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Background: Shank3 is a scaffolding protein essential for the organization
and function of the glutamatergic postsynapse. Monogenic mutations in
SHANK3 gene are among the leading genetic causes of Autism Spectrum
Disorders (ASD). The multiplicity of Shank3 isoforms seems to generate as
much functional diversity and yet, there are no tools to study endogenous
Shank3 proteins in an isoform-specific manner.

Methods: In this study, we created a novel transgenic mouse line, the
Shank3Venus/Venus nock in mouse, which allows to monitor the endogenous
expression of the major Shank3 isoform in the brain, the full-length Shank3a
isoform.

Results: We show that the endogenous Venus-Shank3a protein is localized in
spines and is mainly expressed in the striatum, hippocampus and cortex of the
developing and adult brain. We show that Shank3Venus/+ and Shank3Venus/Venus
mice have no behavioral deficiency. We further crossed Shank3Venus/Venus
mice with Shank32¢/AC mice, a model of ASD, to track the Venus-tagged
wild-type copy of Shank3a in physiological (Shank3Yenus/+) and pathological
(Shank3Venus/AC) conditions. We report a developmental delay in brain
expression of the Venus-Shank3a isoform in Shank3Venus/AC mice, compared
to Shank3Venus/+ control mice.

Conclusion: Altogether, our results show that the Shank3Venus/Venus moyse
line is a powerful tool to study endogenous Shank3a expression, in
physiological conditions and in ASD.

Shank3, knock in, ASD model, isoform-specific tagging, Shank3AC, Shank3a
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Introduction

Autism Spectrum Disorders (ASDs) affect about 1% of the
human population. Patients with ASD have impairments in
social communication and interaction and present repetitive
and stereotyped behaviors (American Psychiatric Association,
2013). A significant proportion of ASD is due to genetic
mutations, which has given hope for treatment (Kleijer et al.,
2014). The discovery of monogenic forms of ASD offers a unique
opportunity to explore the molecular and cellular mechanisms
underlying ASD. The striking convergence of “ASD genes”
onto glutamatergic signaling (Connor et al., 2014; Lee et al,
2016; Brown et al., 2018) supports the synaptic hypothesis as a
leading cause of autism (Bourgeron, 2015), with the prominent
role played by postsynaptic proteins linking group I mGlu
receptors with AMPA and NMDA receptors (Connor et al,
2014). Heterozygous mutations in the SHANK3 gene are among
the leading monogenic causes of ASD and can lead to Phelan
McDermid syndrome (PMS) (Durand et al,, 2007; Jiang and
Ehlers, 2013; Sala et al., 2015; Monteiro and Feng, 2017). PMS
is characterized by a significant delay in expressive speech,
intellectual disability, hypotonia, dysmorphic facial features,
increased tolerance to pain, epilepsy, and autism-like behavior
(Costales and Kolevzon, 2015).

The SHANK3 gene is located on mouse chromosome
15E3 and human chromosome 22q13.3. There are at least
6 different Shank3 protein isoforms, Shank3a to Shank3f
(Figure 1A), the full-length isoform (Shank3a) being the most
abundant form in the brain (Wang et al, 2014). Shank3a
is also the longest isoform and includes a Shank/ProSAP
N-terminal domain (SPN), 6 ankyrin repeats (ANK), a Src
Homology 3 domain (SH3), a PDZ (PSD-95/Dlgl/Z0O-1)
domain, a proline-rich region (Pro-rich), and a sterile alpha
motif (SAM) domain at the C-terminus (Naisbitt et al,
1999; Tu et al, 1999). These protein-protein interaction
domains multiply the possibility of interactions of Shank3a
protein with dozens of synaptic proteins, making it a key
component of the glutamatergic post-synaptic architecture.
Unfortunately, due to the lack of specific antibodies or genetic
tools, there is currently no possibility to study this Shank3a
isoform exclusively.

In an attempt to study the physiological role of endogenous
Shank3a, we generated a Shank3Venus/Venus Lnock in (KI)
mouse. This KI strategy is adding a tag on the protein of
interest while bypassing the need to overexpress the coding
gene, thus providing information on the endogenous protein
at physiological expression levels in an intact cellular context.
In addition, only the major isoform, Shank3a, is tagged in
this mouse line, allowing to focus on Shank3a expression
and function amongst all other isoforms. Finally, this new
mouse line can be crossed with Shank3 mutant mice to study
the repercussion of such mutations on Venus-Shank3a wild
type protein in heterozygous mouse models of ASD. This
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strategy, focusing on the physiological role of endogenous
Shank3, complements the previous attempts to understand
how alterations of the Shank3 protein can lead to the
development of ASD (Yoo et al, 2013; Sala et al, 2015;
Varghese et al., 2017).

Materials and methods

Generation of Shank3Venus/Venus |
mice at the Mouse Clinical Institute
and genotyping

The targeting vector was constructed as follows. A 3.6 kb
3’ homology arm fragment encompassing exons 3-7 was
amplified by PCR and subcloned in an Mouse Clinical Institute
(MCI) proprietary vector. This vector bares a floxed Neomycin
resistance cassette associated with a Cre auto-excision transgene
that allows the excision of the whole cassette in the chimera’s
male germ line. A 1.5 kb fragment corresponding to the fusion
of two PCRs amplicons (the Venus tag sequence and a 740-bps
genomic fragment encompassing exon 2) was cloned in a second
step using the endogenous Srfl site in 5’ and finally, a 3.6 kb (GC
rich as covering the 5 UTR of the gene) fragment corresponding
to the 5" homology arms was amplified by PCR and subcloned
in step 2 plasmid to generate the final targeting construct. The
linearized construct was electroporated in C57BL/6N mouse
embryonic stem (ES) cells. After selection, targeted clones were
identified by PCR using external primers and further confirmed
by Southern blot with a Neo probe (5 and 3" digests) as well
as a 3’ external probe. Three positive ES clones were injected
into BALB/cN blastocysts. One gave germ line transmission.
Resulting male chimeras were bred with wildtype C57BL/6N
females. Germline transmission of the knock in allele with a
direct excision of the floxed selection cassette was obtained. The
allele nomenclature (according to Mouse Genome Informatics)
is Shank3tm! (Venus)lcs

The primers used for genotyping have the following
sequence: GGTACGGCGAGATCGCAAAGG and CTCTCTCC
GCCGGGAACAG. The size of the PCR products is 862 bp for
the KI allele and 133 bp for the WT allele.

Animal handling

All animal procedures were conducted in accordance with
the European Communities Council Directive, supervised
by the IGF institute’s local Animal Welfare Unit (A34-
172-41) and approved by the French Ministry of Research
(agreement numbers: APAFIS#23357-2019112715218160 v4
and APAFIS#23476-2020010613546503 v4). The Shank34C/AC
mice (Jackson Laboratory, Bar Harbor, ME, USA, stock
#018398) have a deletion of the Shank3 3’ terminal part, starting
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just before exon 21. The resulting protein is truncated before the
Shank3 Venus/Venus
bred with homozygous Shank32¢/AC  to
obtain Shank3Ven/AC mijce (Figure 5A). Heterozygous
Shank3Venus/+ mice were crossed together to obtain
Shank3Venus/Venus pyice  Shank3Venus/+ mice and Shank3™/*

mice. Mice were grouped after weaning with respect to their sex.

Homer-binding domain. Homozygous

mice were

Western blot analysis

Mice of both sexes were anesthetized with isoflurane. Brain
structures were solubilized in a 10% SDS solution supplemented
with protease inhibitors (Roche Diagnostics, Germany).
Samples were sonicated and centrifuged. Concentration of
solubilized proteins was quantified using BCA assay (Sigma-
Aldrich, USA). All samples were then set at the same volume
and concentration for the rest of the protocol and 30ug
of proteins were loaded for each condition. Proteins were
eluted in Laemmli sample buffer, resolved on a tris-acetate
3-8% gradient gel (BioRad, USA) enabling the detection
of all expected bands at different molecular weights into
the same gel (from Venus-Shank3a to GAPDH). Proteins
were transferred onto a nitrocellulose membrane, which was
cut in two pieces upper and lower than 75 kDa and then
incubated with a mouse anti-GFP antibody and anti-GAPDH
antibody for the upper and lower part, respectively. After
this first immunostaining, we applied 0.5% azide-containing
solution to the upper part of the membrane to quench the
chemiluminescence and incubated the rabbit anti-Shank3
antibody for a second revelation of this upper part of the gel.
Immunoblot detection was performed using the following
primary antibodies: GFP (mouse monoclonal from Clontech,
USA, reference Cat.#632381, dilution 1:500), GAPDH (rabbit
polyclonal from Santa Cruz reference, dilution 1:25,000),
Shank3 (rabbit polyclonal from Santa Cruz, USA, reference
SC-30193, dilution 1:500). A Mann-Whitney test was used for
experiments comparing 2 conditions and a non-parametric
Kruskal-Wallis test with uncorrected Dunn’s post-test for those
comparing more than 2 conditions.

Hippocampal primary cell culture

Cultures were prepared from postnatal Shank3Venus/Venus
mice as previously described (Moutin et al., 2020). Briefly,
hippocampi were mechanically and enzymatically dissociated
with papain (Sigma-Aldrich, USA) and hippocampal cells were
seeded in Neurobasal-A medium (Gibco, USA) supplemented
with B-27, Glutamax, L-glutamine, antibiotics and Fetal
Bovine Serum (all media from Gibco, ThermoFisher Scientific,
USA). After 2 days in culture, cytosine p-D-arabinofuranoside
hydrochloride (Sigma-Aldrich, USA) was added to curb glia
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proliferation. The day after, 75% of the medium was replaced
by BrainPhys medium (Stemcell Technologies, Canada)
supplemented with B-27, Glutamax and antibiotics.

Immunocytochemistry

Shank3Venus/Venus hinnocampal primary cultures were fixed
at Day In Vitro 15 with 4% paraformaldehyde for 10 min
and then permeabilized and blocked with a 3% BSA, 0.1%
Triton X-100, PBS solution (blocking buffer) for 1 h at room
temperature. Cultures were then incubated overnight at 4°C
with primary antibodies against GFP (TP401, Biolabs, USA)
to stain Venus, and against MAP2 (M4403, Sigma-Aldrich,
USA) diluted in blocking buffer to final concentrations of
1:1,000. After washes, cells were incubated with secondary
antibodies for 2 h at room temperature, washed, incubated
with Hoechst 33258 (B2883, Sigma-Aldrich, USA) diluted in
water for 5 min at room temperature, mounted on slides
and observed under an Axio-Imager Z1 microscope equipped
with appropriate epifluorescence and filters (Carl Zeiss,
Germany).

Behavioral experiments

In order to characterize the psychomotor development of
Shank3Venus/Venus mice  weight, flipping, cliff avoidance and
walking tests were performed each day from PO to P15 on
both male and female pups. Self-grooming, Three chambers
sociability test, Open field and Marble burying were performed
on male and female mice aged 12-14 weeks.

Weight:
precision balance.

The mice were weighed each day on a

Flipping: Mice were placed on their backs. Those remaining
on their backs for at least one minute were scored 0. Those that
flipped onto their stomachs within 30 s to 1 min, 15-30's, or 5-
15 s were scored 1, 2, 3, respectively. Mice that flipped over in
less than 5 s received a score of 4.

Cliff avoidance: Mice were placed on the edge of a Plexiglas
platform over a 20 cm cliff with their nose and front legs over
the edge. Mice that moved away from the edge within 30 s
received the maximal score of 1, while mice that did not move
got the score of 0.

Walking: Mice were observed for 1 min. Mice that remained
immobile or moved in circles received a score of 0. Mice that
walked but inconsistently and asymmetrically received a score
of 1. Mice that walked symmetrically but slowly got a score
of 2 while those that walked correctly and quickly received a
maximum score of 3.

Open Field consisted of a square arena (50 cm x 50 cm).
Mice were placed in the center of the arena and left to explore
freely for 10 min. Total distance traveled, speed and time
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spend in the center zone (defined as a 25 cm side square)
were measured during 10 min by video tracking (Ethovision,
Noldus, Netherlands).

Self-grooming: Mice were placed in a 20 cm Plexiglas square
arena and video monitored. Time spend self-grooming was
measured visually during 10 min.

Marble test: Mice were placed individually in a clean cage
with 5 cm thick bedding together with 15 marbles evenly
distributed on top of the bedding. After 30 min in the cage,
mice were removed and we evaluated the level of marble burying
according to the following score: 0 for a totally buried marble; 1
for a half-buried marble and 2 for a totally visible marble. We
also evaluated the level of interaction with the marbles counting
marbles that were untouched during the test.

Three chambers sociability test: Mice were tested individually
in a three chambers test apparatus (rectangular 40 x 60
plexiglass, Panlab, Spain). The apparatus was cleaned with
alcohol 30% between trials. Each of the two side chambers
contained a cage (9 cm in diameter) in which social (stranger
mouse) and non-social (object) stimuli could be confined.
Testing consisted of three trials: trial 1 (habituation), the
test mouse was placed in the middle chamber and then
could freely explore the test box for 10 min with the cages
empty. After which they returned to their home cage for 1 h
before proceeding with the next trial. During trial 2 (social
preference), an unknown mouse (stranger 1: social stimulus)
was introduced in one of the cages in one side chamber, whereas
an unknown object (object: non-social stimulus) was enclosed
in the other cage in the opposite side chamber. Location of
stranger 1 in the left or right-side chamber was balanced across
subjects. The test mice were allowed to explore during 10 min.
After 1 h in their home cage, mice were exposed to trial 3.
During trial 3 (social novelty), the object present in trial 2
was replaced by a novel unfamiliar mouse (stranger 2: novel
social stimulus). Again, the test mouse was allowed to explore
during 10min. Behavior was video monitored during all trials
(Ethovision, Noldus, Netherlands) to analyze general activity
(distance traveled, speed). Social preference index was calculated
as the ratio of time spent in the side chamber containing
the social stimulus by the time spent in both side chamber
during trial 2. Social novelty recognition index was calculated
as the ratio of time spent in the side chamber containing
the novel social stimulus by the time spent in both side
chamber during trial 2.

Statistical analysis: For pups, we analyzed the evolution of
mice proportion over time using Generalized Linear Model
(GLM) (Ordinal Logit model, SPSS® IBM®) with score as
dependent variable and genotype and days as covariates. We also
used GLM to compare the evolution of weight over time with
weight as dependent variable and genotype and days as covariate
(Linear Scale Response model, SPSs” IBM®).
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For the adults’ tests, differences between the three genotypes
groups were analyzed using One-way ANOVA or Kruskal-
Wallis accordingly to their distribution (Graph Pad Prism 9.3.0).

Results

Generation of a Shank3Venus/Venus |
mouse line allowing the exclusive
detection of Shank3a isoform

In mice, the SHANK3 gene is composed of 22 exons
(Figure 1A). Multiple intragenic promoters, at least six (see
Monteiro and Feng, 2017 for review), lead to six major
protein isoforms: Shank3a to Shank3f. We have generated
the Shank3Venus/Venus KT mouse line by inserting the DNA
coding for Venus fluorescent tag at the beginning of exonl
of SHANK3 gene, just after the ATG start codon (Figure 1B).
This strategy enables to tag exclusively the endogenous Shank3
variants that are produced by the first promoter: variants of
the Shank3a isoform only, Shank3b to f being generated by
promotors located downstream Venus DNA coding sequence.
To check for the effective expression of this tagged version
of Shank3, we performed Western blots on brain samples
of adult Shank3Venus/Venus mijce with two different primary
antibodies. The first one was raised against Venus and the
second one against the C-terminal part of Shank3 (Verpelli
et al,, 2011) (which recognizes Shank3a, c/d e, and f isoforms).
Consistently, Western blot analysis of adult Shank3Venus/Venus
mouse brains showed only one double band (Figure 1C), with
an apparent molecular weight corresponding to the expected
size of full-length Venus-Shank3a (theoretical Venus-Shank3a
molecular weight: 212 kDa). As expected, the shorter isoforms
lacking at least the N-terminal exon 1 and exon2 (Shank 3b
to f) could not be detected using an anti-Venus antibody.
These shorter bands are present when using the anti-Shank3
antibody labeling all Shank3 isoforms conserving the C-terminal
part, excepted for Shank3f which molecular weight is around
10 kDa (Monteiro and Feng, 2017) and cannot be detected
in our experimental conditions (Figure 1C). Furthermore, as
already reported for Shank3c, Shank3d, and Shank3e, additional
transcripts may be produced by alternative splicing of exons
(exon 11, exon 12, exon 18, exon 21, and exon 22). For
example, for Shank3c, alternative splicing gives rise to Shank3cl1,
Shank3c3, and Shank3c4 (Monteiro and Feng, 2017). We
noticed that the Venus-Shank3 band was indeed a double band,
which may be the result of alternative splicing. To complete
the characterization of endogenous Venus-Shank3 expression,
immunocytochemistry on hippocampal neuronal cultures from
Shank3Venus/Venus mice shows that labeled endogenous Venus-
Shank3 proteins are expressed in a punctate manner along
dendrites (Figure 1D), as expected from the endogenous
expression of Shank3 in dendritic spines (Tu et al., 1999).
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FIGURE 1

Generation of the Shank3Venus/Venus inock in mouse line and detection of Venus Shank3a isoform expression. (A) Schematic representation of
the mouse Shank3 gene structure and protein domains of the different protein isoforms. Sites of intragenic promoters and alternative splicing
exons are represented by arrows. SPN for Shank3/ProSAP N-terminal domain (1-75 aa); ANK for Ankyrin repeat domain (148-345 aa); SH3 for src
Homology-3 domain (470-529 aa); PDZ for PSD-95/DLG/Z0O-1 domain (570-664 aa); PRO for proline-rich domain (831-1417 aa); SAM
(1667-1730 aa). (B) Schematic representation of the Venus-Shank3 protein domains and steps of Shank3Venus/Venus k| mouse line creation.
Please note that the Venus coding sequence was inserted at the beginning of exon 1 (in frame with and just after the ATG), enabling the
exclusive Venus-tagging of the Shank3 variants that are generated by the first promoter, Shank3a isoforms. (C) Total brain lysates from 3
different Shank3Venus/Venus ang Shank3*/* adult mice were immunoblotted for Venus (left) and Shank3 (right) expressions. Expected molecular
weight for untagged Shank3a, 3c/d and 3e isoforms are indicated on the right side of the blot (a, c/d, and e). (D) Immunocytochemistry images
from Day In Vitro 15 Shank3Venus/Venus hinnocampal primary cultures stained with antibodies against the dendritic marker MAP2 (red), Venus
(green), and the nuclear marker Hoechst (blue)
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Shank3Venus/Venus K| mice exhibit
typical development and behavior

We evaluated Shank3Ve™s/+ and Shank3Venus/Venus mice
metabolic and sensorimotor development by tracking mice
weight, sensorimotor reflexes (flipping and cliff avoidance
tests), and walking abilities (Figure 2). We used mice from
postnatal day 0 (P0) to 15 (P15) to detect possible early
deficits. We found no significant difference in weight from birth
until P15 between Shank3Ve"/* and Shank3*/* littermates.
Similarly, flipping, cliff avoidance, and walking scores were
not significantly affected in Shank3Ve"“s/+ mice compared to
WT mice. Because Shank3a mutations are associated with
ASD like phenotypes, to rule-out any behavioral effect of the
fusion of the Venus tag on Shank3a, we further characterized
12-14 weeks adult mice behaviors in tests known to reveal
autistic-like phenotypes at this age. We evaluated mice social
interests using the three chambers test. We found no difference
between Shank3™/*, Shank3Venus/+ and Shank3Venus/Venus
mice in social preference nor in social novelty, highlighting the
absence of atypical social interest in these KI mice (Figure 3A).
We assessed stereotyped behaviors and anxiety measuring self-
grooming, locomotion in the open field and mice propensity
to interact with marbles. The time spent grooming was not
significantly different between Shank3*/*, Shank3Venus/+ and
Shank3Venus/Venus mice (Figure 3B), suggesting the absence of
stereotyped behavior and no atypical anxiety level in Venus-
tagged Shank3a mice. The time spent in the center zone of an
open field (Figure 3C) was not significantly different between
genotypes either, suggesting the absence of atypical anxiety. We
however noticed a slight but statistically significant decrease in
burying score of Shank3Ve""/+ heterozygous mice compared
to Shank3™/* in the marble test (Figure 3D) meaning that
this genotype tends to burry more marbles. Yet, the propensity
to interact with the marbles (number of untouched marbles)
remained the same. As Marble burying test can be used as
a proxy to measure anxiety, the outcome of this test reflects
complex behavior combining anxiety together with novelty
avoidance, stereotypical movements and general locomotion.
That is why we performed supplemental behavioral tests
for this genotype: Elevated Plus Maze test confirmed that

anxiety-like behaviors of Shank3Venus/+

adult mice were typical
(Supplementary Figure 1A). Performance in the Cyclotron
(Supplementary Figure 1B) and Rotarod (Supplementary
Figure 1C) showed that motor activity, motor coordination
and endurance were typical as well. Aforementioned absence
of hyper self-grooming ruled out stereotypical movements’
abnormalities. Altogether, these behavioral experiments show
that Shank3Ve™/* and Shank3Verus/Venus KT mice behave as
WT mice. In future studies, Shank3Venus/Venus K mice can
then be crossed with Shank3 mutant mouse models of ASD

to understand the consequences of a Shank3 ASD mutation
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on the molecular dynamics of Venus-Shank3a at synapses in
heterozygous mice.

Shank3Venus/Venus K| mice exhibit
typical expression of Shank3 isoforms
in the brain

To compare the expression of the different Shank3
isoforms in Shank3Venus/Venus (Figure 4A) and wild type mice
(Figure 4B), Western blotting analysis was conducted on adult
brain samples using Shank3 antibody. The Shank3a isoform
is highly expressed in the striatum, hippocampus and cortex
(Figures 4A’B’) while the c/d isoforms predominate in the
cerebellum (Figures 4A”,B”). Shank3e is present but weakly
expressed in all brain areas studied. Relative to the other
variants, it is most highly expressed in the striatum. We did
not find major differences in Shank3 variants expression profile
between Shank3Yenus/Venus mjce and Shank3*/* littermates.
The absence of signal using the anti-Venus antibody on Western
blot from Shank3™/* mouse brain extracts (Figure 4B),
which does not express Venus-tagged proteins, confirmed the
specificity of endogenous Venus-Shank3a isoform detection by
Venus tagging.

Overall, these experiments using Shank3Venus/Venus 1o
confirm a predominant expression of Shank3a in the striatum,
hippocampus and cortex.

Crossing Shank3Venus/Venus K| mijce
with the Shank32¢/AC mouse model of
ASD reveals altered expression of the
wild type Shank3a isoform in ASD

The Shank3AC mouse line displays a mutation found
in humans and is commonly used to investigate autistic-
like phenotypes (Kouser et al, 2013; Duffney et al, 2015;
Moutin et al, 2021). We crossed Shank3Venus/Venus  mice
with Shank32¢/AC or Shank3*/* mouse strains to compare
heterozygous mice expressing either Venus-Shank3 and
untagged wild type Shank3 (Shank3Ve™s/*+) or Venus-Shank3
and untagged Shank3AC (Shank3Ver"s/AC), Figure 5A. This
allowed us to study Venus-Shank3a isoform expression in
the context of ASD. In Shank3Ve"s/* mice, Venus-Shank3a
was poorly expressed until postnatal day 7 in all studied brain
regions (Figure 5B). At postnatal day 14, it considerably
increased and reached a plateau at one month. These Venus-
Shank3a expression kinetics were modified in Shank3Vers/AC
mice. Indeed, the expression of Venus-Shank3a appeared
to be delayed in the striatum and hippocampus, until one
month. To better characterize this developmental gap in
Venus-Shank3a expression, we directly compared Venus-
Shank3a expression between the two genotypes at the critical
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least 18 mice per group. (A) Weight. Pups were weighed from birth to P15. Data are mean + SEM. (B) Walking. Mice were scored for walking
from P7 to P12. Data are proportion of mice reaching the different score through days. GLM, genotype effect: p-value = 0.81, interaction
genotype by time: p-value = 0.48. (C) Cliff Avoidance. Proportion of mice avoiding the cliff from birth to P7. GLM, p-value = 1.00. (D) Flipping.
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period of synaptogenesis in juvenile (P7-14) mice (Figure 5C).
Venus-Shank3a expression in the juvenile group (P7-14) was
normalized by Shank3a expression in the adult group (1-3M),
in both Shank3Verss/* and Shank3"Ve"#s/AC genotypes. We
confirmed a significant decrease of Venus-Shank3a expression
in juvenile mice when co-expressed with ShankA3C, in the
striatal and hippocampal regions. This alteration was absent
when analyzing the full brain and only a tendency in the cortex.
Altogether, these experiments show that the Shank3Verus/ Venus
KI mouse line can be crossed with ASD Shank3-mutant mice to
track the expression of Venus-Shank3a isoform. The first results
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obtained with Shank3"em#s/Venus KT mouse line revealed a delay
in Venus-Shank3a expression during the postnatal critical
period of development (P14) in the Shank3 AC mouse model of
ASD.

Discussion

Shank3 is a key scaffolding protein that organizes
glutamatergic postsynapse architecture and function (Boeckers
et al,, 2002; Monteiro and Feng, 2017). Many Shank3 isoforms
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FIGURE 3

Behavioral test battery in Shank3Venus/Venus ghank3Venus/+ and Shank3t/* KI adult mice. (A) Three chambers sociability test. Social preference
index: time spent in social stimulus side chamber divided by time spent in both chambers. Social novelty index: time spent in the novel social
stimulus side chamber divided by time spent in both chambers. One-way ANOVA, p-values = 0.71 and 0.51 for social preference and social
novelty indexes respectively. (B) Self-grooming. Time spent by the mice grooming during a 10 min period. Kruskal-Wallis test, p-value = 0.48.
(C) Open Field. Total distance traveled by the mice during the 10 min test. One-way ANOVA, p-values = 0.13. Time spent in the center zone.
One-way ANOVA, p-values = 0.95; latency to the first entry into the center zone. Kruskal—Wallis, p-value = 0.38. (D) Marble burying. Number of
marbles untouched. Kruskal—-Wallis, p-value = 0.11. Score of marble burying. One-Way ANOVA, p-value = 0.004. Bars are mean + SEM. from 19
Shank3t/*, 21 Shank3Venus/+ and 9 Shank3Venus/Venus except for Open field's time spent in the center zone and latency to the center zone
where data are from 17 Shank3*/*, 19 Shank3Yenus/+ and 9 Shank3Venus/Venus

are expressed in the brain, each one has its own unique
specificity of brain area, cell type or even subcellular expression
and each interacts with a specific plethora of proteins, strongly
suggesting differential functions for each isoform (Wang et al,,
2014; Monteiro and Feng, 2017). The longest and major Shank3
isoform has never been selectively studied due to the lack
of specific antibodies or genetic tools enabling to isolate its
functions from that of other isoforms. Here, we developed a
transgenic Shank3Vers/Vens KT mouse to specifically study this
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Shank3a isoform, in its intact cellular context, at endogenous
expression levels. Moreover, as a proof of concept, we show
that this mouse line can be crossed with Shank3 mutant mice
to study the Venus-Shank3a wild type protein in heterozygous
mice models of ASD.

Although studies with overexpressed proteins have been
essential so far to highlight different Shank isoforms specific
functions (Han et al, 2013; Eltokhi et al, 2021), genome
editing is a powerful technique for studying gene expression and
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FIGURE 4

Shank3 protein isoforms expression in different brain areas. (A, Top A’) Total lysates of striatum (Str), hippocampus (Hipp), cerebellum (Cb),
cortex (Cx), and full brain from 3 different Shank3Venus/Venus a4yt mice immunoblotted for Venus, Shank3 and GAPDH. (Bottom A") Summary
graph of the Shank3a/GAPDH ratios (quantified using Shank3 antibody). (A”) Graphs present the Shank3a, Shank3c/d and Shank3e over GAPDH
ratios in the full brain or the different brain areas (quantified with Shank3 antibody). (B) Same as panel (A) but in 3 Shank3*/* adult mice. For
panels (A,B) data are mean + SEM, *indicates p-value < 0.05, **p < 0.01, non-parametric Kruskal—Wallis test with uncorrected Dunn’s post-test.

functions in an intact cellular environment. The main advantage
of this strategy precisely resides in its non-invasive nature, which
circumvents protein overexpression frequently resulting from
the use of mammalian-cell gene delivery vectors, such as viruses.
Hence, tagging the endogenous protein minimizes experimental
bias which may arise from aberrant protein expression or from
deficient protein-protein interactions when the stoichiometry
of functional complexes is altered. In agreement with these
considerations, we found that the endogenous Venus-Shank3a
protein in the KI mice displays similar developmental
expression profile to the untagged endogenous Shank3a (Wang
et al.,, 2014; Monteiro and Feng, 2017), it is correctly targeted
to dendritic spines, the overall metabolic and sensorimotor
development of the Shank3Verus/Venus KT mice is typical
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and adult Shank3Verss/Venus KT mice do not display autistic-
like features. On the other hand, respecting endogenous
expression levels can complicate the performance and analysis
of experiments that rely on the fluorescence of a small number
of Venus-tagged proteins at the single cell level. We by-passed
the problem of weak fluorescence by amplifying the Venus
fluorescence using fluorescent antibodies raised against Venus.
Overall, we showed that the Shank3Verus/Venus K1 mouse line
provides a potential tool to elucidate the localization of Shank3a
endogenous proteins in neurons by Venus tagging without
altering Shank3 isoforms expression and preserving typical
development and behavior of the mice. The morphology of

Shank3Venus/Venus hippocampal neurons in culture is spiny,
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FIGURE 5

Expression of Shank3a isoform in ASD. (A) Mouse lines crossing scheme. (B) Total lysates extracted from full brain, striatum, hippocampus, and
cortex of Shank3Venus/+ (top) or Shank3Venus/AC (bottom) mice at different developmental stages, from Postnatal day 1 (P1) to 3 months-old
(3M), immunoblotted for Venus and GAPDH. All replicates are presented, each from a different mouse. Data are expressed as a percentage of
the maximum Shank3a/GAPDH ratio average. (C) Shank3a/GAPDH ratio in juvenile (P7 and P14) mice, expressed as a percentage of expression
in adult mice (1 and 3 months) quantified in different brain regions from Shank3Venus/+ (black) and Shank3Venus/AC (gray) mice. n = 6 samples
from 6 different mice for each structure at each time point, excepted for Shank3Yenus/AC mice at P7-14 where n = 5. Data are mean + SEM. ns:

not significant; p-value: *<0.05; p-value: **<0.01 Mann—-Whitney test.

with a punctiform distribution of Venus-Shank3 at synapses.
These mice will represent a powerful tool, by circumventing
the lack of isoform specific antibodies, to investigate molecular
dysfunctions at the synaptic level in various shankopathies (by
crossing this line with mice carrying Shank3 mutations).
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In a first set of experiments, Western blot analysis of the
transgene expression revealed that only the Shank3a isoform
was tagged with Venus. This observation is coherent with
the genome editing chosen strategy, which was to add the
coding sequence of Venus in frame with Shank3 exonl.
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Shank3 exonl is absent from Shank3 b to f isoforms, each of
them being produced by gene transcription starting at specific
promoters located downstream of exon2. Hence as expected,
only the isoform driven by the first promoter (upstream exonl)
could display the Venus tag, i.e., the Venus-Shank3a isoform.
However, downstream from the first transcription start site,
SHANK3 gene has alternative options of splicing, which could
have resulted in the generation of a wide array of mRNA
transcripts and protein isoforms. Alternative splicing of exon
(exon 11, exon 12, exon 18, exon 21, and exon 22) have
indeed already been shown to trigger the variety of additional
transcripts for Shank3c, 3d, and 3e (Jiang and Ehlers, 2013).
Our biochemical data revealed a unique band for Venus-
Shank3 (Figure 1C), the Shank3a full-length, which appears,
however, as a doublet. Hence, even if no alternative Shank3a
isoform has been reported for so far (Monteiro and Feng,
2017), this doublet could indeed arise from alternative splicing.
Alternatively, post-translational modifications, such as Shank3a
phosphorylation (Wu et al., 2022), would similarly induce a
slight shift in molecular weight. Future experiments may test
these hypotheses, which are not mutually exclusive.

Consistent with previous reports (Lim et al.,, 1999; Wang
et al,, 2014; Lee et al., 2015; Mei et al.,, 2016), we found that
the different Shank3 protein isoforms are differently expressed
according to developmental stages and in a brain region
specific manner, suggesting the existence of isoform specific
functions. Systematic analysis of isoform-specific binding
partners and isoform-specific brain expression patterns is an
important step for future research. In that attempt, we used
the herein generated Shank3Venus/Venus KT mouse line in which
endogenous Shank3a full-length isoform is specifically tagged to
follow its neurodevelopmental expression. Our data show that
Venus-Shank3a is mainly expressed in the cortex, striatum and
hippocampus at early developmental stage when synaptogenesis
occurs (P14). This specific brain area expression persists in
the adult brain with an additional delayed expression in the
adult cortex. We found no expression of Venus-Shank3a in the
cerebellum, or a marginal one.

Given the potential importance of the SHANK3 gene in ASD
(Betancur and Buxbaum, 2013; Carbonetto, 2013; Leblond et al.,
2014; Sala et al., 2015), it is crucial to understand more about
its physiological role at the synapse and how it is disrupted
by mutations. In humans, SHANK3 gene (22q13.3) deletion
triggers neurodevelopmental disorders like Phelan-McDermid
syndrome (PMS), characterized by autistic like behaviors,
hypotonia and delayed or absent speech (Bonaglia et al., 2001;
Phelan et al, 2001; Phelan, 2008; Phelan and McDermid,
2012). Shank3 protein truncation is thought to cause the core
neurodevelopmental and behavioral deficits that are observed
in patients. By definition, in this heterozygous condition only
one of the two Shank3 alleles displays the mutation. This
means that the core PMS symptoms could either be triggered
by Shank3 haploinsufficiency (Phelan and McDermid, 2012),

Frontiers in Neuroscience

11

10.3389/fnins.2022.1081010

and/or by a dominant negative effect of the Shank3 mutant
form (resulting from aberrant trafficking to the dendritic spines
or lack of interaction with functional partners). The latter
hypothesis is more frequently investigated (Yoo et al., 2013;
Sala et al.,, 2015; Varghese et al., 2017). Our strategy, focusing
on the expression and role of the non-mutated endogenous
Venus-Shank3a when co-expressed with the truncated untagged
form, Shank3AC, complements the previous attempts to
understand how alteration of the Shank3 protein can lead
to the development of ASD. Here we showed that Venus-
Shank3a expression is delayed during brain development when
co-expressed with Shank3AC. In particular, Venus-Shank3a
expression is deficient around P7-14, a period during which
Shank3 is essential because of its role in the synaptogenesis
and neuronal wiring of the developing brain (Sala et al.,, 2001,
2015; Roussignol et al., 2005; Durand et al., 2012; Macgillavry
et al,, 2016; Sarowar and Grabrucker, 2016; Pagani et al., 2019).
We observed this delayed expression in the cortex, striatum
and hippocampus. Defect in neuronal connectivity within the
limbic system could explain, at least in part, the cognitive deficits
associated with ASD. Hence, ASD may also depend on the ability
of the wild type Shank3 allele to be typically expressed and
engaged into functional complexes at synapses. Similarly, the
difference in impairment severity might be explained not only
by the expression pattern of Shank3 mutated form but also by
the extent to which the spared Shank3 protein can (or cannot)
compensate for its loss.

To conclude, the Shank3Venus/Venus K1 mouse line enables
to track the Shank3a isoform in physiological and ASD
conditions. This mouse line will be further useful to screen for
differential Venus-Shank3a protein interactors in physiological
and pathological conditions. Understanding Shank3 proteins
function from an isoform specific perspective may also help to
explain how different SHANK3 gene mutations may result in
distinct phenotypic consequences in different transgenic mice
(Monteiro, 2018). Importantly, isoform-specific studies will help
understanding the clinical conditions of patients with SHANK3
mutations, for whom genotype-phenotype stratification will
help the design of specific pharmacological agents.
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