Schizophrenia Bulletin vol. 48 no. 4 pp. 804-813, 2022
https://doi.org/10.1093/schbul/sbac040
Advance Access publication May 6, 2022

Deletion of Schizophrenia Susceptibility Gene Ulk4 Leads to Abnormal Cognitive
Behaviors via Akt-GSK-3 Signaling Pathway in Mice

Ling Hu'*%, Bing-Yao Zhou*¢, Cui-Ping Yang?, Da-Yun Lu*, Yun-Chao Tao?, Lin Chen?®, Lei Zhang*°, Jun-Hui Su?,
Ying Huang', Ning-Ning Song'?, Jia-Yin Chen'?, Li Zhao!, Yi Chen®, Chun-Hui He®, Yu-Bing Wang?, Bing Lang®, and
Yu-Qiang Ding*!-

"Department of Laboratory Animal Science, Fudan University, Shanghai, China; *State Key Laboratory of Medical Neurobiology and MOE
Frontiers Center for Brain Science, Institutes of Brain Science, Fudan University, Shanghai, China; *Key Laboratory of Arrhythmias, Ministry
of Education, East Hospital, and Department of Anatomy and Neurobiology, Tongji University School of Medicine, Shanghai, China; ‘CAS
Key Laboratory of Receptor Research, State Key Laboratory of Drug Research, Shanghai Institute of Materia Medica, Chinese Academy of
Sciences, Shanghai, China; *Department of Psychiatry, National Clinical Research Centre for Mental Health, the Second Xiangya Hospital,
Central South University, Changsha, Hunan, China

*To whom correspondence should be addressed; Shanghai 200032, China; tel: +86 021 5423 7169, e-mail: dingyuqiang@vip.163.com

SThese authors contributed equally to this work.

Objectives: Despite of strenuous research in the past dec-
ades, the etiology of schizophrenia (SCZ) still remains
incredibly controversial. Previous genetic analysis has
uncovered a close association of Unc-51 like kinase 4
(ULK4), a family member of Unc-51-like serine/threo-
nine kinase, with SCZ. However, animal behavior data
which may connect Ulk4 deficiency with psychiatric dis-
orders, particularly SCZ are still missing. Methods: We
generated Emx1-Cre:Ulk4%¥fx  conditional knockout
(CKO) mice, in which Ulk4 was deleted in the excitatory
neurons of cerebral cortex and hippocampus. Results:
The cerebral cellular architecture was maintained but
the spine density of pyramidal neurons was reduced in
Ulk4 CKO mice. CKO mice showed deficits in the spa-
tial and working memories and sensorimotor gating.
Levels of p-Akt and p-GSK-3a/f were markedly re-
duced in the CKO mice indicating an elevation of GSK-3
signaling. Mechanistically, Ulk4 may regulate the GSK-3
signaling via putative protein complex comprising of
two phosphatases, protein phosphatase 2A (PP2A) and
la (PP1a). Indeed, the reduction of p-Akt and p-GSK-
3a/p was rescued by administration of inhibitor acting on
PP2A and PPla in CKO mice. Conclusions: Our data
identified potential downstream signaling pathway of
Ulk4, which plays important roles in the cognitive func-
tions and when defective, may promote SCZ-like patho-
genesis and behavioral phenotypes in mice.
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Introduction

SCZ is a debilitating mental disorder which displays a va-
riety of symptoms including delusion, auditory and visual
hallucination, disorganized speech and impaired working
memory.'? Despite extensive research, the underlying
molecular and neural basis remains elusive. A genome-
wide association study has identified 108 genetic loci sig-
nificantly associated with SCZ.>* Unfortunately, only a
handful of candidate genes have achieved clear mechan-
ical insights on its contribution to SCZ.

Recurrent deletion of Unc-51-like kinase 4 (ULK4)
has been proposed as a genetic variant of major
mental disorders including SCZ.® Deletion of ULK4
was also reported in 7/5,891 patients suffering devel-
opmental disorders such as learning difficulty and lan-
guage problems in the study of Brain and Body Genetic
Resource Exchange (BBGRE) cohort.® In addition,
ULK4 intragenic microdeletion together with BRWD3
(Bromodomain And WD Repeat Domain Containing
3) partial microduplication was discovered in siblings
with cognitive impairment, autistic features, and obe-
sity.” Apart from these findings from the variants, the
common variants of ULK4 also predispose people at risk
to major mental disorders.® The data from four family co-
horts comprising autistic samples from Han Chinese and
European ancestry revealed strong cis-association be-
tween functional ULK4 SNPs and mRNA expression in
postmortem autistic brains and antipsychotic treatment
response in SCZ patients.?
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How ULK4 works properly in vivo remains controver-
sial. ULK4 belongs to the family of wunc-51-like serinel
threonine kinase (ULKI-4) and unc-51 was originally
found to participate in the endocytosis and axon growth
in Caenorhabditis elegants.” Deletion of Ulk4 in mice
leads to reduced neural stem cell pool,'® hypomyelination
of corpus callosum!' and aberrant corticogenesis.!
Although Ulk4™" mice are viable, they develop severe
congenital hydrocephalus which interferes with the prop-
erly functional characterization of Ulk4 in vivo.'

In this study, we generated Ulk4 CKO mice in which
Ulk4 was selectively deleted in the cerebral cortex and
hippocampus. The CKO mice exhibited impaired spatial
and working memories and sensorimotor gating with el-
evated activity of Akt-GSK-3 signaling. We provided ev-
idence that Ulk4 might form a protein interactome via
binding two phosphatases, PPla and PP2A. Critically,
administration of okadaic acid (OA), an inhibitor of
PP2A and PPla, restored the abnormal Akt-GSK-3
signaling in CKO mice. Our results provide mechanistic
insights for understanding the in vivo function of Ulk4
and when defective, can cause deleterious effects to the
brain and precipitate SCZ-like behaviors in mice.

Methods

All experimental procedures were reviewed and approved
by the Animal Committee of Department of Laboratory
Science, Fudan University, China.

Animals

The Ulk4imaKOMPWisi gnerm  harboring knockout-first
construct was purchased from the Knockout Mouse
Project (KOMP) Repository (www.KOMP.org) at
University of California, Davis. The mouse strains used
in this study were generated and maintained on C57BL/6J
background.

Western Blot, Golgi Staining and Dendritic Spine
Counting

Western blot, Golgi staining and spine counting was car-
ried out as described previously'* (See supplementary ma-
terial for detail).

Immunohistochemistry and In Situ Hybridization

Immunohistochemistry staining and in situ hybridization
were carried out as described previously'>!¢ (See supple-
mentary material for detail).

Proteome Analysis

To identify potential interactors of ULK4, SH-SY5Y
cells over-expressing pLex-Flag-ULK4 by transient
transfection were cultured in the presence of 15 pmol/L
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MG132 for 10 h before harvest. Cell lysates were col-
lected to perform immunoprecipitation (IP) experiment
with anti-Flag (Sigma, A2220) and proteome analysis.!”

Behavioral Tests

The Morris water maze (MWM),!® delayed matching-
to-place T maze,” open field® and prepulse inhibition
(PPI)?! were conducted as previously described (See sup-
plementary material for details).

Drug Administration

SB-216763 (Tocris) was dissolved in DMSO and di-
luted with saline containing 5% Tween-80 followed by
intraperitoneal injection at a dosage of 10 mg/kg. The
PPI test was performed at 30 min after SB-216763 injec-
tion. OA (Tocris) was prepared in 50% DMSO in saline
and administered intracerebroventricularly in a volume
of 1 puL at a rate of 1 pL/min as previously described.?

Statistical Analysis

Statistical analyses were performed using GraphPad
Prism 8.0 software. Student’s t-tests and ANOVA were
employed where appropriate. Bonferroni’s post hoc test
was mentioned in figure legends. Data were presented as
mean + SEM. Significance was considered at P < .05.

Results

Generation of Ulk4 CKO Mice

We first determined the expression profile of Ulk4 in the
forebrain using in situ hybridization. In line with previous
findings,” Ulk4 mRNA was distributed throughout the
cerebral cortex and hippocampus (figure 1A). To delete
Ulk4 specifically in the excitatory neurons of these two
regions, we crossed Ulk4™¥1x mice!? with Emx1-cre* to
obtain Emx1-Cre: Ulk4%x mice (Ulk4 CKO mice). The
deletion of Ulk4 was also confirmed at transcriptional
level using a pair of primers targeting the regions flanking
exon 8 of Ulk4 (Ulk4-F/R) (figure 1B). As expected, two
bands (752bp and 677bp) were detected in the cerebral
cortex and hippocampus of Ulk4 CKO mice, but not in
the cerebellum which does not express Cre recombinase.?
In contrast, only the 752 bp band was amplified in con-
trol mice, showing that the exon8 (75 bp) was success-
fully deleted (figure 1C). This was further confirmed by
gRT-PCR as the Ulk4 transcripts were reduced by ap-
proximately 90% in the cerebral cortex (figure 1D) and
hippocampus of CKO mice. As a comparison, we also
analyzed the mRNA expression of other Unc-51-like ki-
nase family members (Ulk1l-3 and STK36) and did not
find any difference between the CKO and control mice
(figure 1E). The CKO mice were viable and displayed
comparable body weight with littermate controls at adult
stage (figure 1F).
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Fig. 1. Generation and validation of Ulk4 CKO mice. (A) The expression of Ulk4 throughout the cerebral cortex (layers I1/VI) and
hippocampus. Scale bar = 400 pm in the left panel and 100 pm in the middle and right panels. (B) Diagram showing the genetic makeup
of Ulk4 flox mice. (C) Using the cDNA as template and primer pair indicated in B, two bands (752 bp and 677 bp) were detected in

Ulk4 CKO mice in the cerebral cortex and hippocampus where the cre recombinase was expressed. In the cerebellum, only the 752 bp
band was amplified in both control and Ulk4 CKO mice. (D) qRT-PCR also showed that Ulk4 transcript was significantly reduced in

the cerebral cortex and hippocampus but not in cerebellum of Ulk4 CKO mice. (E) The expression profile of other Unc-51-like family
members (Ulk1-3 and STK36) were not changed in CKO mice. mRNA levels in CKO mice are normalized to that of control mice. N = 4
for each group; ** P < .01; one-way ANOVA with Bonferroni post hoc test. (F) No significant difference in the body weight was observed
between adult CKO and control mice (4-6 month old). N = 10 for each group. Student’s ¢ test. Ctx, cortex; Hippo, hippocampus; Cb,
cerebellum; I-VI, cortical layers I-VI; CA1 and CA3, CA1-CA3 regions of hippocampus; DG, dentate gyrus.

Ulk4 CKO Mice Displayed Impaired Spatial
and Working Memories Together with Deficient
Sensorimotor Gating

We then carried out a battery of behavioral tests to de-
termine possible behavioral abnormalities in Ulk4 CKO
mice. In the open field test, no significant difference was
found in the travel distance or average velocity between
control and Ulk4 CKO mice (supplementary figures S1A
and S1B). Similar results were obtained in dark-light
choice test (supplementary figures SIC and S1D) and in
the elevated plus maze (supplementary figures S1E and
S1F) as well as in three-chamber social interaction test
(supplementary figures S1G and S1H). Collectively,
spontaneous locomotor activity, anxiety level and social
behaviors are not obviously altered in CKO mice.
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To examine whether the cognitive function is defective
in Ulk4 CKO mice, we performed the Morris water maze
(MWM) and delayed matching-to-place T maze tests.
During the learning period of the MWM test, the Ulk4
CKO mice exhibited a longer latency in finding the hidden
platform than the control mice on days 4-7, suggesting a
deficit in spatial learning (figure 2A). During the test day,
Ulk4 CKO mice showed a much longer latency to find the
platform compared with the control mice (figures 2C and
2E), and a significantly decreased number of target zone
crossings (figures 2B and 2E). Noteworthy, these changes
were not due to the deficits in the motor function as the
swimming velocity was comparable between control
and CKO mice (figure 2D). Delayed matching-to-place
T maze is a well-defined behavior paradigm assessing
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working memory in mice.”” The CKO mice displayed a re-
duced number of correct arm entries and concomitantly
increased latency to find sweet jelly when the interval
between a sample run and a choice run last for 3 min
(figures 2F and 2G). These results indicated that Ulk4 de-
letion leads to profound impairment of spatial learning
and memory retrieval, and deficits in working memory.

We next set out to explore the ability of sensorimotor
gating by PPI test. The CKO mice displayed a significant
reduction of PPI at the 65, 73, and 82 dB pre-pulse levels
compared with control mice (figure 2H). Noteworthy, the
startle response did not differ between control and CKO
mice, suggesting no hearing deficit (figure 21). This result
strongly indicated that the sensorimotor gating is dis-
turbed in CKO mice.

Ulk4 CKO Mice had Unchanged Layer Architecture but
Reduced Spine Density of Cortical Pyramidal Neurons

Previous studies have shown that Ulk4 null knockout mice
display thinner cerebral cortex and enlarged lateral vent-
ricles.!”” Thus, we first quantified the thickness of cortical
individual layers with Nissl staining together with other
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layer-specific markers (Cux2 and CDP for layers I1-1V, Rorf3
for layer 1V, Plxnd1 for layer V and TLE4 for layer VI).
The Ulk4 CKO mice had comparable thickness of layers
I-VI1in the cortex (figures 3A-3F) along with the normal
size of the lateral ventricle (supplementary figures STH
and S1I). Similarly, they also presented normal architec-
ture of hippocampus as evidenced by Nissl staining and
region-specific genes including Math2, KA1, Manla,
and EphA6 (supplementary figures S2A-S2E). In addi-
tion, it has been reported that adult hippocampal neuro-
genesis is also implicated in the pathogenesis of SCZ.?5%
We thus performed immunostaining of DCX, MCM2, and
Ki67, which are expressed in the neuroblasts and prolifer-
ating NSCs,”” and did not find any difference between con-
trol and CKO mice (supplementary figures S2F-S2H).

Reduced spine density of cortical pyramidal neurons
has been frequently reported in the postmortem brains
with SCZ and is believed to be a key hallmark of SCZ.%
31 We then performed Golgi staining and evaluated the
morphology of pyramidal neurons in the somatosensory
cortex. Although dendrite tree was not obviously changed,
the spine density of cortical neurons was significantly de-
creased in Ulk4 CKO mice (figures 3G and 3H).
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Fig. 2. Ulk4 CKO mice exhibited impaired spatial and working memories and defective sensorimotor gating. (A—C) In learning phase of
Morris water maze (MWM) test, the Ulk4 CKO mice showed significantly longer latency to find platform than the control mice (A, two-
way repeated ANOVA) and the Ulk4 CKO mice presented less platform crossing number during the memory trial (B) and longer latency
to find the platform in test phase (C). N = 10 for control and N = § for CKO mice, ** P < .01; * P <.05. (D) The Ulk4 CKO mice showed
a similar swimming velocity with control mice. N = 10 for control and N = 8§ for CKO mice, Student’s 7 test. (E) Representative traveling
trajectory of the control (top) and CKO mice (bottom) in the MWM test. (F, G) The Ulk4 CKO mice showed a reduced number of
correct arm entries (F) and an increased latency to find sweet jelly when the interval last for 3 min (G). No difference was found when
interval last for 1 min. N = 6 for control and N = 9 for CKO mice. Two-way repeated ANOVA, * P < .05; ** P < .01. (H, I) The Ulk4
CKO mice had a significant PPI deficit compared with control mice at three different pre-pulse intensities (H) but the startle response was
comparable (I). Two-way repeated ANOVA for PPI test and Student’s ¢ test for startle response comparison. *P < .05, ** P < .0l. N= 14

for control and N = 13 for Ulk4 CKO.
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Fig. 3. Unchanged cortical layers but reduced spine density of pyramidal neurons in CKO mice. (A—E) Compared to the control mice,
the CKO mice presented normal cortical lamination as shown by Nissl staining (A) and layer-specific markers, including Cux2 for
layer II-IV (B), Rorf for layer IV (C), CDP for layer II-IV (D), TLE4 for layer V-VI (D), PlxnD1 for layer V (E) in P7 mice. Scale

bar = 50 um. (F) Quantification of the thickness of the individual layers shown by Nissl staining. Student’s ¢ test. N = 3 for each group.
(G) Representative images of dendritic spines from the neurons in the layers II/III and layer V/VI in the two groups. Scale bar = 10 pm.
(H) Decreased spine density was found in Ulk4 CKO mice in comparison with control mice. Student’s ¢ test, ** P < .01, N = 34-40 in
each group.

Elevated GSK-3 Activity was Responsible for the regulated by Ulk4. As abnormal Akt-GSK-3 pathway in
Disturbed PPI Response of Ulk4 CKO Mice the brain is one of the key molecular pathways implicated
in the pathogenesis of SCZ,3234 we carried out western
blot to investigate whether this pathway is changed in the
brain of Ulk4 CKO mice. The total levels of Akt, GSK-3a.,

The aberrant PPI response and reduced spine density of
cortical pyramidal neurons in the CKO mice prompted
us to investigate the underpinning molecular mechanisms
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or GSK-3 were not different between the two groups,
whereas the levels of p-Akt (Serd73), p-GSK-3a (Ser9),
and p-GSK-3f (Ser21) were significantly downregulated
in CKO mice, showing an increased activity of Akt-GSK-3
pathway in the absence of Ulk4 (figures 4A and 4B).

We also cultured 293T cells which were transfected
with control and pLex-Flag-ULK4 (Flag-ULK4), respec-
tively, to investigate whether overexpression of human
ULK4 (full-length) influences the activity of Akt-GSK-3
pathway. Consistently, the levels of p-Akt (Serd73),
p-GSK-3a (Ser9), and p-GSK-3p (Ser21) were increased
(figures 4C and 4D). Thus, we speculated that Ulk4 may
co-ordinate brain functions via regulating the activity of
Akt-GSK-3 pathway.

To validate the involvement of GSK-3 in the abnormal
PPI of CKO mice, we re-run the PPI test after the acute
systemic administration of SB-216763, a selective in-
hibitor of GSK-3.* Our results showed that SB-216763
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significantly improved the performance of PPI in Ulk4
CKO mice, which showed a comparable PPI reaction at
82 dB compared with control mice without affecting the
acoustic startle response (figures 4E and 4F). These re-
sults indicated that elevation of GSK-3 activity in the
brain might be a key factor contributing to the deficient
sensorimotor gating in Ulk4 CKO mice.

Ulk4 may Regulate Akt-GSK-3 Pathway via PP2A and
PPla

To determine the molecular mechanism which under-
lies the modulatory roles of Ulk4 to GSK-3 activity, we
cultured SH-SYSY cells transfected with pLex-Flag-
ULK4 plasmid and the harvested proteins were subject
to immunoprecipitation and proteome analysis to screen
potential ULK4 interactors (figure 5SA). Compared with
control group, ULK4 overexpression caused a significant
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Fig. 4. Ulk4 CKO mice presented significantly down-regulated expression of p-Akt and p-GSK-3 in the cerebral cortex and
hippocampus. (A) Representative western blots for the proteins of interest in the cerebral cortex and hippocampus. (B) Quantitative
data of the relative protein expression levels showed significantly decreased p-Akt, p-GSK-3a, and p-GSK-3f in the cerebral cortex
(left) and hippocampus (right) of Ulk4 CKO mice. Student’s ¢ test, * P < .05, N = 5 for each group. Ctx, cerebral cortex; Hippo,
hippocampus. (C) Representative western blots for the proteins of interest in the 293T cells transfected with control plasmids and Flag-
ULK4-overexpressing plasmid. (D) Quantitative data of the relative protein expression levels showed significantly increased p-Akt,
p-GSK-3a and p-GSK-3f in ULK4-overexpressing group (Flag-ULK4) compared with control group. Student’s 7 test, *P < .05, N =5
for each group. (E) SB-216763 restored the impaired PPI in CKO mice at pre-pulse intensity of 82dB. ** P < .01, One-way ANOVA with
Bonferroni post hoc test. (F) The startle responses were not altered among the four groups. N = 6 in each group. One-way ANOVA with

Bonferroni post hoc test.
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enrichment of serine/threonine-protein phosphatase 2A
55 kDa regulatory subunit B alpha isoform (PPP2R2A,
55 kDa), serine/threonine-protein phosphatase 2A cat-
alytic subunit alpha isoform (PPP2CA) and serine/
threonine-protein phosphatase PPla catalytic subunit
(PPPICA) (figure 5A), which were further confirmed
by western blot (figure 5B). On the other hand, the ex-
pressing levels of these proteins (termed as PP2A B sub-
unit, PP2A C subunit and PPla, respectively) and their
phosphorylated forms were not altered in Ulk4d CKO
mice (figure 5C). It is well known that PP2A and PPla
are protein phosphatases and negatively regulate Akt-
GSK-3 signaling pathway.?? Therefore, it is likely that the
PP2A/PPla-involved regulatory machinery is defective
in the absence of Ulk4, which leads to the elevated Akt-
GSK-3 activity in the CKO brain.

To obtain in vivo evidence to support our hypothesis,
we injected OA, one of the potent protein-phosphatase
inhibitors acting on both PP2A and PP1a, into the lateral
ventricles (1 pL, 100 pM) of Ulk4 CKO mice. Western

blot results showed that the reduction of p-Akt, p-GSK-
3a, and p-GSK-3p in the brain of Ulk4 CKO mice was
restored to a comparable level with control mice at 30 min
after OA injection (figures 5D and 5SE). Thus, it is likely
that Ulk4 forms a complex with PP2A/PP1o which neg-
atively regulates the activity of Akt-GSK-3 signal. Thus,
it is likely that the deletion of Ulk4 blocks this regulation
and leads to aberrant behavioral phenotypes such as im-
paired sensorimotor gating ability (figure 5F).

Discussion

SCZ is a common but poorly understood chronic brain
disease and genetic predisposition is substantial (60%—
80%). We previously reported that recurrent deletion
of ULK4 is a risk factor for major mental disorders in-
cluding SCZ.% In this study, we demonstrated that the de-
letion of Ulk4 in the cerebral cortex and hippocampus
leads to impairments of working and spatial memories,
and deficient sensorimotor gating. However, Ulk4 CKO
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mice do not show alterations of anxiety-like behavior,
which seems contradictory to the report that Ulk4*/mla
mice exhibit an anxiety-like behavioral phenotype.* This
discrepancy might be explained by the following factors.
First, Ulk4 was deleted only in excitatory neurons of
the cerebral cortex and hippocampus in our CKO mice
whereas it was halved throughout the brain of Ulk4*/mla
mice. Second, defective GABAergic signaling may un-
derlie the anxiety-like behaviors of Ulk4*™!2 mice,* while
it may not or less affected in our CKO mice. Selective de-
letion of Ulk4 in inhibitory neurons is required to figure
out the difference between our CKO and Ulk4* s mice,

In the exploration of possible mechanism underlying
the behavioral alterations, we found that the CKO mice
presented elevated Akt-GSK-3 signaling. Critically, the
blockade of Akt-GSK-3 signaling improved the alle-
viated capacity of pre-pulse inhibition in CKO mice.
Proteome analysis showed that Ulk4 might physically
bind with protein phosphatases PP2A and PPla and
pharmacological inhibition of PP2A and PPla restored
the activity of Akt-GSK-3 signaling in CKO mice. Thus,
Ulk4 may form a protein interactome which comprises of
phosphatases PP2A and PP1a and when defective, causes
core molecular and behavioral features of SCZ in mice.

Genetic linkage analyses have revealed strong
co-segregation of Aktl haplotypes with SCZ.%* GSK-3
is the main downstream substrate of Akt, and altered
GSK-3 regulatory pathway has been reported in SCZ.3
In line with these studies, we observed a decreased Akt
activity which is concomitant with elevated GSK-3a/p ac-
tivity in the cortex and hippocampus of Ulk4 CKO mice.
Furthermore, attenuated pre-pulse inhibition in CKO
mice could be partially corrected by GSK-3 inhibitor
SB216763. These data suggest that disrupted Akt-GSK-3
signaling cascade primes Ulk4 CKO mice to the vulnera-
bility of developing the core features of SCZ. Further ex-
amination of the reduced density of dendritic spines can
be recovered in Ulk4 CKO mice after the treatment will
provide more evidence for understanding the mechanism
of Ulk4 deficiency affecting brain functions.

How Ulk4 deficiency leads to disturbed Akt-GSK-3
signaling in vivo remains ambiguous largely because the
downstream substrates or interaction partners are uncer-
tain. It is assumed that Ulk4 works as the sensor of ATP and
undergo conformational changes upon the binding which
subsequently promotes the roles as scaffolds for substrate
recruitment.® Indeed, Preuss et al. have recently predicted
many ULK4 interacting partners including active kinases
and phosphatases which, however, need further functional
validation.® In our study, we demonstrated that Ulk4 can
physically bind PP2A and PPla without affecting their
phosphorylation. PP2A and PP1la are the mostly abundant
phosphatases in eukaryotes and responsible for over 90% of
total Ser/Thr dephosphorylation including Akt. PP2A and
Akt work upstream of GSK-3 and tune its activity through

Ulk4 Deletion Cause Schizophrenia-like Behaviors

the balance between dephosphorylation and phosphoryla-
tion. A synergic effect of PP2A and GSK-3f has been es-
tablished to regulate the sensorimotor gating in mice,*' and
the dephosphorylation of Akt can be antagonized after in-
hibition of PP2A and PP1a.?? Consistently, Ulk4 CKO mice
have down-regulated phosphorylation of Aktl and GSK-3,
which could be reversed by OA, a nonselective inhibitor of
PP2A and PPla, which are likely to be a drug target in the
treatment of mental disorders including SCZ on the basis
that current antipsychotic medications restores the dysfunc-
tion of AKT/GSK3 signaling, which contributes to the clin-
ical efficacy of antipsychotic drugs.*>*

In summary, we specifically deleted Ulk4 in the excita-
tory neurons of the cortex and hippocampus in mice which
present many SCZ-like features such as impaired spatial and
working memory as well as disturbed sensorimotor gating.
We proposed that Ulk4 forms a protein interactome with
PP2A and PPla via physical binding. Deletion of Ulk4
caused the release of free PP2A and PPla which subse-
quently leads to a cascade dephosphorylation of Aktl and
GSK-3. Our data provide novel evidence for the predis-
posed risk of Ulk4 deletion to SCZ, though more detailed
mechanisms are still warranted for further follow-up study.
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