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Abstract The neurological manifestations of SHORT syn-
drome include intrauterine growth restriction, microcephaly,
intellectual disability, hearing loss, and speech delay. SHORT
syndrome is generally believed to be caused by PIK3RI gene
mutations and impaired PI3K-AKT activation. Recently, a
clinical case report described a SHORT syndrome with a
novel mutant in PRKCE gene encoding protein kinase Ce
(PKCe). However, it remains unclear whether the down-
regulation of PKCe gives rise to the symptoms of SHORT
syndrome. In this study, we show that a deficiency of PKCe
in the central nervous system leads to cerebral and cerebel-
lar atrophy, as well as motor and social deficits. Mechanisti-
cally, the deletion of PKCe results in the down-regulation of
VEGF/PI3K-induced AKT activation, thereby causing abnor-
mal brain development and dysfunctions. These findings
emphasize the roles of PKCe in the development and function
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of the brain, and offer new perspectives for understanding the
neurological manifestations of SHORT syndrome.
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Introduction

SHORT (short stature, hyperextensibility, ocular depression,
Rieger anomaly, and teething delay) is a rare malformation
syndrome, with ~50 confirmed case reports. The most com-
mon features of SHORT syndrome include intrauterine growth
restriction, postnatal growth restriction, lipoatrophy, and facial
gestalt [1, 2]. With the progress of clinical diagnosis, micro-
cephaly and significant intellectual disability have also been
unequivocally identified as part of the SHORT syndrome phe-
notype [3-5]. Therefore, the neurodevelopmental and func-
tional impairments in SHORT syndrome merit more attention.

It has been established that the pathological mechanism
underlying SHORT syndrome is closely associated with
mutations in phosphoinositide-3-kinase regulatory subunit
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1 (PIK3RI) [4, 6-10], which encodes the regulatory subu-
nit (p85a) of phosphatidylinositol 3-kinase (PI3K). PI3K
catalyzes the conversion of phosphatidylinositol 4,5-bis-
phosphate (PIP2) to phosphatidylinositol 3,4,5-trisphos-
phate (PIP3), thereby activating protein kinase B (PKB, also
known as AKT) [11]. Notably, PIK3RI mutations linked to
SHORT syndrome predominantly occur within the C-termi-
nal Src homology 2 (SH2) domain, disrupting the interac-
tion between the regulatory and catalytic subunits of PI3K
and consequently reducing PI3K activity [4]. The PIK3RI
mutation influences pathophysiological processes such as
cell proliferation, differentiation, apoptosis, and migration
by modulating the AKT activity [12—14].

Mutations in the Prkce gene, responsible for encoding
PKCe (protein kinase Ce), have emerged as key causative
factors in a diverse range of diseases. This includes malig-
nancies [15], insulin resistance [16], type 2 diabetes [17],
and various neurological disorders. The latter category spe-
cifically covers Alzheimer’s disease [18-20], neuropathic
pain [21], and alcohol use disorders [22]. Recently, Alcan-
tara et al. identified PRKCE as the second pathogenic gene
associated with SHORT syndrome. Their research demon-
strated that a heterozygous mutation (E5S99K) in PKCe leads
to functional loss of PKCe [14]. However, the precise patho-
logical mechanisms underpinning the connection between
PKCe mutations and the symptoms of SHORT syndrome
remain unclear and require further investigation.

In this study, we created a conditional knockout mouse
model with PKCe deficiency specifically in the central
nervous system to systematically evaluate its influence on
neurodevelopment and behavior. Our results clearly show
that hippocampal and cerebellar development is severely
impaired in these conditional knockout mice. These devel-
opmental defects are closely associated with deficits in
multiple functional domains, including working memory,
social novelty preference, and motor coordination. In con-
trast, conditional deletion of PKCe in GABAergic neurons
had no discernible effect on brain development. In addition,
we demonstrated that ablation or pharmacological inhibition
of PKCe activity led to a significant reduction in VEGF/
PI3K-mediated AKT activation. These findings suggest that
modulation of the VEGF/PI3K/AKT pathway is a potential
molecular mechanism through which PKCe regulates hip-
pocampal and cerebellar development, as well as cognitive
and motor functions.

Materials and Methods
Animals
Mice were bred in the Experimental Animal Center of

Hangzhou Normal University under a 12:12 h dark/light
cycle. PKCe™ mice were generated with the assistance
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of GemPharmatech (Jiangsu, China). VGATC™ mice were
obtained from Yanmei Tao (Southeast University, Nanjing,
China). Conditional knockout mice (PKCe"F;Nestin®" or
PKCe"F;VGATC™) were obtained by crossing control mice
(PKCe"F) with Nestin®™ or VGAT" mice. The resulting
offspring were genotyped using polymerase chain reaction
(PCR) of genomic DNA, which were: PKCe floxP frag-
ment, F (forward): 5°-TGG ACA ATC TTG GCA TCG GAT
C-3’; R (reverse): 5’-GAT GGT TGT GAC TAG CAG AGA
GG-3’; Nestin“™, F: 5>-TCG ATG CAA CGA GTG ATG
AG-3’; R: 5’-TCC ATG AGT GAA CGA ACC TG -3’;
VGATC™, F: 5>-TGC CAG GAT CAG GGT TAA AG-3’; R:
5’-GCT TGC ATG ATC TCC GGT AT-3’. Male mice’s age-
matched littermates were selected at random for each experi-
ment. All procedures were approved by the Animal Care
and Use Committee of the Hangzhou Normal University
and were performed according to the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

Reverse Transcription (RT)-PCR

By using a patch-clamp pipette, the material from each
Purkinje cell was extracted and transferred to a Qiagen One
Step RT-PCR Kit (Cat# 210212, Qiagen, Maryland, USA).
The primers were: Gapdh F: GGT GAA GGT CGG TGT
GAA CG; Gapdh R: CTC GCT CCT GGA AGA TGG TG;
Prkce F: ATG ACC AAG AAC CCG CA; Prkce R: CCA
GCA GTA CCC AGT CAA TC.

Antibodies

Anti-GluA1 (Cat# 04-855, RRID:AB_1977216), GluA2
(Cat# MAB397, RRID:AB_2113875), vGluT1 (Cat#
ABN1647, RRID:AB_2814811), NeuN (Cat# MAB377,
RRID:AB_2298772), GAD67 (Cat# MAB5406,
RRID:AB_2278725), and vGluT2 (Cat# MABS5504,
RRID:AB_2187552) antibodies were from Mil-
lipore (Billerica, USA). Anti-PI3K (Cat# HA601206,
RRID:AB_3071925) was from HuaBio (Hangzhou, China).
Anti-PKCe (Cat# 20877-1-AP, RRID:AB_10697812)
was from Proteintech (Rosemont, USA). Anti-PKCe-
pSer729 (Cat# ab63387, RRID:AB_1142277) was from
Abcam (Cambridge, UK). Anti-PSD95 (Cat# 3450,
RRID:AB_2292883), AKT (Cat# 4691, RRID:AB_915783),
AKT-pSerd73 (Cat# 4060, RRID:AB_2315049), and AKT-
pThr308 (Cat# 2965, RRID:AB_2255933) were from Cell
Signaling Technology (Danvers, USA). Anti-calbindin (Cat#
C9848, RRID:AB_476894) was from Sigma-Aldrich (St.
Louis, USA). Anti-mGlul (Cat# 610965, RRID:AB_398278)
was from BD Biosciences (Billerica, USA). Antibodies
against B-tubulin (Cat# sc-5274, RRID:AB_2288090) and
B-actin (Cat# sc-47778, RRID:AB_626632) were from
Santa Cruz Biotechnology (Dallas, USA). Anti-vGluT1
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(Cat# 135 304, RRID:AB_887878) was from Synaptic Sys-
tems (Gottingen, Germany). Anti-PKCe (Cat# MAS5-14908,
RRID:AB_10985232), horseradish peroxidase (HRP)-con-
jugated secondary antibodies, and Alexa Fluor-conjugated
secondary antibodies were from Thermo (Waltham, USA).

Cell Culture and Drug Treatment

Neuro-2A (N2A) cells were cultured in Dulbecco’s modified
Eagle medium (DMEM, Cat# 11965092, Gibco, New York,
USA) with 10% fetal bovine serum (FBS, Cat# 10100147C,
Gibco, New York, USA). Cells were treated with the PKCe
agonist DCP-LA (100 nmol/L, Cat# HY-108599, MCE, New
Jersey, USA), or vascular endothelial growth factor (VEGF,
30ng/mL, Cat# C744, Novoprotein, Suzhou, China), or the
PKCe inhibitor e-V1-2 (5 pmol/L, Cat# HY-P0154, MCE,
New Jersey, USA) for 60 min. Cells were lysed in 1% Tri-
ton X-100 buffer with protease inhibitor, then centrifuged
at 12,000 x g at 4°C for 30 min. The supernatant and pel-
let fractions were retained as Triton X-100-soluble (S) and
Triton X-100-insoluble (In) fractions.

Co-Immunoprecipitation (Co-IP)

The cerebellum was lysed in radio immunoprecipitation
assay (RIPA) buffer (in mmol/L: 50 Tris, 100 NaCl, 1 eth-
ylenediaminetetraacetic acid (EDTA), 0.5% sodium deox-
ycholate, 0.2% sodium dodecyl sulfate (SDS), 1% Triton
X-100, pH 7.4) and centrifuged at 16,000 X g for 10 min.
The supernatant was supplemented with protein A-sepharose
beads and rabbit anti-PKCe antibody (1:200). Following 3
washes in RIPA buffer, 2 X SDS sample buffer was used to
extract the proteins from the beads.

Western Blot

The Western blots followed prior research [23]. The dilu-
tions of antibodies were GluA1 (1:2,000), GluA2 (1:2,000),
vGIuT1 (1:2,000), vGluT2 (1:2,000), PI3K (1:1,000), PKCe
(1:2,000), PKCe-pSer729 (1:1,000), PSD95 (1:5,000), AKT
(1:2,000), AKT-pSer473 (1:1,000), AKT-pThr308 (1:1,000),
mGlul (1:2,000), p-tubulin (1:5,000), p-actin (1:5,000), and
HRP-conjugated secondary antibodies (1:10,000).

Immunofluorescence Staining

The immunohistochemical staining followed prior research
[24]. The antibody dilutions were calbindin (1:500), PKCe
(1:200), NeuN (1:500), GAD67 (1:500), vGIuT1 (1:500),
and Alexa Fluor-conjugated secondary antibodies (1:1,000).
The images were acquired with a Zeiss LSM710 confocal
microscope (Jena, Germany).

N2A cells were fixed in 4% paraformaldehyde, and cell
membranes were permeabilized with 0.2% Triton X-100.
After blocking with 10% bovine serum albumin (BSA), cells
were incubated with primary antibodies and Alexa Fluor-
conjugated secondary antibodies. The primary antibody
dilutions were PKCe (1:500) and Alexa Fluor-conjugated
secondary antibodies (1:1,000). Cells were incubated in
phalloidin solution (C2201S, Beyotime, Shanghai, China)
for 1 h, and sealed with proLong gold anti-fade reagents
(Thermo, P36931).

PKCe membrane expression in cultured N2A cells was
measured using Image] software (National Institutes of
Health, Maryland, USA) with the MorphoLibJ plugin. Gen-
erally, fluorescence images were filtered by a Gaussian blur,
and the red (phalloidin) channel was selected and used as a
mask for the green (PKCe) channel, overlapping to auto-
matically filter out the cell membrane PKCe. The mean gray
value was calculated as fluorescence intensity.

Nissl Stain

The Nissl staining kit was purchased from Beyotime (Cat#
CO0117, Shanghai, China). The Nissl staining was applied
according to previous work [24]. Sections were washed
twice with ddH,0O and immersed in Nissl solution. Fol-
lowing dehydration and xylene clearing, the sections were
sealed with neutral balsam. The images were acquired with
an Olympus VS120 microscope (Tokyo, Japan). The area
of cerebellar vermis and lobule thickness were measured by
Olympus Oly VIA software.

Open Field Test

Mouse behavioral experiments were conducted in a quiet,
clean environment. Each mouse was habituated to the behav-
ioral testing room for 30 min before being placed in a 40
cm X 40 cm X 40 cm box. A mouse’s unrestrained explora-
tion was tracked by ANY-maze software (Stoelting, Illinois,
USA) for 10 min.

Y-maze Test

The Y-maze consisted of three equal-length arms (30
cm X 6 cm X 15 cm). Each mouse was placed at the
center of the maze and allowed to freely explore the three
arms for 5 min. The standard for successful entry was
when all four feet of the mouse were inside the arm.
One alternation would be recorded if three arms were
entered successively at a time. Spontaneous alterna-
tion (%) was calculated as: total alternations/(total arm
entries — 2). Error (%) was calculated as: total errors/
(total arm entries — 2).

@ Springer
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«Fig. 1 PKCe deletion results in hippocampal atrophy. A Immunoflu-
orescence staining of PKCe in the cerebral cortex (CTX), hippocam-
pus (Hip), and cerebellum (CB). Cerebral cortex and hippocampus
sections (2 months) are stained with PKCe and NeuN antibodies. Cer-
ebellar sections (2 months) are stained with antibodies against PKCe
and calbindin. The white arrows point to a Purkinje cell body. The
experiment was performed 3 times. Scale bars, 50 pm. B Expression
of PKCe in different mouse brain regions measured by immunoblot-
ting. OB, olfactory bulbs; CTX, cerebral cortex; Hip, hippocampus;
BS, brain stem; CB, cerebellum; SC, spinal cord. p-tubulin is the
internal control. The experiment was performed 3 times. C Immu-
nofluorescence staining of PKCe and vGluT1 or GAD67 in cerebral
cortex. Scale bars, 50 pm. D N-cKO mice (2 months) display lower
body weight. The knockout efficiency is confirmed by immunob-
lotting of PKCe in WT and N-cKO cerebellum (2 months). p-actin
is the internal control. The experiment was performed 3 times. E
Nissl staining in the cerebral cortex and hippocampus from WT and
N-cKO mice (2 months). Scale bars, | mm (top left), 100 pm. F The
thickness of the cerebral cortex and hippocampus CA1l, CA3, and DG
of WT and N-cKO mice. For statistics, see Supplementary Tables.
**P <0.01, ¥***P <0.0001.

Rotarod Test

After getting accustomed to rotation at a fixed speed of 5 1/
min, each mouse was subjected to an accelerated rotation
test. The trial was conducted twice a day, 8 h apart, for 4
days. The rotational speed was increased from 9 r/min to 50
r/min in 5 min.

Elevated Beam Test

Each mouse moved freely on a wooden beam (1 m in length,
1 cm in diameter, positioned 0.5 m above the ground). The
slip percentage (%) was calculated as: number of slips of the
hind paws/total number of steps.

Footprint Test

A white absorbent paper was placed on the floor of the
Plexiglas tunnel (100 cm X 10 cm X 10 cm, length X
width X height). Each mouse was allowed to freely trav-
erse in the tunnel after a hindpaw was painted with non-
toxic ink. Stride length and stance width were measured.

Three-Chamber Social Test

Three-chamber tests were applied as previously described
[24]. The time spent in close interaction by the test mouse
in each chamber was recorded as follows: #; (time of close
contact with the empty chamber), £, (time of close contact
with the stranger 1 mouse), and fg, (time of close contact
with the stranger 2 mouse). The preference index for S1
over E (S1-E) was calculated as: (¢g; — 15)/(f5; + tg). The
preference index for S2 over S1 (S2-S1) was calculated as:

(tsg — ts )ty + 1)

Statistical Analysis

Data were analyzed using GraphPad Prism 9 (GraphPad
Software, San Diego, USA) and Excel 2016 (Microsoft,
Seattle, USA). The data analysis was independent of
experimental conditions. Statistical differences were
determined using a two-tailed unpaired Student’s 7-test
or one-way analysis of variance (ANOVA). The accepted
level of significance was P <0.05. Data are presented as
the mean + SEM, n represents the number of animals
used in behavioral tests or the number of experimental
repetitions.

Results
PKCe Deletion Results in Hippocampal Atrophy

It has been shown that PKCe is expressed in the neonatal
and adult brain [25]. Likewise, our results revealed that
PKCe was expressed in multiple brain regions, including
the cerebral cortex, hippocampus, and cerebellum (Fig. 1A,
B). Moreover, PKCe co-localized with vesicular glutamate
transporter 1 (vGluT1) or GAD67 (Fig. 1C), suggesting that
PKCe is expressed in both excitatory and inhibitory neurons.
To investigate the functions of PKCe in the brain,
PKCe™ mice were generated with the design of two
LoxP sites adjacent to exon 2 of Prkce (Fig. S1A). Con-
ditional knockout mice (PKCe™'F;Nestin®"¢; N-cKO) were
generated by crossing PKCe™'F (wild type, WT) with
Nestin®™ mice. Ai9 reporter mice expressing tdTomato
were crossed with Nestin®" mice to ensure the expression
of Cre-recombinase. Indeed, tdTomato fluorescence was
found in the cerebellum, hippocampus, cerebral cortex,
and other brain regions (Fig. S1B). There was no dif-
ference in the birth rate between N-cKO and WT mice;
however, the body weight of N-cKO mice was slightly
lower than WT mice (Fig. 1D). We next investigated
whether PKCe deficiency affects the development of the
cerebral cortex. Using Nissl staining in cerebral sections
from WT and N-cKO mice, we found that the thickness
of the cerebral cortex from N-cKO mice was grossly
normal compared to WT mice. In contrast, there was a
significant reduction in the thickness of the hippocampal
CAl, CA3, and dentate gyrus (DG) areas (Fig. 1E, F).

PKCe Deletion Impairs Memory and Social Behaviors

With the advance of clinical diagnosis, intellectual dis-
ability has been clearly identified in SHORT syndrome
[3-5]. Therefore, we examined PKCe cKO mice using
several behavioral tests. The open-field test was first
applied, and the N-cKO mice demonstrated normal time

@ Springer
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Fig. 2 PKCe deletion impairs working memory and social behaviors
in male mice. A Open field test. WT (n = 13) and N-cKO mice (n =
12) show no differences in distance travelled, velocity, and time in the
center or periphery. B N-cKO mice (n = 7) display normal alternation
in the Y-maze test compared with WT (n = 10). C Example move-
ment traces in the three-chamber test. C* The time spent in empty 1
(E1) and empty 2 (E2) by WT (n = 12) and N-cKO (n = 13) mice. D

in the center and peripheral zones compared to WT mice
(Fig. 2A). However, during the Y-maze test, N-cKO mice
showed significant impairment in spontaneous alterna-
tion compared to WT mice (Fig. 2B), indicating that
N-cKO mice are deficient in short working memory.
In the three-chamber test, neither WT nor N-cKO mice

@ Springer

Example movement traces in the three-chamber test, close interaction
time, and preference index (S1-E2) of WT (n = 12) and N-cKO (n
= 13) mice. E Example movement traces in the three-chamber test,
close interaction time, and preference index (S2-S1) of WT (n = 12)
and N-cKO (n = 13) mice. F Self-grooming time of WT (n = 15) and
N-cKO (n = 15) mice. For statistics, see the Supplementary Table.
##P <0.01, ¥#*P <0.001, ****P <0.0001.

showed a preference for location during habituation
(Fig. 2C). The N-cKO mice showed normal preferences
during the sociability test (Fig. 2D), but had fewer close
interactions with stranger 2 (S2) than stranger 1 (S1)
mice during the social novelty test (Fig. 2E), indicat-
ing that PKCe deletion impairs social novelty. Besides,
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N-cKO mice showed a normal grooming frequency in
the self-grooming test compared to WT mice (Fig. 2F).
Taken together, these results indicate that PKCe deletion
affects memory and social behavior in male mice.

PKCe Deletion Impairs Cerebellar Development
and Motor Coordination

Subsequently, we explored the involvement of PKCe in
cerebellar development and motor functions. Nissl stain-
ing demonstrated that, compared to WT mice, there was a
significant reduction in the total area of cerebellar cortex
in N-cKO mice, and the thickness of the lobules was also
decreased in N-cKO mice (Fig. 3A). Immunostaining for
calbindin and NeuN indicated that the thickness of both
the granule cell layer and the molecular layer was also
reduced; meanwhile, the numbers of Purkinje cells (PCs)
in all lobules were reduced in the N-cKO cerebellum
(Fig. 3B).

Cerebellar atrophy has been reported to be associated
with impaired synaptogenesis and reduced expression
of synaptic proteins [26]. In light of this, we detected
excitatory synaptic glutamate receptors, along with
vesicular glutamate transporter 1 and 2 (vGIuT1 and
vGluT?2), the synaptic markers for parallel fiber-PC and
climbing fiber-PC synapses, respectively, in WT and
N-cKO mice. Western blots demonstrated that deletion
of PKCe significantly decreased the expression levels of
ionotropic glutamate receptors (GluA1l and GluA2) and
metabotropic glutamate receptors (mGlul), as well as
vGluT1 and vGluT?2, in the cerebellum (Fig. 3C). These
findings confirm that PKCe deficiency leads to defects
in synaptic development.

Given that the neurological features of SHORT syndrome
include impaired motor coordination [27, 28], we subse-
quently evaluated motor behaviors in N-cKO mice. The
results demonstrated that N-cKO mice exhibited an abnor-
mal gait: compared with control mice, their hind leg stride
length was significantly reduced, and their stance width
was markedly increased (Fig. 3D). To further examine the
motor capabilities of N-cKO mice, we applied the elevated
beam balance test and rotarod tests. The beam test revealed
impaired balance in N-cKO mice (Fig. 3E), while the rotarod
test indicated poor motor learning, as evidenced by minimal
improvement across the test (Fig. 3F).

PKCe Deletion in GABAergic Neurons Does Not Induce
Brain Atrophy

It has been reported that PKCe plays a crucial role in
regulating the transport and activity of y-aminobutyric
acid A (GABA ) receptors [29, 30], which are associated

with several neurological disorders [31-33]. To deter-
mine whether PKCe deficiency affects the development
of GABAergic neurons, we generated PKCe"F:vGAT-Cre
(V-cKO) mice by crossing PKCe™F mice with vesicu-
lar GABA transporter-Cre (vGAT-Cre) transgenic mice.
Western blot and RT-PCR analyses provided evidence for
the successful deletion of PKCe in neurons (Fig. S2A,
B). V-cKO mice showed normal body weight and brain
morphology (Fig. S2A). Nissl staining demonstrated that
the thickness of the cerebral cortex in V-cKO mice was
similar to that in control mice (Fig. 4A). There were no
significant differences in the thickness of the CA1, CA3,
and DG regions of the hippocampus (Fig. 4B). In addi-
tion, the area of the cerebellar vermis and the thickness
of cerebellar lobules in V-cKO mice were within normal
limits (Fig. 4C). Moreover, there were no significant
changes in the thickness of the cerebellar granule layer
and molecular layer, and the number of PCs across each
lobule remained unchanged (Fig. 4D). Overall, these
results suggest that knocking out PKCe in GABAergic
neurons neither disrupts the development nor compro-
mises the structural integrity of the cerebral cortex and
cerebellum.

PKCe Deficiency Influences the Activation of AKT

Impaired activation of AKT via the PI3K-dependent
pathway has been identified as a key contributing fac-
tor to SHORT syndrome [6—-10]. To explore the poten-
tial connection between PKCe and AKT, we analyzed
the expression levels of PKCe, AKT, and PI3K in the
cerebellum during different developmental stages. Our
results showed that PKCe and AKT displayed highly
similar spatiotemporal expression patterns (Fig. 5A),
suggesting a possible functional relationship between
the two molecules. Subsequently, we used the Co-IP
technique to evaluate the binding of PKCe to AKT. The
results demonstrated that AKT was strongly detected in
the PKCe immunoprecipitated fraction (Fig. 5B), pro-
viding evidence for the direct interaction between PKCe
and AKT. Since the activity of AKT is closely related to
the phosphorylation of the Thr308 and Ser473 residues
[34], we measured the phosphorylation levels of AKT in
the cerebellum of both control and N-cKO mice. Signifi-
cantly, compared with controls, the expression of both
AKT-pS473 and AKT-pT308 was markedly reduced in
N-cKO mice (Fig. 5C).

In cultured N2A cells, treatment with the PKCe agonist
DCP-LA (100 nmol/L) for 30 min significantly increased the
phosphorylation levels of AKT at Thr308 and Ser473, while
leaving total AKT expression unchanged (Fig. 5C, D). These
results indicate that PKCe can enhance the activity of AKT.
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Moreover, stimulation with the PI3K agonist 740 Y-P (20
pmol/L, 30 min) induced a notable increase in the membrane
translocation of PKCe in N2A cells (Fig. SE, F), suggesting
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that PI3K regulates the subcellular localization of PKCe. In
addition, VEGF-induced activation of PI3K led to an up-
regulation of AKT phosphorylation at Ser473 and Thr308,
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«Fig. 3 PKCe deletion leads to cerebellar atrophy and motor coor-
dination disorders. A Nissl staining in the cerebellum from WT and
N-cKO mice (2 months) showing the area of cerebellar vermis (left,
scale bar, 500 pm) and the thickness of lobule III (right, scale bar,
100 pm). B Immunofluorescent staining in WT and N-cKO mice (2
months) showing the number of Purkinje cells, the thickness of the
granule cell layer (GL), and the molecular layer (ML). n = 4 mice
per group. Scale bar, 50 pm. C Immunoblots of protein expression
of GluAl, GluA2, mGlul, PSD95, vGluT1, vGluT2, and PKCe in
WT and N-cKO cerebellum. B-actin is an internal control. n = 6 per
group. D Footprints of the hindpaw of WT and N-cKO male mice
showing stance width and stride length. E Percentage of steps involv-
ing hindpaw slips while walking on an elevated horizontal beam. F
Time spent by WT and N-cKO male mice on the accelerating rotarod.
For statistics, see the Supplementary Table. *P <0.05, **P <0.01,
kP <0.0001.

which was effectively blocked by the PKCe translocation
inhibitor eV1-2 (Fig. 5G). Overall, these findings suggest
a model in which PI3K promotes the phosphorylation and
translocation of PKCe, thereby facilitating the activation of
AKT (Fig. SH).

Discussion

PKCe has emerged as the second molecule associated with
SHORT syndrome. However, additional evidence is required
to firmly establish the link between PKCe and SHORT syn-
drome [14]. In this study, we investigated the functions of
PKCe in regulating brain development and associated behav-
iors. Our data demonstrate that PKCe is intricately involved
in PI3K-induced AKT activation, and plays a crucial role in
regulating cerebellar development, motor coordination, and
social behaviors. Overall, these findings suggest that PKCe
could be a promising therapeutic target for treating SHORT
syndrome. Notably, the PKCe agonist DCP-LA can enhance
AKT activity.

Our work suggests a profound physiological and func-
tional relationship between the PKCe and AKT pathways.
First, both AKT and PKCe have been implicated in growth
retardation. AKT deficiency leads to growth retardation in
mice [35], and reduced AKT/mammalian target of rapamy-
cin (mTOR) activity results in decreased protein synthesis
[36]. Similarly, N-cKO mice exhibit reduced body size and
cerebellar atrophy (Figs 1D, 3A). Second, both AKT and
PKCe are associated with cognitive disorders. AKT/glyco-
gen synthase kinase 3p (GSK3p), AKT/mTOR, and AKT/
FoxOl1 signaling pathways are linked to Alzheimer’s dis-
ease (AD) through regulating -amyloid and phospho-tau
aggregates; meanwhile, restoring AKT activity can rescue
the cognitive impairment in AD [37-39]. Likewise, the acti-
vation of PKCe also ameliorates cognitive impairment, and
reduced expression of PKCe has been reported in the hip-
pocampal neurons of AD patients, accompanied by elevated

levels of AP [18, 20]. Bryostatin-1 improves cognitive func-
tions in AD patients by activating PKCe [19]. In the present
work, we found that N-cKO mice display deficits in working
memory and social novelty recognition. Third, the AKT and
PKCe pathways are associated with motor disorders. AKT
activity is reduced in the substantia nigra pars compacta of
Parkinson’s disease patients [40]. Similarly, N-cKO mice
exhibited motor coordination disorders. Given that PKCe
deficiency down-regulates AKT activity in N-cKO mice,
the motor and cognitive impairments caused by PKCe
deficiency may be attributed to the altered AKT activity.
Moreover, the down-regulation of AKT activity may be the
primary cause of brain atrophy and cognitive impairment in
patients with PKCe-relevant SHORT syndrome.

The present study provides compelling evidence demon-
strating that PKCe mutations are responsible for SHORT
syndrome. The hallmark features of SHORT syndrome
include growth retardation and insulin resistance [2, 14].
Consistent with this, PKCe-deficient mice exhibit reduced
body size. Furthermore, it has been reported that PKCe
modulates the activity of insulin receptors and induces
hepatic insulin resistance through Thr1160 phosphoryla-
tion [41]. The patients with SHORT syndrome display
motor impairments; meanwhile, abnormal gait, motor
imbalance, and reduced motor learning were observed in
PKCe-deficient mice as well. Microcephaly and intellectual
disability have been documented in patients with SHORT
syndrome [3-5], which aligns with the hippocampal and
cerebellar atrophy and cognitive deficits discovered in
PKCe-deficient mice.

There are some caveats in the present study: (i) It has been
reported that a heterozygous mutation in PKCe (ES99K) is
associated with SHORT syndrome; this reduces the activ-
ity of PKCe without altering its expression [14]. Here, we
applied the Cre-loxP strategy to delete the second exon of
Prkce, resulting in a frame-shift mutation. This approach
differs from the ES99K mutation, which may induce more
severe developmental or behavioral phenotypes; (ii)) PKCe
is implicated in the functional regulation of GABA recep-
tors [29, 30]. However, the architecture of the hippocampus
and cerebellum was intact in V-cKO mice, where PKCe was
deleted in GABAergic neurons. We hypothesize that PKCe
may function across different neuronal populations and the
deficiency of PKCe in glutamatergic neurons or glial cells
may decisively lead to brain atrophy [42, 43]; and (iii) We
found that PKCe deficiency has little impact on the cortical
thickness. This may be related to the lower activity of AKT
in the cortical area. To address this question, we examined
the phosphorylation levels of AKT in the cortex, hippocam-
pus, and cerebellum. Our results indicated that AKT-S473
phosphorylation in the cortex was the lowest compared to
that in the hippocampus or cerebellum (Fig. S3A), which
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Fig. 4 Cerebral and cerebellar cyto-architecture is normal in V-cKO mice. A Nissl staining in the cerebral cortex and hippocampus from WT
and V-cKO mice (2 months). Scale bars, 1 mm (top left), 100 pm. B The thickness of the cerebral cortex and hippocampal CA1, CA3, and DG
of WT and N-cKO mice. C Nissl staining in the cerebellum from WT and V-cKO mice (2 months) showing the area of cerebellar vermis (left,
scale bar, 500 pm) and the thickness of lobule III (right, scale bar, 100 pm). D Immunofluorescent staining of WT and V-cKO cerebellum sec-
tions with calbindin and NeuN antibodies and the number of Purkinje cells (PCs), the thickness of the granule cell layer (GL), and the molecular
layer (ML). n = 4 mice per group. Scale bars, 50 pm. For statistics, see the Supplementary Table. n.s. P >0.05.

may explain the minimal impact of PKCe deficiency on cor-
tical development.

In summary, the present study, for the first time, system-
atically investigated the pathological consequences of PKCe
deficiency in the central nervous system using multiple
conditional knockout mouse models. We found that PKCe

@ Springer

mediates the VEGF/PI3K-mediated activation of AKT,
thereby impacting hippocampal and cerebellar atrophy and
cognitive behaviors in mice. This study offers novel insights
into the neurological manifestations associated with SHORT
syndrome.
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Fig. 5 PKCe is involved in PI3K-induced AKT activation. A Expres-
sion of PKCe, AKT, and PI3K in the mouse cerebellum of different
ages. P7, postnatal day 7; 1M, postnatal 1 month. f-actin is the inter-
nal control. The experiment was performed 3 times. B Total cerebel-
lar lysates are immunoprecipitated with rabbit anti-PKCe antibody,
and immunoprecipitates are probed with antibodies to PKCe and
AKT. Rabbit IgG is used as the negative control. The experiment
was performed 3 times. C The phosphorylation of AKT (AKT-S473,
AKT-T308) in WT and N-cKO cerebellum tested by immunoblot-
ting. AKT is an internal control. n = 6 per group. D The phospho-
rylation of AKT (AKT-S473, AKT-T308) tested after DCP-LA

treatment for 60 min in N2A cells. n = 6. E Expression of PKCe in
Triton X-insoluble (In) and soluble (S) fractions of N2A cells after
740 Y-P treatment for 60 min. The histogram shows the ratios of Tri-
ton X-insoluble (In)/ soluble (S) fraction. n = 4. F N2A cells treated
with 740 Y-P for 60 min. Immunofluorescent staining of PKCe with
phalloidin (F-actin)-labeled cell membrane. White arrowheads show
the membrane-associated PKCe. Scale bar, 10 pm. The experiment
was performed 3 times. G The phosphorylation of AKT (AKT-S473,
AKT-T308) tested after VEGF or VEGF + €V1-2 treatment for 60
min in N2A cells. n = 4. For statistics, see the Supplementary Table.
*P <0.05, **P <0.01.
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