). We next evaluated
whether any phosphorylated residues are in close proximity to known Shank3 protein-
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binding domains/motifs. We found that the phosphorylated site S685 is adjacent to a
previously identified proline-rich motif (PRM) that is responsible for Shank3 interaction
with the SH3 domain of ABI1, an indispensable subunit of the WAVE regulatory complex
(WRC) 10:33 (Figure 1b and Supplementary Figure 2a). To further confirm that
phosphorylation at S685 occurs /n vivo, we generated a phospho-specific antibody to S685
(Supplementary Figure 2b). This antibody recognized purified Shank3 from mouse brain but
failed to recognize Shank3 after it was treated with phosphatase (Supplementary Figure 2c).
Given S685’s high degree of conservation among vertebrates (Figure 1c), we considered it
highly likely to have functional importance.

To determine whether phosphorylation of S685 modulates the Shank3-ABI interaction, we
performed a co-immunoprecipitation assay in HEK293T cells. Consistent with previous
findings 10, ABI1 co-immunoprecipitated with WT Shank3 (Figure 1d). Mutation of the
S685 residue of Shank3 to a non-phosphorylatable alanine (S685A) caused significantly less
ABI1 to co-immunoprecipitate with Shank3 (Figure 1d). The S685A mutation also
decreased the interaction between Shank3 and the ABI1 homolog ABI2, to a similar extent
(Figure 1e). These results suggest that S685 phosphorylation is important for the Shank3-
ABI interaction.

We next sought to identify kinases that can phosphorylate Shank3 at S685. We expanded our
previously published datasets of the Shank3 interactome 17 by new immunoprecipitation-
mass spectrometry experiments and public data curation, which resulted in a more
comprehensive Shank3 interactome consisting of 793 proteins (see Methods and
Supplementary Table 2). We identified 30 kinases among the 793 interactors. To narrow the
list of candidate kinases, we searched the literature for their expression patterns and
functions, which led us to four candidate kinases: Extracellular signal-regulated kinase 2
(ERK2), Protein kinase A alpha catalytic subunit (PKAa), Glycogen synthase kinase 3 beta
(GSK3p), and Casein kinase 2 (CK2). Because its large size makes full-length Shank3
difficult to purify from bacteria, we purified a partial fragment of Shank3 (fragment 4, aa
668-858) that included Shank3 PRM from bacteria, and used it in an /n7 vitro kinase assay
(Supplementary Figure 2d). Mass spectrometry analysis of the kinase reaction products
showed that ~97% of all peptides covering S685 were phosphorylated by PKAa (Figure 1f
and Supplementary Figure 2e), and S685 is located within a consensus PKA
phosphorylation motif (RXXS/T) 34. None of the other three kinases phosphorylated this
site. Co-immunoprecipitation using the striatal tissue of EGFP-Shank3 transgenic mice
revealed that Shank3 and PKAa interacted with each other (Figure 1g). To further validate
our mass spectrometry findings, we performed a second kinase assay using synthesized
Shank3 peptides (aa 668-691) conjugated with BSA and radiolabeled ATP (see Methods).
We found that PKAa phosphorylated WT peptides, while the negative control (BSA alone)
and S685A mutant peptides were not phosphorylated (Figure 1h). To examine whether PKA
modulates Shank3-ABI interaction in neurons, we performed co-immunoprecipitation using
dissociated cortical neurons while blocking PKA activity. Application of small molecule
inhibitor H89 inhibited PKA in cortical neurons, as indicated by a decrease in CREB S133
phosphorylation (Supplementary Figure 2f). Inhibition of PKA reduced the amount of
Shank3 co-immunoprecipitated with ABI1, while not altering ABI1’s interaction with

Mol Psychiatry. Author manuscript; available in PMC 2019 July 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al. Page 5

WAVEL, the core subunit of WRC (Figure 1i). Together, these findings suggest that
phosphorylation of S685 of Shank3 by PKA modulates Shank3-ABI interaction.

An autism-linked S685I mutation specifically diminishes Shank3-ABI interaction

Because SHANKS3 haploinsufficiency is strongly linked to ASD, we sought mutations in or
around S685 that occur in ASD individuals. An existing ASD database, the Autism
Sequencing Consortium, reported several missense mutations in SHANK3in autistic
individuals 3°. We found a G>T substitution at chromosome 22: 51,144,527 (hg build 19),
which resulted in an S6861 (S685 in mouse) missense mutation. S6861 has not been
observed in the gnomAD database of over 120,000 individuals without neurologic diseases,
indicating it is not a common variant 36. Moreover, both Polyphen-2 and SIFT mutation
analysis algorithms predicted this mutation to be damaging to Shank3 function
(Supplementary Table 5) 3738,

We tested whether the S6851 mutation could alter Shank3-ABI interaction. In a co-
immunoprecipitation assay, the S6851 mutation diminished Shank3 interaction with ABI1 by
at least 75% (Figure 2a). The S685I substitution had a similar effect on Shank3-ABI2
interaction (Figure 2b). It is worth noting that S685I did not alter Shank3 interaction with
several other well-known binding partners, including cortactin, GKAP, Homer, and IRSp53
(Supplementary Figure 3a-d).

To better understand the effect of the S6851 mutation, we performed kinetic analysis using
surface plasmon resonance (Supplementary Figure 3e). Analysis of the binding curves of
Shank3 fragment 4 with full-length recombinant ABI1 indicated that the S6851 mutation
significantly decreased the on-rate constant and caused a ~4-fold increase in the dissociation
constant (Supplementary Figure 3f). Thus, the autism-linked Shank3 S685I variant appears
to specifically disrupt Shank3-ABI interaction by changing a critical amino acid in the
interacting motif.

Loss of Shank3-ABI interaction causes altered social behaviors

To validate our findings and understand the functional importance of Shank3-ABI
interaction /n vivo, we generated KI mice with the S685I substitution (Figure 2c,d). Both
heterozygous Kl (KI-HET) and homozygous Kl (KI-HOM) mice are viable and fertile. They
also have a similar body weight compared with WT mice (Supplementary Figure 4a). In
addition, both protein abundance and isoform-specific expression pattern of S6851 Shank3
were not changed compared with WT control (Supplementary Figure 4b).

Next, to confirm that S6851 mutation disrupts Shank3-ABI interaction /in vivo, we performed
a co-immunoprecipitation assay in KI mice. As expected, significantly less Shank3 was co-
immuoprecipitated with ABI1 in the cortex of KI-HET and KI-HOM mice compared with
WT mice, with KI-HOM showing more prominent effect (Figure 2e). A similar reduction in
Shank3-ABI1 co-immunoprecipitation was observed in the striatum (Figure 2f). In addition,
Shank3-GKAP and Shank3-Homer interactions were not affected (Supplementary Figure
4c,d). These results indicate that S6851 mutation specifically disrupts Shank3’s interaction
with ABI1 /n vivo.
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Because S6851 mutation is linked to autism, we next asked whether there are any social
deficits in KI mice. We first tested sociability by the three-chamber test 17. Both WT and Kl
mice showed a significant preference for a stranger mouse to a novel object (Supplementary
Figure 4e), indicating normal sociability.

To determine if there are any specific abnormal social behaviors other than sociability in Kl
mice, we performed a resident-intruder assay using stranger C57BL/6J mice as intruders 3.
We quantified three categories of social behaviors: active social behavior (sniffing/
allogrooming), threatening behavior (mounting), and aggressive behavior (attacking/biting).
While there was no difference in threatening and aggressive behaviors, we found an increase
in sniffing/allogrooming behavior in KI-HOM mice (Figure 2g-i). The continuous moving
and escaping of the C57 intruders made it difficult to differentiate allogrooming from
sniffing. Thus, we repeated the assay using submissive A/J mice as intruders 49. We found
that KI-HOM mice displayed a robust increase in allogrooming behavior on A/J intruders
(Figure 2j and Supplementary Video 1 and 2).

Excessive allogrooming behavior has been associated with increased social dominance 41,
To evaluate social dominance, we performed the tube test. In this test, the dominant mouse
will push its opponent out of the tube and “win” the match 2142, We found that both male
and female KI-HOM mice won most of the matches when tested against their WT opponents
(Figure 2k), indicating increased social dominance. Only male KI-HET mice displayed the
same phenotype (Figure 2k).

Social communication deficit is another major feature of ASD, especially those caused by
mutations in SHANKS3. To evaluate social communication phenotype in KI mice, we
performed isolation-induced pup ultrasonic vocalization (USV) recording. As previously
reported 43, the USVs of WT pups peaked around postnatal day 6 (P6) to P8 and stopped
around P14 (Figure 21). KI-HOM pups, however, emitted significantly fewer USVs on P2,
P4, and P6. Interestingly, on P14, while most WT pups stopped emitting USVs, KI-HOM
pups continued to do so. This is not due to eye-opening defects as both WT and KI-HOM
pups opened their eyes around P13-P14. These data suggest that USV development is altered
in KI-HOM mice.

We also performed open field assay and rotarod to evaluate motor function; elevated plus
maze to evaluate anxiety; self-grooming and marble burying to evaluate repetitive behaviors;
acoustic startle and prepulse inhibition to evaluate sensory-gating; adult USV to evaluate
social communication in the adult. All have previously been shown to be abnormal in
Shank3null mice 1520.21 We did not observe any difference between WT and KI mice in
these tests (Supplementary Figure 5a-j and Supplementary Table 6). Together, these results
show that loss of Shank3-ABI interaction causes abnormal social behavior/social
communication that mimic a subset of phenotypes found in mice heterozygous or
homozygous for Shank3null alleles 1521,

Mol Psychiatry. Author manuscript; available in PMC 2019 July 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al. Page 7

Shank3-ABl interaction is critical for dendritic spine development and synaptic
transmission

To understand how disruption of Shank3-ABI interaction impairs neuronal function at a
cellular level, we first investigated the functional relationship between Shank3 and ABIs in
dendritic spine development. Loss of either ABI1 or ABI2 leads to reduced spine maturation
and spine density 1044, similar to the effect of Shank3deficiency 131424 We created distinct
lines of mouse dissociated hippocampal neurons, either overexpressing Shank3, depleting
Abi1/Abi2 using siRNAs, or combining the two (Figure 3a and Supplementary Figure 6a).
Analysis of the morphology of dendritic spines revealed that knock down of AbiZ and Abi2
decreased stubby spine, mushroom-like spine (mature form), and total spine densities
(Figure 3a,b and Supplementary Figure 6b). Overexpression of Shank3 increased stubby
spine, mushroom-like spine, and total spine densities, but concurrent Shank3 overexpression
and Abi1/Abi2 depletion resulted in a spine morphology that was indistinguishable from
Abil/Abi2 depletion alone. These results demonstrate that ABIs are downstream of Shank3
in spine development.

Next, the necessity of the Shank3-ABI protein interaction for Shank3’s function in spine
development was assayed using a molecular replacement method. Neurons from Shank3B
KO mice 13 had a greater number of immature thin spines and fewer mushroom-like spines
(Figure 3c,d and Supplementary Figure 6¢). Overexpression of WT Shank3 in Shank3B8 KO
neurons rescued all the altered spine characteristics and further increased the number of
stubby spines, mushroom-like spines, and total spines compared with WT neurons. In
contrast, both S6851 and S685A Shanka3 failed to rescue the decreased mushroom-like
spines. These data indicate that Shank3 interaction with ABI requires phosphorylation at
S685, which, in turn, is necessary for Shank3 to promote mushroom-like, more mature spine
formation.

Conversely, the role of the Shank3-ABI interaction for ABI’s function in spine formation
was assayed. To test this, the residues critical for ABI to bind Shank3 were identified. Based
on the structure of the ABI12 SH3 domain (PDB: 2EDO) and sequence homology search with
HHpred 4° (see Methods), N446 and L461 of ABI2 were predicted to bind S685 of Shank3.
We confirmed the importance of these residues for Shank3-ABI interaction by co-
immunoprecipitation (Supplementary Figure 6d). Overexpression of WT ABI1 significantly
increased stubby spine, mushroom-like spine, and total spine densities (Supplementary
Figure 6e). However, overexpression of the Shank3 binding-deficient ABI1 (N447A L462A)
failed to increase spine densities of any category, which further confirmed the importance of
Shank3-ABI interaction in spine development.

To test whether these morphological changes translate into functional consequences, we
recorded miniature excitatory postsynaptic currents (MEPSCs) in dissociated pyramidal-like
hippocampal neurons from WT and Shank3B KO mice. Compared with WT neurons,
Shank3B KO neurons had reduced mEPSC frequency, without significant changes in
mEPSC amplitude (Figure 3e,f). This reduction in mEPSC frequency can be rescued by
transfecting these neurons with WT Shank3, but not with S6851 Shank3, suggesting that
Shank3-ABI interaction contributes to the formation of functional synaptic sites.
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To validate these findings /n vivo, we assessed spine development and synaptic transmission
in KI-HOM mice. Because Shank3 is highly expressed in the striatum, and previous reports
found both spine development and synaptic transmission deficits in the dorsal striatum of
Shank3 KO mice 1315 we quantified dendritic spine densities of medium spiny neurons
(MSNS) in the dorsal striatum. KI-HOM mice displayed a significant reduction in spine
density (Figure 3g). A reduction in spine density was not observed in hippocampal CAl
pyramidal neurons (Figure 3h), probably due to compensation from Shank2 which is highly
expressed in the hippocampus and interacts with ABIs. Recording mEPSCs of MSNs in the
dorsal striatum determined that both mEPSC frequency and amplitude are reduced in KI-
HOM mice (Figure 3i,j), similar to what has been reported in Shank3 KO mice 13:21,
Together, these results indicate that interaction with ABI is critical for Shank3 function in
both spine maturation and excitatory synaptic transmission.

Shank3-ABI interaction is critical for actin nucleation

KI-HOM mice have reduced dendritic spines, impaired synaptic transmission, altered social
behaviors, but intact motor function and lack repetitive self-grooming, indicating that only a
subset of Shank3 function (a module) is mediated by Shank3-ABI interaction. To determine
the module Shank3-ABI interaction belongs to, we compared the interactomes of Shank3
and ABI1 to find their shared functional partners. First, we applied a method similar to that
which we used to build Shank3 interactome to build an ABI1 interactome consisting of 151
proteins (Supplementary Table 3). Next, we compared the two interactomes and found
significant overlap (Figure 4a; Fisher’s exact test, p= 2.11 x 10713, odds ratio = 6.21). Gene
ontology analysis of the 31 common interactors suggested that regulation of the Arp2/3
complex and actin nucleation may be one of their principal functions (Figure 4b and
Supplementary Table 7).

To pinpoint the specific roles of Shank3 and ABI1 in the actin nucleation pathway, we
integrated the two interactomes to generate a sub-network of actin-related proteins (Figure
4c and Supplementary Table 2, 3, and 4). Most components of the Arp2/3-mediated actin
nucleation pathway were found in the network. Rho GTPases such as RAC1 and CDC42
activate nucleation-promoting factors (NPF) such as WRC and N-WASP, which then activate
the Arp2/3 complex to initiate actin nucleation and branching 6. Cortactin is another type of
NPF that facilitates Arp2/3 activation 46. As shown in the network, Shank3 binds the Arp2/3
complex, its upstream regulators (Rho GTPases, WRC, cortactin), and its downstream
effector actin, potentially serving as a hub for actin nucleation. In contrast, ABI1, as a
subunit of WRC, interacts with other WRC components (WAVE1/2/3, CYFIP1/2, NCKAP1,
BRK1) and cortactin but not with the Arp2/3 complex itself. Thus, ABI1 might participate in
actin nucleation in a supercomplex centered on Shank3. Consistent with this, size-exclusion
chromatography showed that some ABI1 and WAVE1 were present in the same high-
molecular-weight fraction (fraction 8) as the Shank3-GKAP-PSD-95 complex (Figure 4d).

To test if the Shank3-ABI1 interaction is critical for actin nucleation, we stained F-actin in
rat primary hippocampal neurons overexpressing either WT or S6851 Shank3.
Overexpression of WT Shank3 greatly increased F-actin intensity in dendritic spines, but
overexpression of the ABI1 binding-deficient S6851 Shank3 had a minimum if any effect on
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F-actin intensity (Figure 4e,f). Together, these results define ABI1-dependent actin
nucleation as a module of Shank3 function.

Shank3 recruits WRC to the PSD via ABI1 to promote spine maturation

Finally, we investigated the molecular mechanism by which Shank3-ABI1 interaction
promotes actin nucleation in dendritic spines. Because ABI1 is the only subunit of the WRC
that has previously been shown to directly bind Shank3 19, we hypothesized that it mediates
the interaction between Shank3 and WAVE/WRC. To test this possibility, we performed co-
immunoprecipitation assays between Shank3 and WAVEL in HEK293T cells. Consistent
with our hypothesis, S6851 Shank3, which disables interaction with ABI1, also abolished
Shank3 binding to WAVEL (Figure 5a). In a complementary experiment, a WAVE1 mutant,
whose binding to ABI1 was abolished by two amino acid changes 33, failed to interact with
Shank3 (Figure 5b). We also tested the interaction between Shank3 and WAVE3, another
WAVE family protein that is, like WAVEZ1, enriched in brain and localized at dendritic spines
47_ Disruption of Shank3-ABI1 interaction also abolished Shank3 binding to WAVE3
(Figure 5c).

Given that ABI1 mediates Shank3-WRC interaction, it is conceivable that Shank3 promotes
F-actin formation in dendritic spines by recruiting ABI1 and its associated WRC into spines
to activate Arp2/3. To test this possibility, we overexpressed Shank3 in rat hippocampal
neurons and stained endogenous ABI1 to quantify its localization. Contrary to our
hypothesis, Shank3 overexpression did not change the enrichment of ABI1 in dendritic
spines (Supplementary Figure 7a,b). The spine localization of ABI1 was also preserved in
Shank3B KO neurons (Supplementary Figure 7c,d). These results indicate that ABI1
localization to spines might be independent of Shank3.

Since both Shank3 and ABI1 are expressed at the tip of the spine in the post-synaptic
density or PSD, which occupies ~10% of the surface area of spine 48, Shank3 could interact
with, recruit, and stabilize ABI1 and WRC to the PSD from other parts of the dendritic
spine. Indeed, in the striatal PSD fraction from Shank3B KO mice, but not in the total
homogenate, the abundance of ABI1 was dramatically lower than in WT (Figure 5d,e).
WAVEL1 was also lower in the PSD of Shank3B KO mice. We noticed that PSD-95
abundance was also slightly reduced, which implies a change in the PSD architecture upon
loss of Shank3. Thus, it is possible that reduced WRC in the PSD is caused by some
secondary effects other than loss of Shank3-ABI1 interaction. To rule out this possibility, we
performed PSD fractionation on striatal tissues from KI-HOM mice. Again, we found that
ABI1 and WAVE1 abundances were reduced in the PSD, but not in the total homogenate of
KI-HOM mice (Figure 5f,g). Note that both Shank3 and PSD-95 abundances in the PSD
fraction of KI-HOM mice remain unchanged, indicating their proper localization and intact
PSD organization. These results demonstrate that recruitment of WRC to the PSD requires
Shank3-ABI1 interaction.

To determine if WRC-dependent actin nucleation mediates the effect of Shank3 on spine
maturation, we either overexpressed Shank3, depleted Wavel/Wave3 using siRNAS
(Supplementary Figure 7e,f), or combined the two in dissociated hippocampal neurons and
then analyzed the morphology of spines. Similar to Ab/iZ/Abi2 depletion, Wavel/Wave3
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depletion completely abolished the effect of Shank3 overexpression (Figure 5h,i and
Supplementary Figure 7g), demonstrating that WAVE proteins are also critical downstream
effectors for Shank3.

DISCUSSION

This study was initiated to identify critical protein interactions and downstream effectors of
Shank3 for its function at the synapse. By combining protein interaction domain data, post-
translational modification data, and ASD exome sequencing data, we discovered a residue of
Shanka3 critical for its interaction with ABI1 that is mutated in autism. We further validated
ABI1/WRC as a bona fide, direct downstream effector of Shank3 /in vivo. Shank3 recruits
WRC to the PSD through phosphorylation-dependent interaction with ABI1 to facilitate
actin nucleation and spine development, disruption of which impairs synaptic transmission
and multiple social behaviors (Supplementary Figure 7h). The most critical finding is that
the S6851 mutation, which specifically disables Shank3 to promote actin nucleation, only
causes a subset of phenotypes found in constitutive Shank3 KO condition. This sort of
functional and phenotypic modularity was unexpected.

Phosphorylation-dependent regulation of Shank3

We explored Shank3 phosphorylation pattern /n7 vivo and found that it is extensively
phosphorylated at dozens of residues. As phosphorylation can rapidly modulate a protein’s
function by altering its stability, subcellular localization, or protein interactions, our work
provides a valuable resource for future studies on the post-translational regulation of Shank3
in spine remodeling and synaptic plasticity. It is worth mentioning that the phosphorylation
sites were identified on the full-length isoform of Shank3. Whether other Shank3 isoforms
are phosphorylated on the same residues requires further investigation.

In this study, we focused on one specific /n vivo phosphorylation site S685, because of its
importance for the Shank3-ABI interaction. Because this interaction is essential for Shank3
function and S685A Shank3 failed to promote mature spine formation, S685
phosphorylation might serve as a mechanism to finely tune Shank3 function in actin
nucleation at the PSD during spine maturation. We showed that PKA phosphorylates S685
and that inhibition of PKA decreased Shank3-ABI interaction in neurons. The involvement
of PKA in Shank3 regulation is interesting, as short-term activation of PKA increases both
spine size and spine density in hippocampal neurons 490, Our data suggest that Shank3
phosphorylation at S685 facilitate WRC recruitment and rapid actin cytoskeleton
reorganization in dendritic spines upon activation of PKA signaling.

Shank3 as a hub for actin nucleation necessary for spine development

The role of Shank3 in spine development is well-known. Although Shank3 has long been
proposed to regulate actin 1, whether Shank3 promotes spine development through
regulating actin cytoskeleton has not been established, especially /n vivo. We show that ABI
and WAVE, both known to primarily function as actin nucleation regulators, are downstream
effectors of Shank3 in spine development. Moreover, the S6851 mutation, which specifically
disables Shank3 for actin nucleation while does not affect its other interactions, abundance
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or PSD localization, still causes spine defects /n vivo. Together, these results demonstrate
that Shank3 function in spine development largely relies on its actin nucleation module.
Based on our integrated interactome analysis, Shank3 might serve as a hub in the deeper
layer of the PSD, bringing together NPFs and Arp2/3 to cooperatively facilitate actin
nucleation.

The involvement of Shank3 in actin nucleation and the association of the S6851 variant with
autism indicate a critical role of actin nucleation in the pathogenesis of SHANK3 deficiency.
Beyond that, dysregulation of actin nucleation could be a general mechanism underlying
autism spectrum disorders. Supporting this idea, de novo mutations in NCKAPIL and AB/2,
which encode WRC subunits, have been linked to autism ®2. Moreover, copy number
variation of CYF/P1, which encodes another WRC subunit, has been linked to both autism
spectrum disorder and schizophrenia °3-55. Further human genetic studies to explore genes
critical for actin dynamics might prove fruitful in identifying new etiologies for autism or
other neurodevelopmental disorders. Detailed studies of how variation in these genes
contribute to pathology will undoubtedly provide insights into not only mechanisms of the
disease, but also the regulation of actin dynamics and its role in synaptogenesis.

The S685] missense mutation demonstrates the modularity of Shank3 function

While displaying increased social dominance, increased allogrooming, and delayed USV
development, our Shank3 Kl mice do not express all the phenotypes reported in Shank3 KO
mice. For example, motor defects, increased anxiety, abnormal self-grooming behaviors, and
altered sensory gating that were repeatedly reported in Shank3 KO lines 152021 are intact in
KI mice, suggesting that they are mediated by other protein interactions/pathways. These
results are consistent with previous findings that targeting Shank3 at different domains leads
to different sets of physiological and behavioral abnormalities 23:25-27, This modularity
further indicates that there is more than one independent pathogenic pathway downstream of
Shank3 and correcting a single downstream pathway is unlikely to be sufficient for clear
clinical improvement. An example similar to this is Rett syndrome where targeting the
downstream dysregulated BDNF through IGF-1 only partially rescued Rett phenotypes .
Thus, rather than attempting to correct downstream deficits, it might be more fruitful to
identify upstream regulators of dosage-dependent genes in neuropsychiatric disorders for
therapeutic targeting.

Our study also highlights the value of missense variants in understanding the pathogenesis of
neuropsychiatric disorders. Most mutations found in genome sequencing studies are
missense mutations of unknown significance. While they are often less informative for
identifying new neuropsychiatric disease-causing genes, missense mutations could lead to a
greater understanding of protein functions that are linked to the disease. The difficulty lies in
distinguishing informative missense mutations from non-pathogenic ones. Our strategy was
to map missense variants onto post-translational modification sites and protein interaction
domains to identify potentially critical residues. This approach could be used for other
neuropsychiatric disease-causing genes to gain additional insight into mechanisms of the
disease.
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S685 phosphorylation modulates Shank3-ABI interaction. (a) Diagram of Shank3 protein
(NP_067398) with 41 /n vivo phosphorylated residues identified by mass spectrometry. (b)
Diagram of Shank3 protein with S685 (green highlighted) adjacent to a previously identified
ABI1 binding site (red text) on Shank3. (c) Protein sequence alignment of Shank3
surrounding S685 among vertebrates. (d,e) Immunoblots of ABI1-GFP (d) or ABI2-GFP (g)
and HA-Shank3 following immunoprecipitation of HA-Shank3 variants in the co-
immunoprecipitation assay in 293T cells (n=6, n=6 experiments). (f) Percentage of peptides
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with S685 phosphorylation in Shank3 mass-spectrometry-based /in vitro kinase assay by
ERK2, PKAa, GSK3p, and CK2. (g) Immunaoblots of PKA a-catalytic subunit following
immunoprecipitation of EGFP-tagged Shank3 from EGFP-Shank3transgenic mice striatal
lysate. TG, EGFP-Shank3 transgenic mice. (h) /n vitro kinase assay with radiolabeled ATP
using recombinant PKAa and Shank3 peptides including S685. Left, coomassie blue
staining of BSA-conjugated peptides (aa 668-691). Right, autoradiography blot of kinase
reaction product. (i) Immunoprecipitation of ABI1 in primary cortical neurons treated with
vehicle (DMSO) or H89 (10 uM) followed by immunaoblotting for Shank3, WAVEL, and
ABI1 (n=4 experiments). WAVE1-ABI1 co-immunoprecipitation was used as positive
control. Veh, vehicle (DMSO). Al data are presented as mean + s.e.m. *p<0.05, **<0.01;
paired two-tailed Student’s #test.
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Figure2.

The autism-linked Shank3 S6851 mutation specifically diminishes Shank3-ABI interaction
and causes selective social phenotypes. (a,b) Immunaoblots of ABI1-GFP (a) or ABI2-GFP
(b) and HA-Shank3 following immunoprecipitation of HA-Shank3 variants in the co-
immunoprecipitation assay in 293T cells (n=4, n=4 experiments). (c) Schematic diagram for
S6851 KI mice generation by CRISPR/Cas9. Top: single strand oligodeoxynucleotides used
as a repair template; red: codon encoding isoleucine; blue: synonymous mutation for
genotyping. Middle: genomic sequence spanning Shank3 S685; green: codon encoding
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S685; scissors: Cas9 cutting site. Bottom: structure of wild-type mouse Shank3gene. (d)
Sequencing chromatograms of the S685I allele. (ef) Immunoprecipitation of ABI1 in
cortical (€) or striatal (f) lysate of KI-HET or KI-HOM mice followed by immunaoblotting
for Shank3, WAVEL, and ABI1 (n=3, n=3 experiments). (g) Time spent sniffing or
allogrooming the intruder C57 mice in the resident-intruder assay (n=10, 13 mice). (h)
Number of mounting events on the intruder C57 mice in the resident-intruder assay (n=10,
13 mice). (i) Time spent attacking or biting the intruder C57 mice in the resident-intruder
assay (n=10, 13 mice). (j) Time spent allogrooming the intruder A/J mice in the resident-
intruder assay (n=20, 8, 14 mice). (k) Percentage of wins in test pairs between indicated
genotypes in the tube test (n=36, 32, 30, 24 matches). (I) Number of ultrasonic calls from
pups separated from their dams (n=53, 26, 27 pups). All data are presented as mean * s.e.m.
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, NS, not significant; (a,b) paired two-tailed
Student’s #test; (e,f) paired and unpaired two-tailed Student’s #test; (g,h) unpaired two-
tailed Student’s £test; (i) Mann-Whitney U'test; (j) Kruskal-Wallis test with post hoc
Dunn’s test; (k) two-tailed binomial test; (I) two-way ANOVA with post hoc Tukey’s tests.
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Shank3-ABI interaction is critical for dendritic spine development and synaptic
transmission. (a) Fluorescent images of dendrites from days /in vitro (DIV) 14 dissociated
mouse hippocampal neurons co-transfected with siRNAs (scramble or against mouse Abil
and Abi2), pEGFP-C1 plasmids and vectors expressing HA-Shank3 (empty or WT) on DIV
7. Scale bar, 5um; OE, overexpression. (b) Quantification of dendritic spine densities in a
(n=19, 15, 15, 15 neurons). (c) Fluorescent images of dendrites from DIV 14 dissociated
mouse hippocampal neurons (WT or Shank3B KO) transfected with pEGFP-C1 plasmids
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and vectors expressing HA-Shank3 (empty, WT, S685I, or S685A) on DIV 7. Scale bar,
5um. OE, overexpression. (d) Quantification of dendritic spine densities in ¢ (n=32, 22, 18,
20, 15 neurons). (e) Typical mEPSC recordings of DIV 12-16 primary hippocampal neurons
from WT or Shank3B KO mice transfected with pEGFP-C1 plasmids and vectors expressing
HA-Shank3 (empty, WT or S685I). (f) Quantification of mEPSC frequency and amplitude in
e (n=12, 16, 9, 14 neurons). (g) Representative images and quantification of spine densities
of dorsal striatal medium spiny neurons of mice with indicated genotypes (h=30, 30
neurons). Scale bar, 5um. (h) Representative images and quantification of spine densities of
hippocampal CA1 pyramidal neurons of mice with indicated genotypes (n=30, 30 neurons).
Scale bar, 5um. (i) Typical mEPSC recordings of dorsal striatal medium spiny neurons from
WT or KI-HOM mice. (j) Quantification of mEPSC frequency and amplitude in h (n=13, 15
neurons). All data are presented as mean + s.e.m. *p<0.05, **p<0.01, ***p<0.001,
**x*n<0.0001, NS, not significant; (b,f) one-way ANOVA with post hoc Tukey’s tests; (d)
one-way ANOVA with post hoc Dunnett’s tests (multiple comparisons were carried against
WT group as control); (g,h) unpaired two-tailed Student’s £test; (j) Mann-Whitney U'test.
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Figure4.
Shank3 and ABI1 functions converge on actin nucleation. (a) Venn diagrams showing the

overlap between Shank3 interactome and ABI1 interactome. (b) Gene ontology analysis of
the intersection of Shank3 and ABI1 interactomes. (c) Actin cytoskeleton-related sub-
network of the Shank3-ABI1 interactome. Green nodes indicate Shank3 specific interactors,
blue nodes indicate ABI1 specific interactors, and red nodes indicate the shared interactors
between Shank3 and ABI1. Green edges indicate interactions within the Shank3 specific
interactors, blue edges indicate interactions within the ABI1 specific interactors, red edges
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indicate interactions associated with the shared interactors, and gray edges indicate
interactions between the Shank3 specific interactors and the ABI1 specific interactors. (d)
Immunoblots following size-exclusion chromatography of mouse striatal lysate. VO, void
volume; *, non-specific band. (€) Fluorescent images of dendrites from DIV 21 dissociated
rat hippocampal neurons transfected with pEGFP-C1 plasmids and vectors expressing HA-
Shank3 (empty, WT, or S685I) on DIV 6. Scale bar, 5um. OE, overexpression. (f)
Quantification of normalized integrated spine F-actin intensity in e (n=22, 22, 22 neurons).
OE, overexpression. All data are presented as mean + s.e.m. **p<0.01, ***p<0.001, NS, not
significant; (f) one-way ANOVA with post hoc Tukey’s tests
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Figure5.
Shanka3 recruits WRC to the PSD via ABI1 to promote spine development. (a) Immunoblots

of GFP-WAVE1 and HA-Shank3 following immunoprecipitation of HA-Shank3 variants in
the co-immunoprecipitation assay in 293T cells. (b) Immunoblots of GFP-WAVEL variants
and HA-Shank3 following immunoprecipitation of HA-Shank3 in the co-
immunoprecipitation assay in 293T cells. (c) Immunoblots of GFP-WAVE3 and HA-Shank3
following immunoprecipitation of HA-Shank3 variants in the co-immunoprecipitation assay
in 293T cells. (d) Immunoblots following PSD fractionation using WT or Shank3B KO mice
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striatal lysate. PSD-95 and Shank3 were used as positive controls for each fraction. S1,
supernatant 1; P2’, crude synaptosomal fraction; P3, membrane fraction; SPM, synaptic
plasma membrane; PSD I, SPM after one-time Triton X-100 washout. (€) Quantifications of
immunoblots in d (n=3 experiments). (f) Immunoblots following PSD fractionation using
WT or KI-HOM mice striatal lysate. (g) Quantifications of immunoblots in f (n=3
experiments). (h) Fluorescent images of dendrites from DIV 14 dissociated mouse
hippocampal neurons co-transfected with siRNAs (scramble or against mouse Wavel and
Wave3), pPEGFP-C1 plasmids and vectors expressing HA-Shank3 (empty or WT) on DIV 7.
Scale bar, 5um; OE, overexpression. (i) Quantification of dendritic spine densities in h
(n=16, 23, 24, 30 neurons). All data are presented as mean + s.e.m. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001, NS, not significant; (e,g) paired two-tailed Student’s £test; (i)
one-way ANOVA with post hoc Tukey’s tests.

Mol Psychiatry. Author manuscript; available in PMC 2019 July 05.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Reagents and resources

	RESULTS
	Phosphorylation of Shank3 at S685 modulates its interaction with ABI
	An autism-linked S685I mutation specifically diminishes Shank3-ABI interaction
	Loss of Shank3-ABI interaction causes altered social behaviors
	Shank3-ABI interaction is critical for dendritic spine development and synaptic transmission
	Shank3-ABI interaction is critical for actin nucleation
	Shank3 recruits WRC to the PSD via ABI1 to promote spine maturation

	DISCUSSION
	Phosphorylation-dependent regulation of Shank3
	Shank3 as a hub for actin nucleation necessary for spine development
	The S685I missense mutation demonstrates the modularity of Shank3 function

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.

