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Abstract

Mutations in the Autism suscepitibility candidate 2 gene (AUTS2) have been associated
with a broad range of psychiatric illnesses including autism spectrum disorders, intellectual
disability and schizophrenia. We previously demonstrated that the cytoplasmic AUTS2 acts
as an upstream factor for the Rho family small GTPase Rac1 and Cdc42 that regulate the
cytoskeletal rearrangements in neural cells. Moreover, genetic ablation of the Auts2 gene in
mice has resulted in defects in neuronal migration and neuritogenesis in the developing
cerebral cortex caused by inactivation of Rac1-signaling pathway, suggesting that AUTS2
is required for neural development. In this study, we conducted a battery of behavioral anal-
yses on Auts2 heterozygous mutant mice to examine the involvement of Auts2 in adult cog-
nitive brain functions. Auts2-deficient mice displayed a decrease in exploratory behavior as
well as lower anxiety-like behaviors in the absence of any motor dysfunction. Furthermore,
the capability for novel object recognition and cued associative memory were impaired in
Auts2 mutant mice. Social behavior and sensory motor gating functions were, however, nor-
mal in the mutant mice as assessed by the three-chamber test and prepulse inhibition test,
respectively. Together, our findings indicate that AUTS2 is critical for the acquisition of neu-
rocognitive function.

Introduction

Acquisition of the higher cognitive functions in mammalian brain is primarily accomplished
by a sequence of neurodevelopmental events comprised of cell differentiation and migration
followed by cell morphogenesis. The cellular changes include extension and branching of
neurites and formation of synapses to assemble the proper neural circuits during brain
development. Genetic defects involving these developmental processes lead to a variety of
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neuropsychiatric illness such as autism spectrum disorders (ASDs), intellectual disability
(ID), schizophrenia and epilepsy.

Disruption of the Autism susceptibility candidate 2 gene (AUTS2) by de novo balanced
translocation, was originally associated with ASDs, but more studies have shown that it is also
associated with a wide range of neurological diseases such as ID, attention deficit hyperactivity
disorder (ADHD), dyslexia and epilepsy [1-7]. Moreover, it has recently been reported that
AUTS2 is also associated with schizophrenia as well as drug dependence including alcohol and
heroin [8-11]. Therefore, this gene may be involved with multiple psychiatric disorders rather
than only associated with a particular type of ASD [2].

Auts2 is highly expressed in several brain regions such as the cerebral cortex, hippocampus
and cerebellum [12]. In particular, Auts2 is enriched in the prefrontal cortex compared with
the caudal part of cerebral cortex in adult mice brain, implying the involvement of AUTS2 for
higher order brain function in mammals [12-14].

AUTS?2 encodes a protein that lacks characteristic functional protein domains or protein-
binding consensus motifs with the exception of two proline-rich regions (PR1 and PR2) and
several putative nuclear localization sequences [2, 12]. Although the precise function of AUTS2
has long remained unclear, the knockdown of Auts2 in zebrafish by morpholino exhibited
microcephaly with a decrease of neurons in the developing brain, suggesting that AUTS2 is
required for proper neural development [2]. Furthermore, Gao et al demonstrated that nuclear
AUTS?2 participates in the transcriptional control of multiple genes for neural development by
interacting with the Polycomb group protein complex [15]. Recently, we have also demon-
strated that AUTS2 is not only localized at cell nuclei but also cytoplasm, and that cytoplasmic
AUT?2 plays an important role in regulating cytoskeletal dynamics, acting as the upstream fac-
tor for the Rho family small GTPase Racl and Cdc42 in neurons in the developing cerebral
cortex [16]. AUTS2 activates the Racl-signaling pathway via the PR1 domain to induce lamel-
lipodia in neuroblastoma cells as well as promoting neurite extensions of hippocampal primary
cultured neurons [16]. In contrast, AUTS2 acts as a suppressor against Cdc42 to inhibit filopo-
dia formation. Furthermore, we found that the AUTS2-Racl signaling pathway is required for
neuronal migration and subsequent neuritogenesis in the developing cerebral cortex, indicating
that AUTS2 plays a key role in brain development [16].

In this study, we performed a battery of behavioral tests to examine whether disruption
of the Auts2 gene affects physiological brain functions. We found that Auts2 heterozygotic
mutant mice displayed behavioral abnormalities in anxiety-related emotions and memory
functions, indicating the role of AUTS2 in the acquisition of neurocognitive function as well as
cortical development.

Materials and Methods
Experimental Animals

Generation of Auts2"*° mice and genotyping for the Auts2-floxed allele have been previously

described [16]. Mice for all behavioral tests were generated by crossing Auts2 heterozygous
male mice with wild type C57BL6/N female mice (Charles River Laboratories, Japan) to
exclude the possibility that altered behaviors in the mutant dams could influence the postnatal
development of their offspring as well as their future behavior. Pups were kept with their dams
until weaning at postnatal day 21. After weaning, male mice were cohoused in same-genotype
groups of 2—4 littermates per cages before and during the behavioral tests. Animals at 3 months
of age were transferred for behavioral testing. Mice were maintained in ventilated racks with a
12 hr light/dark schedule with food and water ad libitum in temperature controlled, pathogen-
free facilities. All animal experiments in this study have been approved by the Animal Care and
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Use Committee of the National Institute of Neuroscience, Japan, and the guidelines established
by the Institutional Animal Care and Use Committee of Nagoya University, the Guiding Prin-
ciples for the Care and Use of Laboratory Animals approved by the Japanese Pharmacological
Society, and the National Institutes of Health Guide for the Care and Use of Laboratory Ani-
mals. All efforts were made to minimize suffering and to reduce the number of animals used.

Behavioral analysis

For all behavioral analyses, Auts2"*”" heterozygotes and their wild type littermate male mice
(5-8 months old) were used. Behavioral analyses were carried out using the same set of mice
(AutsZI\]eO/Jr =14, WT = 17 mice) in the following sequence: locomotor activity, open field test,
novel object recognition test, elevated-plus maze test, social interaction test, prepulse inhibition
test, and fear conditioning test. For the rotarod test, in which separate cohort of mice was used
(Auts2Ne°" = 9, WT = 10 mice).

Locomotor activity

Locomotor activity tests were carried out as described previously [17]. We used a black frosted
plexiglass-bottom transparent acrylic box (25 cm length, 25 cm wide, 20 cm height) equipped
with a digital counter with an infrared sensor (BrainScience Idea, Osaka, Japan). The light con-
dition was set at 15 Ix in an experimental room. Locomotor activity was monitored every 5 min
for 60 min.

Open field test

Open field tests were carried out as described previously [18]. The size of the apparatus was 60
cm diameter and 35 cm height. The floor was divided into an inner circle with a diameter of 40
cm and an outer sector encompassing the inner area. The light condition was set at 60 1x in an
experimental room. Mice were placed in the center of an open field, and their movement of
mice was monitored via a camera mounted above the apparatus for 5 min. The activity includ-
ing distance and time spent in each sector was analyzed by the ethovision automated tracking
program (Brainscience Idea Co. Ltd., Osaka, Japan).

Elevated-plus maze test

The elevated-plus maze consisted two open and two closed arms emanating from a common
central platform and was located to 50 cm above floor level [19]. The size of each component
was as follows: open arm, 25 cm length, 8 cm wide, 0.5 cm height; closed arm, 25 cm length, 8
cm wide, 20 cm height; central platform 8 cm length, 8 cm wide. The light condition was set at
170 Ix in an experimental room. Mice were placed on the central platform of the maze facing
an open arm, and the duration of time spent in an arm and number of arm entries was moni-
tored for 5 min. An arm entry was defined when all four paws entered the arm.

Novel object recognition test

A novel object recognition test was carried out as described previously [20]. The apparatus con-
sisted of an acrylic box and objects. The size of the acrylic box was 30 cm length, 30 cm wide and
35 cm height. The objects used in this study were a golf ball, square pyramid, and wooden cylin-
der, which were different in shape and color but similar in size. The light condition was set at 16
Ix in an experimental room. The habituation session was carried out for 3 days. Each mouse was
put in an open box and allowed to explore for 10 min. For the training session, two novel objects
were placed in the open box and the exploring activity of the mouse was monitored for 10 min
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by using video camera. The time spent exploring each object was analyzed in a double-blind
manner. The exploring behavior was defined when the mouse was facing, touching or sniffing
the object. The retention session was carried out 24 h after the training session. For this, two
objects were located in the open box, but a novel object replaced one of the familiar objects used
during training. The exploring activity was monitored for 5 min. To measure cognitive function,
we calculated the percentage of the amount of time spent exploring the novel object to the total
time spent exploring both objects as exploratory index.

Fear conditioning test

The fear-conditioning test was carried out as described previously [21]. In the conditioning
phase, we used a metal floored conditioning chamber equipped with a tone generator. The size
of the chamber was 30 cm length, 30 cm wide and 40 cm height (Brainscience Idea Co. Ltd.). A
15-sec white noise tone at 85 dB (conditioned stimulus) was delivered, and then an electrical
foot shock of 0.8 mA (unconditioned stimulus) was delivered during the last 5 sec of the condi-
tioned stimulus. The conditioning was repeated four times at 15-sec intervals and the freezing
response was measured during each interval. The context-dependent test was carried out 24 hr
after the conditioning. The freezing response was measured for 2 min in the absence of the con-
ditioned stimulus. Tone-dependent test was carried out 4 hr after the context-dependent test.
During the tone-dependent test, mice were put in a standard transparent rectangular rodent
cage and delivered a continuous-tone stimulus identical to the conditioned stimulus. The freez-
ing response was measured for 1 min.

Social interaction test

Social interaction tests were carried out as described previously [22]. The apparatus used in the
study was a black plexiglass rectangular box and two identical clear Plexiglas cylinders. The
size of box was 52 cm length, 25 cm wide and 23 cm height. There were three interconnected
chambers in the box. The size of both end chambers was 19 cm length by 25 cm wide. The size
of center the chamber was 12 cm length by 25 cm wide. The size of the cylinder was 7 cm in
diameter, 12 cm height, and the side of cylinder had multiple 1-cm holes in diameter, evenly
spaced over the entire surface. The light condition was set at 20 Ix in an experimental room.
During habituation, empty cylinders were placed in each end chamber. A mouse was put in the
center chamber and its behavioral approach to the chambers was monitored for 10 min. Dur-
ing the sociability test, an unfamiliar male C57BL/6 mouse (stranger 1) that had no prior con-
tact with the test mouse was placed in one of the empty chambers, and the behavioral approach
to the empty chamber and stranger 1 was monitored for 10 min. During the social novelty test,
new unfamiliar male C57BL/6 mouse (stranger 2) was placed in another chamber, and the
behavioral approach to the stranger 1 and stranger 2 was monitored for 10 min. The amount of
time spent in each zone was measured by an ethovision automated tracking program (Noldus.
Wageningen, Netherlands). A zone was defined as area surrounding the plexiglass cylinder (19
cm in diameter). Data from animals that did not approach any chamber were excluded.

Prepulse inhibition (PPI) test

The PPI test was carried out as described previously [23]. Mice were habituated to the chamber
(San Diego Instruments, San Diego, California) with 65 dB background noise. After habitua-
tion, mice were subjected to 10 startle trials followed by 10 no-stimulus trials, and then 40 PPI
trials were started. The intertrial interval was pseudo-randomly selected 10-20 sec and the
total session was completed within 17 min. In the startle trial, white noise at 120 dB was pre-
sented for 40 msec. During PPI trials, a prepulse (20 msec white noise at 69, 73, 77 or 81 dB)
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was inserted 100 msec before the startle stimulus (120 dB, 40 msec white noise). Each of the
four prepulse trials (69, 73, 77 or 81 dB) was repeated 10 times. The resulting movement of the
mouse in the startle chamber was monitored for 100 msec after startle stimulus onset (sam-
pling frequency 1 kHz) and the maximal response was analyzed. Basal startle amplitude was
defined as the mean amplitude of the 10 startle trials. PPI (%) was calculated according to the
following formula: [1-(mean amplitude of the 10 PPI trials / basal startle amplitude)] x100.
Data from animals that did not demonstrate startle response were excluded.

Rotarod test

Mice were placed on an accelerating rotarod (Rotarod 370, Bio Media) from 6 to 42 rpm for 30
sec and the time was measured until they fell from a 3.0 cm-diameter rotating drum. If the
mouse was able to remain on the rod over 30 sec, the trial was terminated. The mice in each
group were subjected to one trial a day for five consecutive days.

Statistical analysis

Two-way analysis of variance (ANOVA) with repeated measurements followed by the Bonfer-
roni test was used for multiple-group comparisons (locomotor activity, rotarod test, novel
object recognition test and prepulse inhibition test). Two-way analysis of variance (ANOVA)
followed by the Bonferroni test was used for multiple-group comparisons (social interaction
test). Wilcoxon matched-pairs signed rank test was used for paired two-group comparisons.
Mann-Whitney U-test was used for non-paired two-group comparisons.

Results

We performed a battery of behavioral tests using Auts2™* heterozygous mice, which express
only ~50% levels of AUTS2 protein compared to wild type and exhibit mild abnormalities in
neuronal migration and neurite extension [16]. Because in most human patient cases, abnor-
malities of the AUTS2 locus are heterozygous not homozygous, we predicted that Auts2"*”*
heterozygotes might represent a good animal model for AUTS2-related neuropsychiatric disor-
ders. Overall, Auts2 mutant mice appeared grossly healthy and exhibited no obvious differ-
ences in physical characteristics, with the exception of a slight decrease in body weight
compared with WT littermates. (The body weight measured at 8 month of age; Auts2N'*,
39.08 £1.02 g (n =13); WT, 34.46 + 0.83 g (n = 13); p<0.01; data are mean + SEM, t-test).

When locomotor activity in a novel environment was measured for 60 min, WT mice dis-
played an increase in exploratory activity during the first 0-15 min, followed by a gradual
reduction in activity as they became habituated to the environment (Fig 1A). Two-way
ANOVA with repeated measurements revealed the significant effect of genotype [F(1,29) =
6.55, p<0.05], time [F(11,319) = 20.04, p<0.01] and interaction with genotype [F(11,319) =
6.46, p<0.01]. In comparison, Auts2"*”* mice exhibited significantly decreased exploratory
behavior during the first 30 min of the test (p< 0.05, Fig 1A). However, the performance in the
rotarod test was not significantly changed in Auts2 mutants (Fig 1B: two-way repeated-mea-
sures ANOVA, genotype [F(1,17) = 0.18, p = 0.68], trial [F(4,68) = 16.74, p<0.0001] and
interaction with genotype [F(4,68) = 0.92, p = 0.46]). These results suggest that reduction of
exploratory behavior in the mutants is due to impairment of habituation to the novel environ-
ment, rather than defects in motor coordination.

To investigate emotional behaviors in Auts2 mutant mice, open field test was carried out, in
which the conflict between the drive to explore a new environment and a natural aversion to
illuminated open areas was used to examine both anxiety and motor activity. WT mice spent
significantly less time in the inner sector (42.5+4.6 sec) than in the outer sector (257.6+4.6 sec)
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Fig 1. Decrease of locomotor activity in Auts2 mutant mice during habituation. (A) Spontaneous locomotor activity for habituation to the novel
environment was measured every 5 min for 60 min. Auts2-deficient mice exhibited a decrease in exploratory behavior during the first 15 min. (B) Assessment
of physical motor function and coordination of Auts2 mutant mice in a rotarod test. The latency of falling from an accelerating rotarod was measured for five
consecutive days. Data are presented as the mean + SEM (A: WT, n = 17, Auts2"*°’* = 14 and B: WT, n = 10, Auts2"*°’* = 9). *p<0.05; two-way ANOVA with
repeated measures.

doi:10.1371/journal.pone.0145979.g001

(p<0.01 by Wilcoxon matched-pairs signed-rank test, data not shown), demonstrating a natu-
ral aversion to illuminated open areas in our experimental condition (Fig 2A left). Interestingly,
Auts2 mutants spent more time in the center area compared to WT mice (Fig 2A left). The
results were consistent with an increased ratio of inner vs. total distance traveled in open-field
(Fig 2A middle) although a reduction of total distance traveled was observed (Fig 2A right).

The elevated plus maze test further supported the idea that Auts2 mutants exhibit abnormal
emotional behaviors. The percentage of open arm entry was markedly increased, whereas
closed arm entry was significantly decreased in Auts2 mutant mice compared with WT mice
(p< 0.01 by Wilcoxon matched-pairs signed-rank test, Fig 2B, % Open arm entry). Auts2
mutants also exhibited a marked increase, although not significant, in the percentage of open
arm time as compared to WT mice (Fig 2B, % Open arm time). In contrast, motor ability
seemed normal because the total time spent in either arm (Fig 2B, % total arm time) and the
total frequency of entry into either arm (Fig 2B, % total arm entry) in the elevated plus maze
test were not significantly different between wild type and mutant animals. These results sug-
gest that anxiety-like behavior is decreased in the mutants.

In order to investigate social approach behaviors in Auts2 mutants relevant to human neu-
ropsychiatric disorders, we evaluated sociability and preference for social novelty in the three-
chambered social interaction test. The data from one animal in each group were excluded
because they did not approach any chamber. During the habituation phase, both Auts2
mutants and WT mice spent equal amounts of time exploring both compartments (Fig 3, left),
with no biased preference for either of the two empty chambers. During the sociability phase,
Auts2 mutants and WT mice both demonstrated a preference for spending more time in the
chamber containing the unfamiliar mouse (stranger 1) relative to the opposite, empty chamber
[F(1,54) = 23.90, p<0.001]; there were no effects of genotype [F(1,54) = 0.03, p = 0.86], or
interactions with genotype [F(1,54) = 1.39, p = 0.24] (Fig 3 middle). During the social novelty
preference phase, Auts2 mutants and WT mice also both displayed a preference for spending
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Fig 2. Abnormality of anxiety-like behaviors in Auts2 mutant mice. (A) In open field tests, the time spent in the center field (left graph) and total distant
traveled (right graph) were measured for 5 min to analyze mobility and exploration behavior. The ratio of distance traveled in an inner area scores as the
percentage of total distance traveled (middle graph). Auts2"¢°’* mice spent significantly more time in the open environment than wild-type mice. (B) In
elevated plus maze test, the duration of time spent in an arm (left graphs) and number of arm entries (right graphs) were measured for 5 min. The time (%
Open arm time) and number of entries (% Open arm entry) in the open arms are presented by the percentage of total time (Total arm time) and number of
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are presented as the mean + SEM (WT, n = 17, Auts2™°* = 14). ¥*p<0.05, **p<0.01; Mann-Whitney U-test.

doi:10.1371/journal.pone.0145979.g002

more time in the chamber containing the new, unfamiliar mouse (stranger 2) relative to the
opposite chamber containing the previous, now familiar mouse (stranger 1) [F(1,54) = 11.22,
p<0.001], and there were no effects of genotype [F(1,54) = 0.15, p = 0.70], or interactions with
genotype [F(1,54) = 1.25, p = 0.27] (Fig 3 right), indicating that social approach behaviors are
normal in Auts2 mutant mice.

To examine the role of Auts2 on recognition memory, a novel object recognition test was
carried out. During the training session, Auts2 mutants and WT mice spent equal amounts of
time exploring the two objects (Fig 4A right), and there was no biased exploratory preference
in either group (Fig 4A left), suggesting no differences in motivation and curiosity about novel

PLOS ONE | DOI:10.1371/journal.pone.0145979 December 30, 2015 7/13



@’PLOS ‘ ONE

Roles for Auts2 in Cognitive Brain Function

Habituation
300

CIwt

- Auts2neo/+
'S 200~
R
c
RS
©
A 1004

0
Empty chamber1 Empty chamber2

Three-chamber test

Sociability Social novelty
300 300
CIwt Cwt
- Autszneoh- - Autszneo/+
S 2004 T 'S 200+
2 L
c c
2 ]
© ©
5 1004 i 5 100 ﬂ i
0 0
Stranger1i  Empty chamber Stranger1 Stranger2

Fig 3. Normal social approach behaviors in Auts2-deficient mice. (A) Sociability for contacting an unfamiliar mouse or empty chamber (middle graphs)
and social novelty for a stranger mouse versus a familiar mouse (right graphs) of WT and Auts2 mutant mice were measured by a three-chamber test.
Graphs show the time spent in the each chamber. Data are presented as the mean + SEM (WT, n = 16, Auts2"®°’+ = 13), t test.

doi:10.1371/journal.pone.0145979.g003

objects, and motor function between Auts2 mutants and WT mice. However, in the retention
session, which was carried out 24 hrs after the training session, the level of exploratory prefer-
ence to the novel object in Auts2 mutant mice was significantly decreased compared to in WT
mice (p<0.01, Fig 4A left). Total exploration time in the retention session did not differ
between groups (Fig 4A right). These results suggest that Auts2 mutant mice have impaired
recognition memory.

In the fear conditioning memory test, both Auts2 mutants and WT mice showed freezing
responses during the conditioning phase, and there was no significant difference in freezing
time between two groups (Fig 4B “Conditioning”). Auts2 mutant mice showed a significant
decrease in tone-dependent freezing time compared to WT mice (Fig 4B “Tone-dependent”)
although there was no significant difference in the context-dependent freezing (Fig 4B “Con-
text-dependent”). Furthermore, Auts2 mutants showed a higher response to nociceptive
stimuli (Fig 4B “Nociceptive threshold”). These findings suggest that associative memory func-
tions are impaired in Auts2"*’* mice.

We further examined the acoustic startle response and the percentage of prepulse inhibition
(PPI) as indicators of sensorimotor processing. The data obtained from one Auts2 mutant was
excluded because of no response to startle stimulus. Repeated measures ANOVA of the data
(69-81 dB) revealed a significant effect of prepulse intensity [F(3,84) = 17.75, p<0.01]. There
were no effects of genotype [F(1,28) = 0.03, p = 0.87], or interaction of genotype [F(3,84) =
0.82, p = 0.49] (Fig 5 left). However, Auts2 mutants displayed a potentiation of acoustic startle
response at 120 dB compared to WT mice (p<0.01, Fig 5 right).

Together, these results suggest that AUTS2 plays an important role for high-order brain
functions such as anxiety-related emotional behaviors as well as in certain types of memory
formation.

Discussion

Many studies have previously demonstrated that AUTS2 was implicated as a promising candi-
date for multiple neurocognitive defects as well as developmental delay and epilepsy (2, 4]. In
those reports, although some cases were reported to have disrupted AUTS2 coding regions,
many other cases were exclusively structural variants in which AUTS2 was disrupted by
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Fig 5. Normal behaviors of Auts2-deficient mice on PPI. PPI (%) at four different prepulse intensities (69,
73,77 and 81 dB) in PPl test (left graph) and acoustic startle response to two different pulses (middle and
right graphs) as measured in trials without a prepulse. There were no significant differences between wild
type and Auts2 mutant mice in the characterization of PPl whereas Auts2 mutant mice exhibited a higher
acoustic startle response at 120 dB pulse compared to WT mice. Data are presented as the mean + SEM
(WT, n =17, Auts2™°* = 13). **p<0.0001; two-way ANOVA with repeated measures in PPI testand Mann-
Whitney U-test in startle response.

doi:10.1371/journal.pone.0145979.9g005

genomic rearrangements including balanced translocation, inversions or deletions of AUTS2
non-coding regions, implying the possibility that other genes could be involved in the occur-
rence of the disorders. Recently, however, Beunders et al. have identified a significant number
of individuals with ASD and/or ID having microdeletions in which at least one exon of AUTS2
was included [7]. Consistent with human cases, we found in this study that heterozygotic
disruption of Auts2 alone sufficiently induced several behavioral abnormalities including
decrease of exploratory behaviors in a new circumstance as well as the decrease of anxiety
against aversive situations for mice. Furthermore, Auts2-deficient mice displayed learning
defects related to recognition and associative memory, suggesting that AUTS2 contributes to
the acquisition of neurocognitive brain function. Interestingly, Auts2-deficient mice exhibited
higher responses against nociceptive (Fig 4B “Nociceptive threshold”) and acoustic stimuli (Fig
5 right) while social behavior was normal in three-chambered assay (Fig 3 middle and right).
In human patients with autism, hypersensitivity against auditory and tactile stimuli is com-
monly reported in addition to the triad of impairments [24]. Together, these findings indicate
a possibility that these heterozygous animals mimic in part the pathology of some patients with
AUTS2 mutations.

Previous studies have demonstrated that mutations in the genes involved in the regulation
of cytoskeleton organization were associated with mental retardation, epilepsy and learning
disorders [25, 26]. For example, disruption of microtubule organizer genes such as Lis1, Ndel,
DCX and FGF13 in human and mouse models result in defects of neuronal migration or aber-
rant neurite formation and also exhibit impaired learning and memory [27-34]. It has been
reported that individuals with heterozygotic disruptions of the human AUTS2 occasionally
present with brain malformations including microcephaly and corpus callosum hypoplasia [3,
35]. In our recent study, although Auts2-deficient mice do not show significant gross morpho-
logical and histological abnormalities in brain structure, several developmental processes
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including the cortical neuronal migration and subsequent axon development were impaired
in both homozygotic and heterozygotic Auts2 mutant mice d[16]. The defects in learning and
memory of Auts2 mutant mice could be caused by the developmental abnormalities in the
microstructure within the brain, which may hamper the establishment of proper neural cir-
cuits in the mature brain. Additionally, AUTS2 may also be involved in the postnatal neuro-
developmental processes such as synaptogenesis, synaptic neurotransmission and neural
circuit formation because AUTS2 is continuously expressed in the mature mice brain. Future
studies of Auts2 mutant mice will allow us to better understand the function of AUTS2 in
these processes.

Acknowledgments

We thank all members of the Hoshino Laboratory for helpful suggestions and comments on
the manuscript and Dr. Y. Ruth for her help in preparing the text.

Author Contributions

Conceived and designed the experiments: KH KY MH. Performed the experiments: KH WS
TN AS. Analyzed the data: KH WS TN KY. Contributed reagents/materials/analysis tools: MA
MY KS. Wrote the paper: KH TN MH.

References

1. Sultana R, Yu CE, Yu J, Munson J, Chen D, Hua W, et al. Identification of a novel gene on chromosome
7q11.2 interrupted by a translocation breakpoint in a pair of autistic twins. Genomics. 2002; 80(2):129—
34. PMID: 12160723.

2. Oksenberg N, Ahituv N. The role of AUTS2 in neurodevelopment and human evolution. Trends Genet.
2013;29(10):600-8. doi: 10.1016/).tig.2013.08.001 PMID: 24008202.

3. Kalscheuer VM, FitzPatrick D, Tommerup N, Bugge M, Niebuhr E, Neumann LM, et al. Mutations in
autism susceptibility candidate 2 (AUTS2) in patients with mental retardation. Hum Genet. 2007; 121
(3-4):501-9. PMID: 17211639.

4. Jolley A, Corbett M, McGregor L, Waters W, Brown S, Nicholl J, et al. De novo intragenic deletion of the
autism susceptibility candidate 2 (AUTS2) gene in a patient with developmental delay: a case report
and literature review. Am J Med Genet A. 2013; 161A(6):1508—12. doi: 10.1002/ajmg.a.35922 PMID:
23650183.

5. EliaJ, Gai X, Xie HM, Perin JC, Geiger E, Glessner JT, et al. Rare structural variants found in attention-
deficit hyperactivity disorder are preferentially associated with neurodevelopmental genes. Mol Psychi-
atry. 2010; 15(6):637—46. doi: 10.1038/mp.2009.57 PMID: 19546859; PubMed Central PMCID:
PMC2877197.

6. Girirajan S, Brkanac Z, Coe BP, Baker C, Vives L, Vu TH, et al. Relative burden of large CNVs on a
range of neurodevelopmental phenotypes. PLoS genetics. 2011; 7(11):1002334. doi: 10.1371/
journal.pgen.1002334 PMID: 22102821; PubMed Central PMCID: PMC3213131.

7. Beunders G, Voorhoeve E, Golzio C, Pardo LM, Rosenfeld JA, Talkowski ME, et al. Exonic deletions in
AUTS2 cause a syndromic form of intellectual disability and suggest a critical role for the C terminus.
Am J Hum Genet. 2013; 92(2):210-20. doi: 10.1016/j.ajhg.2012.12.011 PMID: 23332918; PubMed
Central PMCID: PMC3567268.

8. DangW, Zhang Q, Zhu YS, Lu XY. The evidence for the contribution of the autism susceptibility candi-
date 2 (AUTS2) gene in heroin dependence susceptibility. J Mol Neurosci. 2014; 54(4):811-9. doi: 10.
1007/s12031-014-0421-5 PMID: 25398668.

9. ChenYH, Liao DL, Lai CH, Chen CH. Genetic analysis of AUTS2 as a susceptibility gene of heroin
dependence. Drug Alcohol Depend. 2013; 128(3):238—42. doi: 10.1016/j.drugalcdep.2012.08.029
PMID: 22995765.

10. Schumann G, Coin LJ, Lourdusamy A, Charoen P, Berger KH, Stacey D, et al. Genome-wide associa-
tion and genetic functional studies identify autism susceptibility candidate 2 gene (AUTS2) in the regu-
lation of alcohol consumption. Proc Natl Acad Sci U S A. 2011; 108(17):7119-24. doi: 10.1073/pnas.
1017288108 PMID: 21471458; PubMed Central PMCID: PMC3084048.

PLOS ONE | DOI:10.1371/journal.pone.0145979 December 30, 2015 11/183


http://www.ncbi.nlm.nih.gov/pubmed/12160723
http://dx.doi.org/10.1016/j.tig.2013.08.001
http://www.ncbi.nlm.nih.gov/pubmed/24008202
http://www.ncbi.nlm.nih.gov/pubmed/17211639
http://dx.doi.org/10.1002/ajmg.a.35922
http://www.ncbi.nlm.nih.gov/pubmed/23650183
http://dx.doi.org/10.1038/mp.2009.57
http://www.ncbi.nlm.nih.gov/pubmed/19546859
http://dx.doi.org/10.1371/journal.pgen.1002334
http://dx.doi.org/10.1371/journal.pgen.1002334
http://www.ncbi.nlm.nih.gov/pubmed/22102821
http://dx.doi.org/10.1016/j.ajhg.2012.12.011
http://www.ncbi.nlm.nih.gov/pubmed/23332918
http://dx.doi.org/10.1007/s12031-014-0421-5
http://dx.doi.org/10.1007/s12031-014-0421-5
http://www.ncbi.nlm.nih.gov/pubmed/25398668
http://dx.doi.org/10.1016/j.drugalcdep.2012.08.029
http://www.ncbi.nlm.nih.gov/pubmed/22995765
http://dx.doi.org/10.1073/pnas.1017288108
http://dx.doi.org/10.1073/pnas.1017288108
http://www.ncbi.nlm.nih.gov/pubmed/21471458

@’PLOS ‘ ONE

Roles for Auts2 in Cognitive Brain Function

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

Mefford HC, Muhle H, Ostertag P, von Spiczak S, Buysse K, Baker C, et al. Genome-wide copy number
variation in epilepsy: novel susceptibility loci in idiopathic generalized and focal epilepsies. PLoS genet-
ics. 2010; 6(5):€1000962. doi: 10.1371/journal.pgen.1000962 PMID: 20502679; PubMed Central
PMCID: PMC2873910.

Bedogni F, Hodge RD, Nelson BR, Frederick EA, Shiba N, Daza RA, et al. Autism susceptibility candi-
date 2 (Auts2) encodes a nuclear protein expressed in developing brain regions implicated in autism
neuropathology. Gene Expr Patterns. 2010; 10(1):9-15. doi: 10.1016/j.gep.2009.11.005 PMID:
19948250; PubMed Central PMCID: PMC2818569.

Bedogni F, Hodge RD, Elsen GE, Nelson BR, Daza RA, Beyer RP, et al. Tbr1 regulates regional and
laminar identity of postmitotic neurons in developing neocortex. Proc Natl Acad Sci U S A. 2010; 107
(29):13129-34. doi: 10.1073/pnas.1002285107 PMID: 20615956; PubMed Central PMCID:
PMC2919950.

Lancaster MA, Renner M, Martin CA, Wenzel D, Bicknell LS, Hurles ME, et al. Cerebral organoids
model human brain development and microcephaly. Nature. 2013; 501(7467):373-9. doi: 10.1038/
nature12517 PMID: 23995685.

Gao Z, Lee P, Stafford JM, von Schimmelmann M, Schaefer A, Reinberg D. An AUTS2-Polycomb com-
plex activates gene expression in the CNS. Nature. 2014; 516(7531):349-54. doi: 10.1038/
nature13921 PMID: 25519132; PubMed Central PMCID: PMC4323097.

Hori K, Nagai T, Shan W, Sakamoto A, Taya S, Hashimoto R, et al. Cytoskeletal regulation by AUTS2
in neuronal migration and neuritogenesis. Cell reports. 2014; 9(6):2166—79. doi: 10.1016/j.celrep.2014.
11.045 PMID: 25533347.

Nagai T, Kitahara Y, Shiraki A, Hikita T, Taya S, Kaibuchi K, et al. Dysfunction of dopamine release in
the prefrontal cortex of dysbindin deficient sandy mice: an in vivo microdialysis study. Neurosci Lett.
2010; 470(2):134-8. doi: 10.1016/j.neulet.2009.12.071 PMID: 20045719.

Lee PR, Brady DL, Shapiro RA, Dorsa DM, Koenig JI. Social interaction deficits caused by chronic
phencyclidine administration are reversed by oxytocin. Neuropsychopharmacology. 2005; 30
(10):1883—-94. doi: 10.1038/sj.npp.1300722 PMID: 15798779.

Koike H, Ibi D, Mizoguchi H, Nagai T, Nitta A, Takuma K, et al. Behavioral abnormality and pharmaco-
logic response in social isolation-reared mice. Behav Brain Res. 2009; 202(1):114-21. doi: 10.1016/.
bbr.2009.03.028 PMID: 19447287.

Nagai T, Takuma K, Kamei H, Ito Y, Nakamichi N, Ibi D, et al. Dopamine D1 receptors regulate protein

synthesis-dependent long-term recognition memory via extracellular signal-regulated kinase 1/2 in the
prefrontal cortex. Learn Mem. 2007; 14(3):117-25. doi: 10.1101/Im.461407 PMID: 17337702; PubMed
Central PMCID: PMC1838552.

Ibi D, Nagai T, Koike H, Kitahara Y, Mizoguchi H, Niwa M, et al. Combined effect of neonatal immune
activation and mutant DISC1 on phenotypic changes in adulthood. Behav Brain Res. 2010; 206(1):32—
7. doi: 10.1016/j.bbr.2009.08.027 PMID: 19716847; PubMed Central PMCID: PMC2846597.

Nadler JJ, Moy SS, Dold G, Trang D, Simmons N, Perez A, et al. Automated apparatus for quantitation
of social approach behaviors in mice. Genes Brain Behav. 2004; 3(5):303-14. doi: 10.1111/.1601-
183X.2004.00071.x PMID: 15344923.

Takahashi K, Nagai T, Kamei H, Maeda K, Matsuya T, Arai S, et al. Neural circuits containing pallido-
tegmental GABAergic neurons are involved in the prepulse inhibition of the startle reflex in mice. Biol
Psychiatry. 2007; 62(2):148-57. doi: 10.1016/j.biopsych.2006.06.035 PMID: 17027927.

American Psychiatric Association. Diagnostic and statistical manual of mental disorders ( 5th edition).
Washington, DC: American Psychiatric Association.; 2013.

Valiente M, Marin O. Neuronal migration mechanisms in development and disease. Curr Opin Neuro-
biol. 2010; 20(1):68-78. doi: 10.1016/j.conb.2009.12.003 PMID: 20053546.

Liu JS. Molecular genetics of neuronal migration disorders. Curr Neurol Neurosci Rep. 2011; 11
(2):171-8. doi: 10.1007/s11910-010-0176-5 PMID: 21222180.

Wu QF, YangL, Li S, Wang Q, Yuan XB, Gao X, et al. Fibroblast growth factor 13 is a microtubule-stabi-
lizing protein regulating neuronal polarization and migration. Cell. 2012; 149(7):1549-64. doi: 10.1016/
j-cell.2012.04.046 PMID: 22726441.

Gleeson JG, Allen KM, Fox JW, Lamperti ED, Berkovic S, Scheffer |, et al. Doublecortin, a brain-specific
gene mutated in human X-linked lissencephaly and double cortex syndrome, encodes a putative sig-
naling protein. Cell. 1998; 92(1):63-72. PMID: 9489700.

Corbo JC, Deuel TA, Long JM, LaPorte P, Tsai E, Wynshaw-Boris A, et al. Doublecortin is required in
mice for lamination of the hippocampus but not the neocortex. J Neurosci. 2002; 22(17):7548-57.
PMID: 12196578.

PLOS ONE | DOI:10.1371/journal.pone.0145979 December 30, 2015 12/183


http://dx.doi.org/10.1371/journal.pgen.1000962
http://www.ncbi.nlm.nih.gov/pubmed/20502679
http://dx.doi.org/10.1016/j.gep.2009.11.005
http://www.ncbi.nlm.nih.gov/pubmed/19948250
http://dx.doi.org/10.1073/pnas.1002285107
http://www.ncbi.nlm.nih.gov/pubmed/20615956
http://dx.doi.org/10.1038/nature12517
http://dx.doi.org/10.1038/nature12517
http://www.ncbi.nlm.nih.gov/pubmed/23995685
http://dx.doi.org/10.1038/nature13921
http://dx.doi.org/10.1038/nature13921
http://www.ncbi.nlm.nih.gov/pubmed/25519132
http://dx.doi.org/10.1016/j.celrep.2014.11.045
http://dx.doi.org/10.1016/j.celrep.2014.11.045
http://www.ncbi.nlm.nih.gov/pubmed/25533347
http://dx.doi.org/10.1016/j.neulet.2009.12.071
http://www.ncbi.nlm.nih.gov/pubmed/20045719
http://dx.doi.org/10.1038/sj.npp.1300722
http://www.ncbi.nlm.nih.gov/pubmed/15798779
http://dx.doi.org/10.1016/j.bbr.2009.03.028
http://dx.doi.org/10.1016/j.bbr.2009.03.028
http://www.ncbi.nlm.nih.gov/pubmed/19447287
http://dx.doi.org/10.1101/lm.461407
http://www.ncbi.nlm.nih.gov/pubmed/17337702
http://dx.doi.org/10.1016/j.bbr.2009.08.027
http://www.ncbi.nlm.nih.gov/pubmed/19716847
http://dx.doi.org/10.1111/j.1601-183X.2004.00071.x
http://dx.doi.org/10.1111/j.1601-183X.2004.00071.x
http://www.ncbi.nlm.nih.gov/pubmed/15344923
http://dx.doi.org/10.1016/j.biopsych.2006.06.035
http://www.ncbi.nlm.nih.gov/pubmed/17027927
http://dx.doi.org/10.1016/j.conb.2009.12.003
http://www.ncbi.nlm.nih.gov/pubmed/20053546
http://dx.doi.org/10.1007/s11910-010-0176-5
http://www.ncbi.nlm.nih.gov/pubmed/21222180
http://dx.doi.org/10.1016/j.cell.2012.04.046
http://dx.doi.org/10.1016/j.cell.2012.04.046
http://www.ncbi.nlm.nih.gov/pubmed/22726441
http://www.ncbi.nlm.nih.gov/pubmed/9489700
http://www.ncbi.nlm.nih.gov/pubmed/12196578

@’PLOS ‘ ONE

Roles for Auts2 in Cognitive Brain Function

30.

31.

32.

33.

34.

35.

Deuel TA, Liu JS, Corbo JC, Yoo SY, Rorke-Adams LB, Walsh CA. Genetic interactions between dou-
blecortin and doublecortin-like kinase in neuronal migration and axon outgrowth. Neuron. 2006; 49
(1):41-53. doi: 10.1016/j.neuron.2005.10.038 PMID: 16387638.

Reiner O, Carrozzo R, Shen Y, Wehnert M, Faustinella F, Dobyns WB, et al. Isolation of a Miller-Dieker
lissencephaly gene containing G protein beta-subunit-like repeats. Nature. 1993; 364(6439):717-21.
PMID: 8355785.

des Portes V, Pinard JM, Billuart P, Vinet MC, Koulakoff A, Carrie A, et al. A novel CNS gene required
for neuronal migration and involved in X-linked subcortical laminar heterotopia and lissencephaly syn-
drome. Cell. 1998; 92(1):51-61. PMID: 9489699.

Feng Y, Olson EC, Stukenberg PT, Flanagan LA, Kirschner MW, Walsh CA. LIS1 regulates CNS lami-
nation by interacting with mNudE, a central component of the centrosome. Neuron. 2000; 28(3):665—
79. PMID: 11163258.

Koizumi H, Higginbotham H, Poon T, Tanaka T, Brinkman BC, Gleeson JG. Doublecortin maintains
bipolar shape and nuclear translocation during migration in the adult forebrain. Nat Neurosci. 2006; 9
(6):779-86. PMID: 16699506.

Talkowski ME, Rosenfeld JA, Blumenthal |, Pillalamarri V, Chiang C, Heilbut A, et al. Sequencing chro-
mosomal abnormalities reveals neurodevelopmental loci that confer risk across diagnostic boundaries.
Cell. 2012; 149(3):525-37. doi: 10.1016/j.cell.2012.03.028 PMID: 22521361; PubMed Central PMCID:
PMC3340505.

PLOS ONE | DOI:10.1371/journal.pone.0145979 December 30, 2015 13/13


http://dx.doi.org/10.1016/j.neuron.2005.10.038
http://www.ncbi.nlm.nih.gov/pubmed/16387638
http://www.ncbi.nlm.nih.gov/pubmed/8355785
http://www.ncbi.nlm.nih.gov/pubmed/9489699
http://www.ncbi.nlm.nih.gov/pubmed/11163258
http://www.ncbi.nlm.nih.gov/pubmed/16699506
http://dx.doi.org/10.1016/j.cell.2012.03.028
http://www.ncbi.nlm.nih.gov/pubmed/22521361

