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Modeling SHANK3-associated autism spectrum disorder in
Beagle dogs via CRISPR/Cas9 gene editing
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Despite intensive studies in modeling neuropsychiatric disorders especially autism spectrum disorder (ASD) in animals, many
challenges remain. Genetic mutant mice have contributed substantially to the current understanding of the molecular and neural
circuit mechanisms underlying ASD. However, the translational value of ASD mouse models in preclinical studies is limited to
certain aspects of the disease due to the apparent differences in brain and behavior between rodents and humans. Non-human
primates have been used to model ASD in recent years. However, a low reproduction rate due to a long reproductive cycle and a
single birth per pregnancy, and an extremely high cost prohibit a wide use of them in preclinical studies. Canine model is an
appealing alternative because of its complex and effective dog—human social interactions. In contrast to non-human primates, dog
has comparable drug metabolism as humans and a high reproduction rate. In this study, we aimed to model ASD in experimental
dogs by manipulating the Shank3 gene as SHANK3 mutations are one of most replicated genetic defects identified from ASD
patients. Using CRISPR/Cas9 gene editing, we successfully generated and characterized multiple lines of Beagle Shank3 (bShank3)
mutants that have been propagated for a few generations. We developed and validated a battery of behavioral assays that can be
used in controlled experimental setting for mutant dogs. bShank3 mutants exhibited distinct and robust social behavior deficits
including social withdrawal and reduced social interactions with humans, and heightened anxiety in different experimental settings
(n = 27 for wild-type controls and n = 44 for mutants). We demonstrate the feasibility of producing a large number of mutant
animals in a reasonable time frame. The robust and unique behavioral findings support the validity and value of a canine model to
investigate the pathophysiology and develop treatments for ASD and potentially other psychiatric disorders.
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INTRODUCTION

Autism spectrum disorder (ASD), affecting roughly 1% of the
population worldwide, is a neuropsychiatric condition character-
ized by social communication and interaction deficits, and
repetitive and restricted behaviors or interests. Substantial
progress in identifying genetic defects contributing to ASD has
provided the construct validity to model ASD in animals [1-5].
Genetically engineered mice that carry mutations identified in
ASD patients have contributed substantially to the current
understanding of molecular and circuit mechanisms underlying
ASD. However, because of the substantial differences in brain,
behavior, and drug metabolism between rodents and humans,
preclinical studies devoted to the development of new treatments
for ASD have raised questions about the translational utility of
rodent models for drug development of brain disorders [6, 7]. The
efficient genome editing techniques and virus-based gene

manipulations have made it possible to model ASD in species
such as non-human primates [8-12]. The non-human primate
models provide new insights into the pathophysiology of ASD.
However, the low reproduction rate (5 years to reach sexual
maturity and one progeny per pregnancy) and the extremely high
cost pose a practical challenge for the broad application of these
models in preclinical studies [6, 13, 14].

Domestic dogs offer an excellent alternative to explore the
feasibility of modeling ASD and other neuropsychiatric diseases.
The dog genome more closely resembles the human genome
than the mouse genome in sequence composition [15]. The
spatiotemporal expression pattern of dog brain proteome is more
similar to that of human brain than that of mouse brain [16]. Dogs
show stronger social bonds with humans than non-human
primates through reading human communicative cues such as
pointing and gazing [17-20]. Thus, dogs may have unique
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advantages over rodents and non-human primates for studying
ASD and other psychiatric disorders, owing to their efficient and
readily interpretable social interactions with humans.

We aim to explore the potential of using genetically modified
dogs to model neuropsychiatric diseases. Since SHANK3 mutation
is the first and one of the most replicated genetic risks for
idiopathic ASD [1-5, 21, 22] and our team has extensive
experience in modeling SHANK3-associated ASD in mice and
monkey [10, 11, 23, 24], we aimed to develop Shank3 mutant dog
models for this exploratory investigation. In the present study, we
generated and characterized multiple lines of mutant dogs
carrying distinct mutations in Beagle Shank3 (bShank3) by
CRISPR/Cas9 gene editing. Among the various breeds of dogs,
we chose Beagles as they are considered as an ideal breed for
biomedical research and new drug development because of its
docility, relatively small size, and similar drug metabolism to
humans [25, 26]. Furthermore, for the first time, we developed and
validated several behavioral assays to assess ASD-like behaviors in
mutant dogs. bShank3 mutant dogs recapitulate social behavior
deficits including social withdrawal and elevated anxiety reported
in human ASD patients. To our knowledge, this is the first report of
modeling ASD in dogs by a genetic approach. Our findings
demonstrate the validity and advantages of genetically modified
dogs to model ASD and possibly other psychiatric diseases.

RESULTS

CRISPR/Cas9-mediated gene editing of bShank3 in Beagle
dogs

To generate bShank3 mutants by CRISPR/Cas9 gene editing, we
targeted exon 5 and exon 21 independently to disrupt the ANK
domain and proline-rich domain of bShank3, respectively, and
also exons 5 and 21 simultaneously to induce a large deletion
between them (Fig. 1a). From 17 pregnancies of 84 injected
zygotes, we obtained 51 FO offspring, of which 13 carried
mutations in bShank3 (25.5% positive rate for gene editing) as
determined by PCR and Sanger sequencing (Supplementary Fig.
S1).

Whole-genome sequencing, which allows unbiased detection of
sequence variants across the genome, of FO mutants including
Mu216M, Mu306M, Mu614F, and Mu636F showed apparently
reduced coverage in targeted sites (Fig. 1b). In support of the
whole-genome sequencing results, genotyping analysis by PCR
followed by DNA sequencing revealed bi-allelic mutations in exon
21 from Mu216M (—496/—522 bp), Mu306M (—483+7/
—1279 4+ 1bp), and Mu636F (—4/—12+ 1bp) (Fig. 1b, ¢ and
Supplementary Fig. S1). These mutations except —522 bp
(resulting in an in-frame deletion of 174 amino acid residues)
lead to frame shifts and truncated proteins ending at the proline-
rich domain (PRO) (Fig. 1a, b, d). Mu614F carried a large deletion of
~33 kb (—33752 + 16 bp) spanning exons 5 and 21, reducing the
sequence coverage by 37.64% calculated from the whole-genome
sequencing data, together with a low mutation rate (1/12) of —4
bp in exon 21 (Fig. 1b and Supplementary Fig. S1).

To obtain germline transmission of the mutations from FO
founder mutants, we bred Mu216M and Mu306M with wild-type
(WT) females and obtained F1 offspring carrying expected
heterozygous bShank3 mutations. We then crossed these F1
heterozygotes except the ones carrying mutations of —522 bp to
generate F2 and F3 mutants for phenotypic analysis. However, we
had no success in obtaining viable offspring from FO female
mutants of Mu614F and Mu636F, as they experienced multiple
premature deliveries (twice for Mu614F and once for Mu636F),
partly due to a low level of progesterone in late pregnancy.

We examined bShank3 expression in the prefrontal cortex (PFC)
of deceased newborn F1 and F2 mutants (postnatal days 1-5) by
immunoblot analysis with a rabbit antibody we generated against
the C-terminus 1453-1805 aa of mouse Shank3 [10]. A
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substantially reduced level of bShank3 was observed in hetero-
zygous F1 offspring, and even more so in homozygous F2 mutants
(Fig. 1d), consistent with the expected mutations at the protein
level (p.G1072PfsX37 for the -496 bp deletion and p.P1071LfsX77
for the —483+7bp indel based on the reference protein
sequence XP_038535340.1). An extra band of 190 kD observed
in —1279 4+ 1 bp mutants is likely due to an expected 426 aa in-
frame deletion (p.P1063_K1488del; Fig. 1d). These results indicate
a deficiency of the majority of bShank3 isoforms but certain
isoforms remaining in these mutants, similar to the findings from
different lines of Shank3 mutant mice with various targeted
mutations [21, 27]. CRISPR/Cas9 editing could cause off-target
mutations. To test this possibility, we analyzed whole-genome
sequencing data of the founder dogs and their parents (the raw
sequence data can be accessed at https://bigd.big.ac.cn/gsa with
accession number CRA004090). These analyses did not reveal any
off-target mutations, consistent with previous reports on the
fidelity CRISPR/Cas9-mediated mutations in non-human primates
[10, 12, 28].

To understand the molecular consequence of bShank3 muta-
tions, we examined expression levels of neuronal markers NeuN
and Doublecortin (DCX), the glutamate receptor GIuN2B, and PSD
proteins PSD95, Homer, and Homer1b/c in whole-cell lysates of
PFC from WT controls and mutants at PO-P5 by western analysis;
homozygous —496 bp but not 1279 + 1 bp mutants expressed
significantly decreased levels of NeuN, DCX and GIuN2B (Fig. 2a,
b). Immunohistochemistry analysis verified the western results of
decreased NeuN expressions in homozygous —496 bp mutants
(Fig. 2¢, d). The deceased levels of NeuN, DCX and GIuN2B in
homozygous -496 bp mutants are consistent with our previous
findings in a SHANK3 mutant monkeys [10].

General health and development of Shank3 mutants

The offspring of two FO founder mutants Mu216M and Mu306M
including 33 heterozygotes, 3 compound heterozygotes, and 8
homozygotes of F1-F3 offspring were phenotypically analyzed in
the present study (Supplementary Table 1). For simplicity, we
grouped compound heterozygous and homozygous mutants
together as homozygotes (—/—) hereafter, since we did not
observe a significant difference between them. A total of 27 WT
controls including WT littermates were included in this study. WT
littermates (n =6) were used as preferred controls if they were
available. Otherwise, age- and gender-matched and typically
developed dogs were used as WT controls. Homozygous bShank3
mutants showed significantly reduced body size and weight
(controls: 13.2+2.19kg (mean +SD throughout); homozygotes:
9.91+£1.80kg, Fie0=9.011, p=0.003), but all heterozygous
bShank3 mutants (12.51 £ 2.22 kg, F,, 60y = 9.011, p = 0.4788) were
comparable to WT controls in size and body weight (Fig. 2e). We
noted that FO mutants showed compromised locomotion in
treadmill assay and stair climbing. However, the F1 and F2
mutants, heterozygous or homozygous, performed normally on
the assays, suggesting the locomotion defects in FO mutants
might not be associated with bShank3 mutations. Consistently, the
locomotive activities of F1 and F2 mutants monitored by an
accelerometer actigraphy in home cages in both day time and
night time appeared normal (Fig. 2f).

Observation of social play in a natural setting has been the
major paradigm for behavioral analysis of dogs [19, 29I
Quantitative behavioral assays of genetically modified dogs in
controlled experimental setting have thus far not been reported.
In order to assess social behaviors of bShank3 mutant dogs, we
developed and performed a battery of behavioral assays including
three-chamber analysis, social interaction with human in home
cage and in open field (OF), machine learning-assisted analysis of
tail wagging, and attention-seeking test of bShank3 mutants and
WT controls. The order for different behavioral assays is presented
in Fig. 3a.
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CRISPR/Cas9-mediated bShank3 mutations in dogs. a Schematic diagram of bShank3 (genomic DNA MW322029 at Genbank) and

sgRNAs targeting sites in exons 5 and 21. The distance between sgRNAT and 3 is 33 kb, and 440 bp between sgRNAs 2 and 3. b Whole-
genome sequencing in sgRNA-targeted regions in wild-type (gray) and mutant (cyan) dog genomes. The horizontal red lines highlight the
deletions in Mu216M, Mu306M, and Mu614F and the red arrow indicates the small indels identified in Mu636F mutant. More detailed
information on these mutants at the DNA level is included in Suppl. Figure 1. The target sites of sgRNA1, 2, and 3 are denoted by red triangle.
¢ PCR analysis of FO founder mutants Mu216M, Mu306M, Mu308M, Mu614F and Mu636F with primers detecting ~1.2kb and ~500 bp
deletions in exon 21, and a large deletion of ~33 kb spanning exon 5 and exon 21. d Representative immunoblots of bShank3 in PFC total
lysates probed with an antibody against the C-terminus of mouse Shank3. Black arrow points to an extra band of 190 kDa in the lysate of

—1279+ 1/—1279 + 1 bp mutant.

Social interaction deficits with conspecific dogs in bShank3
mutant dogs

Three-chamber test has been widely used for the investigation of
sociability and novelty preference in ASD mouse models including
Shank3 mutant mice [30-32]. To examine social interactions of
bShank3 mutant dogs, we designed a three-chamber test for dogs
adapted from the protocol for mice (Fig. 3b and Supplementary
movie 1). WT dogs of 4—12 months old displayed sociability and
social novelty preference (Fig. 3c), similar to that in mice [30, 31].
Specifically, WT dogs spent more time in the chamber containing
stranger 1 (Str1) than the empty cage (social preference) in phase
1, and more time in the chamber containing stranger 2 (Str2) than
Str1 (novelty preference) in phase 2 (Fig. 3c and Supplementary
table 2). Heterozygous bShank3 mutants displayed normal social
preference, but novelty preference deficit (Fig. 3c). Homozygous
bShank3 mutants displayed both social preference and novelty
preference deficits compared with WT dogs (Fig. 3c).

However, we observed apparent social withdrawal behaviors in
bShank3 mutants in the three-chamber test. We defined social
withdrawal as a dog approached, i.e. moved towards or engaged a
stranger dog in the side-chamber, but then retreated, looked
away, or became inactive. bShank3 mutants showed a normal
frequency of social approaches, but exhibited a higher percentage
of social withdrawal immediately after approaching a stranger dog
compared to WT controls (controls: 0.40 £ 1.24 %; heterozygotes:
5.367 £ 8.19 %, p = 0.004; homozygotes: 2.52 +3.61%, p = 0.1451;
Fig. 3d and Supplementary Table 2).

During the three-chamber assay, we observed a difference in
tail wagging between mutants and WT controls. Posture and
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movement of dog tails are considered as a real-time indicator of
inner emotional state during conspecific and dog-human com-
munications [33-36]. The tail is held high to communicate
confidence, arousal, or willingness to approach another individual
during greeting and playing, but held stiff and low or tucked
between hind limbs indicating anxiety and fear [35, 37], for which
we named them collectively as negative tails. Both heterozygous
and homozygous bShank3 mutants displayed a significantly
longer duration (control: 29.50+118.3s; heterozygotes:
3341 +£359.0s, p<0.0001; homozygotes: 243.6 +339.0s,
p=0.0076) and a higher frequency of negative tails than WT
dogs (controls: 0.550 + 1.669 times; heterozygotes: 5.214 + 5.884
times, p =0.0001; homozygotes: 4.364 + 4.433 times, p = 0.0039);
few WT dogs exhibited negative tails during the three-chamber
test (Fig. 3e and Supplementary movie 1 and table 2).

Impaired social interaction with humans in bShank3 mutants
One unique advantage of the dog model for ASD study is that
dogs possess an exceptional capability of carrying out complex
and exquisite social interactions with humans [17-19, 38]. To
examine social interaction of bShank3 mutants with humans, we
designed dog-human interaction assays with dogs in the home
cage and in an open field (OF) (Fig. 4a, b). When in the home
cage, WT dogs showed a great interest in the familiar person, i.e.,
following, sniffing or licking the person. However, bShank3
mutant dogs showed less interest in the experimenter, ie.
significantly reduced duration (controls, 24.62 + 6.50s; hetero-
zygotes, 1530+ 11.13's, p = 0.0074; homozygotes, 9.40 £ 8.14s,
p=0.0004) and frequency (controls, 3.60+0.77 times/30s;

SPRINGER NATURE
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Fig. 2 Reduced neuronal markers and GluN2B in bShank3 mutant brains. a Western blot analysis of neuronal markers NeuN and DCX,
glutamate receptor GIuN2B, and PSD proteins PSD95, Homer and Homer1b/c in whole-cell lysates of PFC from WT controls and bShank3
mutants at PO-P5. Homozygous -496 bp mutants expressed decreased levels of NeuN, DCX, and GIUN2B. b Statistical analysis of western
results shown in (a). Western analysis was repeated biologically at least three times. *p < 0.05, **p < 0.01, and ***p < 0.001 by one-way ANOVA.
c NeuN staining validated a reduced level of NeuN in homozygous -496 bp but not -1279 + 1 bp mutant PFC. d Statistical analysis of NeuN
staining intensities. Three images from each animal of 0.2 mm? area in layer 2 to layer 6 of PFC was quantified. ***p <0.001 by one-way
ANOVA. N =3 animals for +/+, n=2 and 3 for homozygous —1279 + 1 bp and —496 bp mutants, respectively. e Adult body weights of
controls and heterozygous and homozygous bShank3 mutants. Genotypes are indicated by colored boxes and blocks. +/+, WT controls; +/—,
combined heterozygotes of —496 bp/+, —483+7bp/+, and —1279+ 1bp; —/—, combined compound heterozygotes (—1279+ 1/
—483 + 7 bp) and homozygotes (—496/—496 bp, —483 + 7/—483 + 7 bp, and —1279 + 1/—1279 + 1 bp). N= 23, 29, and 11 for WT controls,
heterozygotes, and homozygotes, respectively. f Normal locomotor activities including 24 h activity, day time and night time activity in
heterozygous and homozygous bShank3 mutants. N =13, 8, and 10 for WT controls, heterozygotes, and homozygotes, respectively. Data are
presented as mean + SD. *p < 0.05; **p < 0.01; ***p < 0.001 by one-way ANOVA.

heterozygotes, 2.42 + 1.47 times/30s, p = 0.0053; homozygotes, the duration of sniffs or licks was 8.14+5.86s and 2.90 £4.01 s
2.10 £ 1.37 times/30's, p = 0.0088) of human following when the for heterozygous and homozygous mutants, respectively,
experimenter walked back and forth in front of the cage in the significantly shorter than 13.10+6.40s of the controls; so was

step 1 of the test (Fig. 4c and Supplementary table 3). When the
experimenter moved his/her hands on the cage in the step 2 of
the test, bShank3 mutants showed significantly fewer sniffs or
licks of the experimenter’s fingers compared with control dogs;

SPRINGER NATURE

the frequency of sniffs or licks in bShank3 mutants (Fig. 4d and
Supplementary Table 3). More negative tails were also consis-
tently observed in bShank3 mutants during dog—human inter-
actions (Fig. 4e).
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Fig. 3 bShank3 mutants show impaired social interaction and increased social withdrawal in three-chamber test. a The timeline of
behavioral assays. b The diagram of dog three-chamber test for sociability and social novelty preference. ¢ Time spent in each chamber of
bShank3 mutants and controls during sociability (phase 1) and novelty preference test (phase 2). bShank3 mutant dogs showed increased
social withdrawal (d), and increased duration and frequency of negative tails (e) in the three-chamber test. Each square indicates the value of
each animal for the first trial of the assay. Data are presented as mean+SD. N=20, 28, and 11 for WT controls, heterozygotes, and
homozygotes, respectively. *p < 0.05; **p < 0.01; ***p < 0.001 by one-way ANOVA.
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Fig. 4 Deficits of social interaction with human in bShank3 mutants. Schematic diagram of dog-human social interaction assay in the home
cage (a) and an open field (b). bShank3 mutants showed significantly reduced duration and frequency of human-following behavior in step 1
(c) and sniffing/licking in step 2 (d). e bShank3 mutants exhibited significantly longer duration and higher frequency of negative tails when
interacting with humans in home cage. f bShank3 mutants showed significantly decreased duration and frequency of social interactions with
humans in open field. Each square represents the value of each animal for the first trial of the assay. Data are presented as mean = SD. N = 22,
25, and 10 for WT controls, heterozygotes, and homozygotes, respectively. *p < 0.05; **p < 0.01; ***p < 0.001 by one-way ANOVA.

In the OF test, control dogs showed more intimate interactions,
i.e, more body contacts such as rearing and climbing on the familiar
person while bShank3 mutants appeared to be submissive and
cowering (Supplementary Movie 2). Consistent with the results of
reduced social interactions in home-caged mutants, we also
observed significantly reduced duration (controls, 92.40 + 41.53 s;
heterozygotes, 1256 +2574s, p<0.0001; homozygotes,
22.40+27.39s, p=0.0017) and frequency (controls, 6.71+3.90
times/240's; heterozygotes, 2.00+4.11, p <0.0001; homozygotes,
3.80 +4.42 times/240's, p = 0.0714) of social interactions including
rearing, gazing, following, licking or sniffing the experimenter in
bShank3 mutants in the OF test (Fig. 4f and Supplementary Movie 2
and Table 4). The homozygous —496 bp mutants appeared to have
a stronger deficit in dog-human interactions than the other
mutants. However, the difference did not reach significance in all
four parameters (Fig. 3c—f), probably due to a small number of
animals tested. These results together show that bShank3 mutants
exhibit significantly impaired social interactions with humans.

During the dog-human interactions, we consistently observed
apparently reduced tail wagging in bShank3 mutants. To quantify
the kinematics of tail wagging during the heterospecific interac-
tions, we previously developed a protocol using a machine
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learning-based motion-tracking technique to extract and analyze
the movement trajectory of a dog’s tail tip [36]. Using the
technique (Fig. 5a, b and Supplementary Movie 3), we quantita-
tively analyzed the three kinematic parameters of tail wagging:
the frequency (the number of wagging bouts in a second; a
wagging bout is defined as a segment of wagging from the most-
left to the most-right side and back again), amplitude (absolute
difference in adjacent angles of tail wagging, ranging from 0° to
360°), and velocity (angular velocity of wagging, ranging from 0°/
frame to 16°/frame) of tail wagging. bShank3 mutant dogs showed
significantly decreased tail wagging, ie., reduced frequency
(controls, 2.90 £ 0.16 bouts/s; heterozygotes, 1.92 +0.98 bouts/s,
p =0.008; homozygotes, 2.05+0.67 bouts/s, p=0.0057), ampli-
tude (controls, 97.23 +31.83°% heterozygotes, 44.40 £ 34.64°,
p = 0.0047; homozygotes, 37.78 £ 16.17°, p = 0.0008), and velocity
(controls, 4.16 £ 1.24°/frame; heterozygous, 1.84 + 1.68°/frame,
p=0.0071; homozygotes, 1.40+0.81°/frame, p=0.0011) com-
pared with WT controls (Fig. 5¢c—e and Supplementary Table 5).

Elevated anxiety in bShank3 mutant dogs

The higher occurrence of social withdrawal, stiff and lowered or
tucked tails, and greatly reduced tail wagging in bShank3 mutants

Molecular Psychiatry
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Fig. 5 Reduced tail wagging accompanied by increased blood cortisol in bShank3 mutants. a Diagrams of machine learning-based tracking
of wagging tails. b A 3D trajectory of a wagging tail tip in 2 s. bShank3 mutant dogs showed significantly decreased frequency (c), amplitude (d),
and velocity of tail wagging (e) during dog—human interaction. N= 10, 9, and 11 for WT controls, heterozygotes, and homozygotes, respectively.
f bShank3 mutant dogs showed a significantly increased level of cortisol compared with the wide-type controls. N =12, 12, and 10 for WT controls,
heterozygotes, and homozygotes, respectively. Data are presented as mean + SD. *p < 0.05; **p < 0.01; ***p < 0.001 by one-way ANOVA.

shown above indicate that they may be in a state of heightened
stress. To further support this possibility, we measured the blood
level of cortisol by radioimmunoassay. Cortisol is considered a major
indicator of physiological states in response to stress in most
mammals including dogs [39]. Indeed, cortisol is a well-established
indicator of enduring stress in dogs [40]. As expected, bShank3
mutant dogs showed a significantly increased level of blood
cortisol (heterozygotes: 13.11 +3.78 pg/ml, F331) =6.36, p=0.019;
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homozygotes: 14.52 + 5.65 pg/ml, F(531) = 6.36, p = 0.0045) in com-
parison with WT controls (7.81 £ 4.76 pg/ml) (Fig. 5e), indicating a
significantly higher level of anxiety in the mutants.

Delayed soliciting behavior in bShank3 mutant dogs

Through domestication, dogs, but not their ancestor wolves, have
developed ability to seek attention from human during a task of
problem solving [18, 41]. To examine the attention-seeking ability

SPRINGER NATURE
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Fig. 6 Delayed attention-seeking behavior in bShank3 mutants. a A diagram of three-step attention-seeking assay. b More training trials of
getting food from the experimenter were needed for bShank3 mutants to start the step 1. ¢ Longer latency of attention-seeking (looking/
gazing at the experimenter) in bShank3 mutants in step 3 test (left panel). No significant difference in attention-seeking frequency between
controls and mutants (right panel). Each data point indicates the value of each animal for the first trial of the test. Data are presented as
mean+SD. N=13, 18, and 11 for WT controls, heterozygotes, and homozygotes, respectively, for b and ¢ panels. *p <0.05; **p < 0.01;

**¥p < 0.001 by one-way ANOVA.

of bShank3 mutants, we developed a three-step experiment based
on a previous report [41] (Fig. 6a and Supplementary movie 4). In
the experiment, dogs were exposed to their favorite food of
canned chicken, but could not get the food locked in a cage by
themselves without the help from the experimenters. In step 1 of
familiarization phase of the test (Fig. 6a), controls and mutants
showed no difference in exploring the food-containing cage in the
absence of an experimenter. In step 2 of feeding phase, the
experimenter opened the cage and fed the dog with a piece of
sausage from the cage. In step 3 of the test, the remaining
sausage was locked in the cage which cannot be unlocked by the
dog. The experimenter stood outside of the fence to observe the
dog for 2 min (Fig. 6a). The soliciting behavior was defined as
looking back or gazing at the experimenter in the step 3 test.

To qualify for the test of attention-seeking, food-restricted dogs
needed to be interested in their favorite sausage hand-presented
by the experimenter who were familiar to the dogs. WT dogs were
interested in the food at the first time presented by the
experimenter. However, mutants appeared to be stressful or
fearful with the experiment. It took more trials for bShank3
mutants to get familiar with the experimenter to get hand-
presented food than WT controls (0 trials for controls; 1.50 +2.18
for heterozygotes, p=10.0208; 0.36+0.50 for homozygotes,
p=0.1834; Fig. 6b and Supplementary Table 6). For the
attention-seeking behaviors, bShank3 mutant dogs showed an
increased latency (controls, 12.62+20.43s; heterozygotes,
50.11+53.63s, p=0.0639; homozygotes, 66.27 +46.37s,
p=0.0194) but a normal number (controls, 2.31+£0.95 times/
2 min; heterozygotes, 1.89 + 1.94 times/2 min, p = 0.2736; homo-
zygotes, 1.55+1.21 times/2 min, p=0.3625) of the behaviors
within the 2 min test compared with the WT controls (Fig. 6¢ and
Supplementary Table 6).
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DISCUSSION

In the present a study, we report the first ASD-related mutants
created by the CRISPR/Cas9 gene editing technique in dogs. We
further characterized these mutants by a battery of behavioral
assays which we developed and validated to assess behavioral
features of bShank3 mutant dogs. Our findings demonstrated that
disruption of bShank3 leads to impaired conspecific and hetero-
specific social interactions, together with increased anxiety and
fear, in several different assays. These social behavior abnormal-
ities represented by social withdrawal in the three-chamber test
and reduced dog-human interactions recapitulate the key feature
of social behavior deficits associated with ASD. The present study
lays an important framework for using genetically modified dogs
to model ASD for mechanistic studies as well as preclinical studies
for therapeutics development.

Heterozygous bShank3 dogs showed robust social behavior
phenotypes as homozygous mutants when interacting with dogs
or humans. The impaired social interaction phenotypes in bShank3
heterozygotes is consistent with haploinsufficiency of SHANK3
associated ASD in humans [21, 42-44]. This is in contrast to that
only a few lines of Shank3 mutant mice targeting different
domains display abnormal social behavior and increased self-
grooming behavior [45-48]. The majority of heterozygous Shank3
mutant mouse lines have either mild [24] or no apparent
behavioral phenotype [21, 32, 49, 50]. For non-human primates,
phenotypic analysis has been accomplished thus far only in FO
mosaic SHANK3 mutant monkeys [10-12].

bShank3 mutant dogs showed normal social approach suggest-
ing sufficient social motivation but did not pursue normal social
interaction subsequently in the three-chamber test. Instead, a
subset of bShank3 mutants displayed withdrawal behaviors
immediately after social approach. The social withdrawal in
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bShank3 mutant dogs, but not observed so far in autism-
associated mutant rodents and monkeys, may be due to failure
in reading social cues, execution of social interaction, or both.
Alternatively, it might be caused by sensory abnormalities which
await to be systematically characterized. Interestingly, a similar
feature of social withdrawal has been observed in ASD patients by
clinicians or reported by parents [48, 49].

Modeling behavioral features of human ASD in animal models
such as rodents has been challenging. Some of these might be
related to intrinsic limitation of rodent behaviors due to the
evolutionary constraint. For example, more than 70% ASD patients
have various comorbidities including anxiety that is observed in
42—-56% ASD patients [49, 50]. The altered inner emotional state
such as anxiety in ASD patients may not be faithfully recapitulated
and statistically quantified in rodent or even non-human primate
models. However, the inner emotional state of dogs can be readily
recognized and quantitatively analyzed via the posture and
movement of tails [35, 36]. bShank3 mutant dogs showed
significantly more occurrence of stiff and lowered or tucked tails
together with elevated cortisol than WT controls indicating
heightened anxiety. Anxiety may contribute, at least partially, to
the social interaction deficits in bShank3 mutants. It would be
interesting to examine if anti-anxiety drugs may ameliorate the
anxiety and social behavior deficits in bShank3 mutants. In
addition to heightened anxiety, bShank3 mutant dogs showed
complex social abnormalities including submission and cowering
during dog-human interactions. The submissive behaviors in
bShank3 mutant dogs may reflect social anxiety. In addition, the
lack of social reward, which is more in line with human ASD
behaviors, could also be considered. Because of the strong
molecular validity of SHANK3 mutations in ASD patients, we
believe that the bShank3 mutant dogs are a valuable alternative
model for ASD. As this study represents the first effort of modeling
ASD in dogs using CRISPR/Cas9 technology, more studies to
understand the mechanisms underlying the various social
behavior deficits and the relevance of these abnormalities to the
clinical manifestations of ASD patients are warranted.

Social behaviors are sensitive to intrinsic and extrinsic signals.
Though we took great effort to maintain and test individual animals
in the same conditions, the social behaviors of each animal of both
WT controls and mutants varied to a great extent. Different genetic
background could contribute to the individual variability, as the
Beagle dogs we used and indeed any domestic dogs are not a pure
inbreed. Due to the individual variability and manual scoring of a
limited number of mutants carrying a specific mutation, we were
neither able to observe a gender effect on social behaviors, nor able
to clearly demonstrate gene dose effect and definitely correlate
phenotypes with genotypes. Machine learning-based analysis of
behaviors, developed and increasingly applied in the last decade
[36, 51-55], would be effective to quantify specific social behavioral
modules among different individuals in different genotypes with
more precision and a higher efficiency than the manual approach.
The individual variability in dog models parallels the heterogeneity
of distinct clinical manifestations of ASD patients with similar or
even identical mutations in the same gene [43, 44]. Despite the
individual behavioral variability from specific assays, all the mutants
we examined by different assays together showed robust and
replicated social interaction deficits, reduced tail wagging, and
elevated anxiety characterized by more negative tails and increased
blood cortisol.

In summary, we successfully generated and characterized
bShank3 mutant dogs using CRISPR/cas9 editing technique. In
the process of characterizing the social defects, we have also
characterized the bShank3 mutants with more specific paradigms
such as sensory tests by pupillometry and revealed altered pupil
responses to social and non-social stimuli in bShank3 mutants [56].
Together, bShank3 mutant dogs exhibited robust anxiety and
social interaction deficits that recapitulate the common behavioral
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features associated with SHANK3 mutations in humans. Together,
bShank3 mutant dogs exhibited key behavioral features of
SHANK3-associated ASD in humans. Compared with rodent and
non-human primate models, the dog mutant model we devel-
oped in the present study shows a unique feature of cross-species
dog-human social interactions that offers an ideal opportunity to
better recapitulate the distinct social behavior impairments in ASD
patients. In addition, the ability to propagate a large number of
mutant animals in a short period of time (8~12 months to reach
sexual maturity, three pregnancies in two years and 4—6 progeny
per pregnancy) at a relatively low cost renders dogs a practically
feasible model for studying diseases including ASD. We envision
that the value of using dogs to model ASD and common
comorbidities such as heightened anxiety, and perhaps other
psychiatric diseases will be increasingly appreciated and fulfilled
to elucidate the pathophysiology of ASD and address the urgent
need of ASD patients and their families.

MATERIALS AND METHODS

Animal husbandry

All animal-related protocols were approved by the Institutional Animal
Care Committee of the Institute of Genetics and Developmental Biology,
Chinese Academy of Sciences (AP2019037), and strictly carried out in
accordance with the institutional policies for the Care and Use of
Laboratory Animals. All animals were housed in pairs in 2 X 0.9 x 1.5m
(length x width x height) cages and maintained on a 12 h/12 h dark light
cycle. The humidity was 40-60% and the temperature was between 22 °C
and 24°C. Dogs were fed Royal Canine Chow (Royal pet food company
limited, France) twice daily during 8:00-10:00 a.m. and 15:30-17:00 p.m.
Water was available from an automatic watering device. Based on the
veterinary assessment, all dogs were in good health at the time of various
experiments and tests. Animals were raised in pairs after weaning at
postnatal day 50 and played with caregivers or experimenters for half an
hour every week after weaning until 6 months old. All behavioral tests
were performed at similar time of the day (9:00-12:00 or 14:30-17:00). The
life experience of each animal was kept as similar as possible to minimize
individual variability. Female dogs were not in estrus during behavioral
analysis. Animals of each group were randomly selected and tested.

Generation of Shank3 mutant dogs by Cas9/sgRNA editing
To generate bShank3 mutants, we used a Cas9/sgRNA-based protocol that
we described in a previous report [57]. Estrus staging, zygotes collection,
cytoplasmic injection, embryo transfer and pregnancy diagnosis were
carried out following our previous report [57]. Three effective sgRNAs
validated in the primary fibroblast cells of dogs were microinjected into
the pronuclear-stage embryos. hSpCas9 plasmid was obtained from
Addgene (#42230). T7 promoter was used for in vitro transcription of
Cas9 mRNA and sgRNA. One-cell embryos were collected at 18-24 h after
natural mating. Each zygote was injected with 1-5 pl mixture of Cas9
mRNA (200 ng/pl) and sgRNAs (20 ng/ul each). The pregnancy was
diagnosed by ultrasonography at 25 days after embryo transfer. All live
puppies were kept with their own mothers before natural weaning.

Genotype analysis of targeted sites

All potential mutants and their offspring were genotyped for bShank3
mutations with DNA extracted from ear and tail collected within one week
after birth. Primers used to examine mutations in intron/exon 5 were
GACTCAGGAGGTGAGAAGCAGAG and ACATGCGTGCGGACACAT ATAGTC
(759 bp product from WT sample). Primer pairs CCTTCAGCGCCAGCATCTTC
and GAGCGTGTGTCTTTGTTCAG CTG (1729 bp), and CCTTCAGCGCCAG-
CATCTTC and TGCAGAGACGTGTCCAGGAC (811 bp) were used to examine
indels in exon 21. Primer pairs GACTCAGGAGGTGAGAAGCAGAG and
CCCTGGTCTCCTCATCACTGG (34403 bp) were used to detect a large
deletion spanning exon 5 and exon 21. The PCR products were directly
sequenced or sub-cloned and subsequently sequenced if the PCR products
were not homogenous at the DNA level.

On- and off-target analysis by whole-genome sequencing
Whole-genome sequencing was used to analyze on- and off-target
CRISPR/Cas9 editing as previously described [58]. Eleven individuals
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including eight viable FO mutants (Mu203F, Mu216M, Mu306M, Mu308M,
Mu310M, Mu614F, Mu616F, and Mu636F) and three parents including
mother of Mu614F and Mu616F, father of Mu614F, and father of Mu616F
were whole-genome sequenced at >30x depth of genome coverage per
animal. The sequencing data were mapped to the dog reference
genome by BWA-MEM (version 0.7.15) with default parameters, sorted
by samtools (version 1.9) [59] and processed (deduplication, indexing) by
the Picard Tools (version 1.96) (http://broadinstitute.github.io/picard/).
IGV (version 2.6.0) were used to visualize the read depth across the
bShank3 gene [60].

Possible off-target sites of sgRNA guided Cas9 endonucleases for
bShank3 with no more than five mismatches were identified using a
bioinformatics search tool Cas-OFFinder.All potential off-target sites with
homology to the 20-bp sequences (sgRNA plus PAM sequences) were
retrieved from the dog reference genome CanFam3.1 [15]. As a result, a
total of 5196 possible off-target sites with NAG or NGG PAM sequences
were identified. Vcftools (version 0.1.13, https://vcftools.github.io/
index.html) was used to extract mutations from the gene-edited dataset
in the 5196 possible off-target regions.

Western blotting and immunostaining

For western analysis, prefrontal cortex (PFC) was homogenized in RIPA
buffer (Hua Xing Bo Chuang, with 1 X protease inhibitor cocktail Set 1 from
Sigma) on ice. Protein lysates were separated by SDS-PAGE and transferred
onto PVDF membranes (Millipore). The primary antibodies against NeuN
(ab104224, Abcam), Doublecortin (4604, Cell Signaling), GIuN2B (4212s,
Cell Signaling), PSD95 (CP35, Calbiochem), Homer (sc-17842, Santa Cruz),
Homerl1b/c (sc-20807, Santa Cruz), Actin (MAB1501, Merck Millipore),
Tubulin (T5168, Sigma-Aldrich), and mouse Shank3 raised in rabbit were
used [10]. The antigen for Shank3 antibody is the C-terminal 1453-1805 aa
of mouse Shank3 (NP_067398). a-tubulin was used as a loading control.
Immunostaining of PFC with anti-NeuN was performed as previously
described [10].

Blood cortisol measurement

Blood samples were collected between 09:00 and 11:00 from the cephalic
vein of the dog. Whole blood was drawn into medical vacuum blood
collection tube (Sanli, Liuyang, China). The blood samples were centrifuged
at 1600 x g for 15 min at 4 °C. The serum was collected in a plastic tube
and stored at —80°C until assay. Radioimmunoassay for cortisol was
detected by the Beijing North Institute of Biotechnology using an lodine
['%1] Cortisol Radioimmunoassay Kit (Beijing North Institute of Biotechnol-
ogy Co., Ltd, Beijing, China) following the protocol provided by the
manufacturer. The minimum level of detection of cortisol was 0.313 ng/ml.
The intra- and inter-assay coefficients of variation were <10% and <15%,
respectively.

Locomotor activity monitoring

Locomotor activity was recorded in dogs aged 12-24 months for five days
in singly housed condition with a wireless accelerometer actigraphy
(Motion Watch 8; CamNtech ltd., Cambridge, UK) which was small (3.2 x 3.2
x1.1 cm) and lightweight (18.31 g). The locomotion activity signals were
analyzed with Matlab 2019a (MathWorks, USA).

Three-chamber social test

To examine the social interaction between dogs of 4—12 months old, we
designed a three-chamber test for dogs based on the classical test for mice
[30, 31]. Each chamber is a hexagon puppy pen of 0.9 m for each side.
Before test, a dog was allowed to familiarize the chambers and
environment freely for 10 min. Then, a stranger dog (stranger 1) in a
small cage was placed in one side-chamber, while another empty cage
(object) was placed on the other side. The test dog was allowed to move
across the three-chambers freely for 10 min; this phase 1 test of social
preference could determine if the test dog preferred to play with stranger
1 or object. In phase 2 test of novelty preference, the stranger 2 was then
placed in the empty cage and the test dog was again allowed to freely
choose to play with stranger 2 or stranger 1 for 10 min. All stranger dogs
were the same age and gender as the test dog, and previously habituated
to the apparatus for 10 min during the previous day. The chambers were
wiped with 70% ethanol and air-dried between tests. The duration and
frequency of specific behaviors such as social withdrawal and negative tail
during the first trial of the test were analyzed manually by trained
experimenters who were blind to the genotype.
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Social interaction with humans in home cage and open field
The test of social interaction between home-caged dog and human
included two steps: (1) step 1, the experimenter who were familiar to the
test dogs walked back and forth twice in front of the home cage for 30's;
(2) step 2, the experimenter placed hands on the cage and moved fingers
for 30 s. The duration and frequency of each specific behaviors including
human following in step 1, sniffing or licking the experimenter’s hands in
step 2, as well as negative tails in the first trial of the test were statistically
analyzed.

The open field test for dog-human interaction was carried out in a
puppy pen of 54 x 4.5 x 0.9 m (length x width X height) in the morning
(9—11h). The dogs were individually habituated in the puppy pen for
5 min before the test. The dog was then allowed to interact freely for 4 min
with the experimenter who was familiar to the test dogs. All behaviors of
the dog during the whole test were recorded by a video camera operated
by an assistant. The duration and frequency of social interactions with the
experimenter in the first trial of the assay were statistically analyzed.

Attention-seeking behavior assay

The attention-seeking behavior assay was developed based on previous
reports [18, 41] and carried out in a puppy pen of 2.7 x 1.8 x 0.9 m (length
x width x height). Young adult dogs were food-restricted by missing one
regular meal before the experiment to enhance motivation. To qualify for
the test, food-restricted dogs needed to show interest in their favorite
canned chicken (Xianyu, Wuhan, China) presented by the familiar
experimenter at the test arena. WT dogs were interested in the food at
the first time of the trial. However, it took a few trials (one trial/day) for
some of the bShank3 mutants to be familiar enough with the context to
get the food. In the step 1 of the experiment, an individual dog freely
explored the small cage containing a piece of sausage for 2 min in the
absence of an experimenter. The dog could not open the cage containing
food by himself. The experimenter then opened the cage and fed the dog
with the sausage (step 2). In the test (step 3), the dog was allowed to
explore the food-locked cage freely for 2 min, while the experimenter
stood at the most distant side outside the puppy pen and looked at the
cage with neutral expressions. The latency for the first gaze at the
experimenter and the frequency of attention-seeking gaze in the first trial
of the assay were statistically analyzed.

Machine learning-based analysis of tail wagging
Machine learning-based analysis of kinematic parameters such as
frequency, amplitude and velocity of tail wagging during dog-human
interactions was carried out as previously described [36].

Statistical analysis

The duration and frequency of a specific behavior including social
interaction and social withdrawal were statistically analyzed manually by
trained scorers who were blind to the genotype (each animal was coded
for behavioral assays). We used one-way ANOVA to determine statistical
significance among different groups. All tested samples/animals were
included in the analysis. Sample size was not calculated a priori. Before
analyzing the difference among different groups, we first analyzed the
normality distribution of data by Graphpad Prism 8.0. One-way ANOVA was
used in non-parameter manner for data with non-normality distribution or
in parameter manner for data with normality distribution. Calculations
were performed with GraphPad Prism 8.0 software. Data are presented as
the mean £ SD.

DATA AVAILABILITY

The raw whole-genome sequence data from founder mutants and WT parents are
deposited in the Genome Sequence Archive in National Genomics Data Center, China
National Center for Bioinformation, Chinese Academy of Sciences, under accession
number CRA004090 and publicly accessible at https://bigd.big.ac.cn/gsa.
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