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Article

CIP2A deficiency promotes depression-like
behaviors in mice through inhibition of dendritic
arborization
Wen-Ting Hu1,2,†, Zhen-Yu Liuyang1,3,†, Yuan Tian4 , Jia-Wei Liang1, Xiao-Lin Zhang1,

Hui-Liang Zhang1, Guan Wang4 , Yuda Huo4, Yang-Ping Shentu5, Jian-Zhi Wang1,

Xiao-Chuan Wang1 , You-ming Lu1,6, Jukka Westermarck7,8,9 , Heng-Ye Man4,* &

Rong Liu1,6,10,**

Abstract

Major depressive disorder (MDD) is a severe mental illness.
Decreased brain plasticity and dendritic fields have been consis-
tently found in MDD patients and animal models; however, the
underlying molecular mechanisms remain to be clarified. Here, we
demonstrate that the deletion of cancerous inhibitor of PP2A
(CIP2A), an endogenous inhibitor of protein phosphatase 2A (PP2A),
leads to depression-like behaviors in mice. Hippocampal RNA
sequencing analysis of CIP2A knockout mice shows alterations in
the PI3K-AKT pathway and central nervous system development. In
primary neurons, CIP2A stimulates AKT activity and promotes
dendritic development. Further analysis reveals that the effect of
CIP2A in promoting dendritic development is dependent on PP2A-
AKT signaling. In vivo, CIP2A deficiency-induced depression-like
behaviors and impaired dendritic arborization are rescued by AKT
activation. Decreased CIP2A expression and impaired dendrite
branching are observed in a mouse model of chronic unpredictable
mild stress (CUMS). Indicative of clinical relevance to humans,
CIP2A expression is found decreased in transcriptomes from MDD
patients. In conclusion, we discover a novel mechanism that CIP2A
deficiency promotes depression through the regulation of PP2A-
AKT signaling and dendritic arborization.
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Introduction

Major depressive disorder (MDD) is a complex and highly prevalent

mental illness, which severely limits psychosocial functioning and

decreases life quality of the affected individuals (Nestler et al, 2002;

Price & Drevets, 2010; Sjöberg et al, 2017). The lifetime risk of

depression is 15–18%, indicating that almost one in five people

experiencing one episode of depression at some point in their life-

time. The 12-month prevalence of MDD is approximately 6% world-

wide (Malhi & Mann, 2018). Effective treatments for MDD are

limited due to poor mechanistic understanding of the disease. At

present, the treatment of depression mainly relies on the regulation

of the monoamine system; however, about 30% of depression

patients have partial or complete resistance to this treatment. There-

fore, further investigation on the molecular mechanisms of MDD is

urgently needed (Dowlati et al, 2010; Brent, 2016).

Brain plasticity is the brain’s ability to change structure and

function, in which the establishment, maintenance, and remodeling

of dendrite branching complexity is a key event (Kolb &
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Whishaw, 1998). Impaired brain plasticity is a characteristic

pathology in MDD (Duman, 2013; Xu et al, 2016; Sedmak

et al, 2018). Brain imaging and postmortem autopsy show a

decreased hippocampal volume in major depression patients, accom-

panied by a reduction in dendritic arborization and spine density

(Kempton et al, 2011; Duman & Aghajanian, 2012). In chronic stress-

induced depression animal models, dendritic atrophy and spine loss

are also significant in the prefrontal cortex (PFC) and hippocampus

(Kempton et al, 2011; Duman & Aghajanian, 2012; Abe-Higuchi

et al, 2016; Liang et al, 2019). In addition, the rapid antidepressant

actions of ketamine are associated with fast induction of synaptogen-

esis and reversal of brain atrophy in rodents exposed to chronic

stress (Li et al, 2010, 2011). These findings strongly suggest that the

defect in dendritic arborization and synaptogenesis plays an impor-

tant role in depression. Elucidation of the mechanisms underlying

the deficits in dendritic development may disclose new molecular

targets in MDD treatment.

The serine/threonine kinase AKT, also known as protein kinase

B, is an important regulator of dendritic arborization/development

and synaptogenesis (Jaworski et al, 2005; Peineau et al, 2007; Read

& Gorman, 2009; Vanderplow et al, 2021). Decreased AKT activity

in neurons is associated with increased susceptibility to social defeat

stress and is reversed by antidepressant treatment in rodents and in

human (Krishnan et al, 2008). In mice, AKT inhibition caused a

striking reduction in basal dendritic spine density in the mPFC and

the loss of different types of spines, reducing synaptic structural and

functional plasticity (Ehm et al, 2010; Vanderplow et al, 2021).

These findings indicate that AKT deficiency contributes to altered

brain plasticity in depression; however, the precise upstream regula-

tors remain to be explored.

Cancerous inhibitor of PP2A (CIP2A) is an endogenous inhibitor

of protein phosphatase 2A (PP2A). As an oncoprotein, CIP2A

promotes tumor cell growth through inhibiting the dephosphoryla-

tion of PP2A substrates, which are involved in cancer development

(Junttila et al, 2007; Puustinen & J€a€attel€a, 2014). CIP2A is expressed

in human brains, with a high-level expression, especially in the

hippocampus, but the role of CIP2A in the brain is not well under-

stood (Junttila et al, 2007). Previous studies have shown that CIP2A

promotes the self-renewal and proliferation of neural progenitor

cells (NPCs) through interacting with the PP2A dephosphorylation

substrate c-Myc (Kerosuo et al, 2010). Further, CIP2A overexpres-

sion has been shown to promote Alzheimer’s disease (AD) develop-

ment in mouse models (Shentu et al, 2018, 2019). However, the role

of CIP2A in psychiatric disorders is currently unknown.

In this study, we show an important role of CIP2A in dendritic

development through PP2A-AKT signaling pathway. CIP2A defi-

ciency leads to depression-like behavioral phenotypes and impair-

ments in dendritic arborization, which can be rescued by AKT

activation in vivo. Collectively, these findings reveal a novel mole-

cular mechanism in the pathogenesis of depression.

Results

CIP2A deficiency induces depression-like behaviors in mice

To evaluate the role of CIP2A in the brain, we conducted a series of

behavioral tests on CIP2A knockout mice (6-month-old, CIP2A-KO)

and age-matched wild-type control mice (C57-WT; Ventel€a

et al, 2012; Fig 1A). The results showed that compared with the C57

WT mice, CIP2A-KO mice were lighter in body weight (Fig 1B) and

had faster running speed and comparable running time in the

rotarod test (Fig 1C and D). In the grip test and footprint assay,

there was no significant difference between the two groups (Fig 1E–

G). These data suggest that CIP2A deficiency does not induce

impairment in motor ability in mice.

Next, we performed sucrose preference test to assess anhedonia

of the mice. The results showed that the CIP2A knockout mice had

reduced sucrose intake compared with control mice, indicating that

CIP2A depletion induced anhedonia (Fig 1H and I). In forced swim-

ming test, CIP2A knockout mice showed decreased struggling time

(s) and increased immobility time (s) compared with the C57-WT

mice (Fig 1J–L). In addition, in open field test, CIP2A knockout mice

had decreased time in center (s) and reduced exploration behaviors

(horizontal activity and vertical activity) compared with WT mice

(Fig 1M–P). These results indicate that CIP2A deficiency induces

depression-like behaviors in mice.

We also explored the impact of CIP2A depletion on spatial

learning and memory through T maze and Morris water maze test

(MWM). CIP2A knockout mice showed comparable change times in

T maze and crossing times in MWM (Fig 1Q–T), indicating that

CIP2A deficiency does not cause deficits in cognitive function.

Taken together, these behavioral tests indicate that CIP2A deficiency

can be implicated in the pathogenesis of depression in mouse

models.

Transcriptomes of CIP2A knockout mice and MDD patients reveal
abnormalities in PI3K-AKT signaling

To gain more insight into the potential molecular mechanism of

CIP2A deficiency in promoting depression, we performed RNA

sequencing (RNA-seq) in mouse hippocampal tissues to examine

genome-wide gene expression changes. Numerous differentially

expressed genes (DEGs) were identified in mice with CIP2A deletion

compared with controls (Fig 2A). Gene ontology (GO) analysis of

DEGs revealed that downregulated genes were mostly enriched in

biological processes involved in transmembrane transport, central

nervous system development, and cilium movement (Fig 2B). In

Fig 2C, Benjamini correction was further performed to show the

significance of DEGs-enriched GO terms. KEGG analysis of DEGs

showed that most of the DEGs were mainly enriched in the metabolic

pathways, neuroactive ligand-receptor interaction, cytokine-cytokine

receptor interaction, and PI3K-AKT signaling pathway (Fig 2D).

Previous studies have suggested that MDD is related to increased

neuronal atrophy, mainly due to the reduction in synaptic plasticity

and defects in dendritic branching (Tavosanis, 2012; Duman, 2013).

Moreover, dendritic arborization is regulated by a variety of

signaling pathways, such as AKT signaling pathway, MAPK signaling

pathway, and Wnt signaling pathway (Yu & Malenka, 2003; Kumar

et al, 2005; Rosso et al, 2005; Read & Gorman, 2009). Thus, we

further analyzed the transcriptome of MDD patient brains using

available Gene Expression Omnibus (GEO) dataset (GSE54572)

(Chang et al, 2014; Data ref: Sibille, 2014a) and found that the DEGs

were also significantly enriched in PI3K-AKT signaling pathway

(Fig 2E). Finally, we analyzed the CIP2A gene expression in three

GEO datasets (GSE54572, GSE54565, and GSE54571), which contain
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the gene expression data of human brain anterior cingulate cortices

from controls and MDD patients (Chang et al, 2014; Data ref:

Sibille, 2014a; Data ref: Sibille, 2014b; Data ref: Sibille, 2014c). We

found that compared with the control group, the expression of CIP2A

in MDD patients had a tendency of reduction (P = 0.06, Fig 2F).

Based on these data, we speculate that CIP2A deficiency may partici-

pate in MDD through dysregulation of PI3K-AKT signaling and

dendritic arborization.

CIP2A activates AKT in primary neurons and promotes dendritic
development through PI3K-AKT pathway

To verify our hypothesis, we explored the role of CIP2A in regu-

lating AKT activity and dendritic development in neurons. First,

the protein levels of CIP2A and active forms of AKT (AKT phos-

phorylated at Ser473) in different developmental stages were

detected in cultured primary neurons. We found that the protein

level of CIP2A was highly correlated with the AKT phosphorylation

at Ser473. Furthermore, the peak expression of CIP2A and the

AKT-S473 phosphorylation were on the DIV 5 of the cultured

neurons, which was highly consistent with the time point of

dendritic development (Fig 3A and B). Further immunofluores-

cence staining showed that CIP2A co-localized with MAP2 (a

marker of dendrites) and AKT-S473, respectively, in primary

hippocampal neurons (Fig 3C). Co-immunoprecipitation (Co-IP)

result indicated the interaction of CIP2A with AKT and PP2A subu-

nits (Fig 3D). To verify that CIP2A is able to activate AKT in

neurons, we overexpressed CIP2A in cultured neurons through

AAV infection. By Western blotting, we found that overexpression

of CIP2A increased the phosphorylation at AKT-S473 and activated

AKT in primary neurons (Fig 3E).

Next, to investigate whether CIP2A could regulate the dendritic

arborization and development directly, cultured hippocampal

neurons were transfected with CIP2A plasmid on DIV 4 (Fig 3F). On

DIV 7, the dendritic development was evaluated through analyzing

the number, length, and complexity of the neurites. The results

showed that the complexity of dendrite, the number of dendritic

branches, the mean dendritic length, and the total dendritic length

were all significantly increased in CIP2A-overexpressed neurons

(Fig EV1A and B). The efficient overexpression of CIP2A by plasmid

transfection, and activation of AKT by CIP2A, was also confirmed in

N2a cells (Figs EV1C and D).

To further clarify that CIP2A regulates dendritic development

through AKT activation, we used PI3K-specific inhibitor LY294002

(LY) to suppress the PI3K-AKT signaling. Primary hippocampal

neurons were transfected with surface-EGFP or surface-EGFP and

CIP2A plasmid at DIV 4, with or without LY294002 treatment for

3 days. Dendritic development of primary neurons was examined

by fluorescence microscopy at DIV 7 (Fig 3G). We found that PI3K-

AKT signaling inhibition significantly reduced the number, length,

and complexity of the dendrites. However, the dendritic branching

was not completely blocked, indicating that besides AKT, other

factors are also involved in maintaining dendrite structure and

promoting dendritic branching. But when AKT was inhibited, CIP2A

was unable to enhance dendritic arborization/development any

more (Fig 3H and I, LY versus LY + CIP2A), these results support

that CIP2A shares a pathway with PI3K-AKT signaling in promoting

dendritic development.

▸Figure 2. Transcriptomes of CIP2A knockout mice and MDD patients reveal abnormalities in PI3K-AKT signaling.

A Volcano plot showing differentially expressed genes (DEGs) in hippocampus of CIP2A knockout mice and WT mice (red, upregulation; green, downregulation).
B Gene Ontology analysis of downregulated genes by CIP2A deficiency showing the number of enriched genes. BP, biological process; CC, cellular component; MF,

molecular function.
C Gene Ontology analysis of downregulated genes by CIP2A deficiency with Benjamini correction showing the number and significance of enriched genes.
D KEGG analysis of downregulated or upregulated genes by CIP2A deletion in mice, n = 3 for (A–D), n represents biological replicates.
E KEGG analysis of DEGs in human brain anterior cingulate cortices from controls and MDD patients. The gene expression data were obtained from GEO

dataset GSE54572. Benjamini correction was performed to show the number and significance of enriched genes (Control n = 12, MDD patient n = 12).
F Transcriptional level of CIP2A in anterior cingulate cortices from controls and MDD patients in GSE54572, GSE54565, and GSE54571 dataset (Control n = 41; MDD

patient n = 41); data are analyzed by Student’s t-test.

◀ Figure 1. CIP2A deficiency induces depression-like behaviors in mice.

A Gene-trap strategy for CIP2A deletion in mice. The pGT0Lxf gene-trap vector containing a splice acceptor site (SA), b-galactosidase reporter gene (b-geo), and a
SV40 polyadenylation site (pA) was inserted in CIP2A locus intron 1 and resulted in disrupted CIP2A expression.

B The body weight (g) of C57-WT mice and CIP2A-KO mice (male, 6-month-old).
C, D The speed (circle/min) (C) and running time (s) (D) of the mice in rotarod test.
E The mean time of the mice keep grabbing the pole in grip test.
F, G The distance between hind and hind paws (cm) (F) and the distance between front and hind paws (cm) (G) in footprint assay.
H, I The schematic diagram of sucrose preference test (H) and the sucrose preference ratio (%) of the mice in two groups (I).
J–L The schematic diagram of forced swimming test (J), the struggling time (s) (K), and the immobility time (s) (L) in forced swimming test of the mice in two groups.
M–P The representative searching trace (M), the time in center (s) (N), the horizontal activity (m) (O), and the vertical activity (times) (P) of the mice in open field test.
Q The change times in T maze of the mice in two groups.
R–T The mice were trained for 5 days with three trials per day and tested on day 7 in Morris water maze test (MWM). The representative searching trace on day 5 of

the training trial (R), the latency of the mice to find the hidden platform (S), and the times of crossing the platform (T) in the testing trial.

Data information: Data are presented as mean � SEM. ns, not significant; *P < 0.05, **P < 0.01, n = 8 mice/group, n represents biological replicates. For (B–G), (I), (K–L),
(N–Q) and (T), data are analyzed by Student’s t-test. For (S), data are analyzed by two-way repeated-measures ANOVA followed by Bonferroni’s post hoc test.
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CIP2A knockdown inhibits dendritic growth and AKT activation,
which is rescued by overexpression of AKT or active PI3K

To further confirm the role of CIP2A in the development of dendrite,

we downregulated CIP2A in primary neurons to observe whether

CIP2A deficiency can block dendritic growth. Primary hippocampal

neurons were transfected with CIP2A-ShRNA plasmid with or

without co-transfection of AKT plasmid at DIV 2. The knockdown

efficiency of CIP2A-ShRNA was confirmed by Western blotting

(Fig EV2A–D). The dendritic development was evaluated at DIV 6.

Immunofluorescence staining showed that CIP2A deletion induced a

marked reduction in the fluorescence intensity of AKT-S473, indi-

cating that CIP2A knockdown inhibited AKT activity (Fig 4A and B).

With AKT inhibition, the complexity of dendrite, the number of

dendritic branches, the longest dendritic length and the total

dendritic length were all significantly decreased compared with the

control group (Fig 4C–G). AKT overexpression in CIP2A knockdown

neurons reversed AKT inhibition and the impaired dendritic devel-

opment (Fig 4C–G). Overexpression of AKT increased the phosphor-

ylation of AKT-S473 slightly compared with the control group, but

the development of dendrites was not further enhanced (Fig 4). We

also overexpressed active PI3K in CIP2A knockdown neurons using

the same strategy and observed the similar results (Fig EV3A–G).

These data collectively confirm that CIP2A is upstream of AKT-

mediated dendritic arborization and development.

PP2A mediates the effect of CIP2A on AKT activation and
dendritic development

Our findings indicate that CIP2A promotes dendritic arborization/

development through interacting with and activating AKT. As an

endogenous inhibitor of PP2A, CIP2A regulates protein phosphory-

lation through inhibiting the dephosphorylation activity of PP2A on

specific substrates. AKT on the contrary is an established substrate

of PP2A (Andrabi et al, 2007). Next, to confirm the role of PP2A in

mediating the regulation of CIP2A on AKT in dendritic development,

we overexpressed CIP2A plasmids in N2a cells, with or without co-

expression of PP2A catalytic subunit. The results showed that PP2A

overexpression reversed the increased phosphorylation of AKT-S473

caused by CIP2A (Fig 5A and B). Further investigation on primary

neurons revealed that overexpression of PP2A reversed the

enhanced development of dendrites by CIP2A (CIP2A vs.

CIP2A + PP2A, Fig 5C–E). When PP2A was overexpressed and

over-activated, CIP2A overexpression was unable to effectively

inhibit PP2A, thus induce AKT activation, and promote dendritic

development (PP2A vs. CIP2A + PP2A, Fig 5C–E), indicating that

PP2A is downstream of CIP2A in regulating dendrite branching.

These results also support that CIP2A mainly exerts its regulation

on PP2A-AKT signaling in dendritic development under physiolo-

gical conditions. Overall, these data support that CIP2A participates

in dendritic development through PP2A-AKT signaling pathway.

CIP2A deficiency-induced depression-like behaviors and dendrite/
spine loss are rescued by AKT activation

We have shown that the deletion of CIP2A in mice can cause

depression-like behaviors, and CIP2A knockdown in primary

neurons inhibits dendritic development and AKT activation. Next,

we further explored whether AKT activation can rescue the CIP2A

deficiency-induced depression in vivo. For this purpose, we injected

AAV-SiCIP2A or AAV-AKT(S473E)-SiCIP2A virus into the bilateral

ventricles of newborn C57/BL6 mice (postnatal day 2–4) to knock-

down CIP2A, with or without simultaneously activating AKT

(Fig 6A and B). The efficient knockdown of CIP2A and overexpres-

sion of AKT were confirmed by Western blotting using brain hippo-

campal tissues after 2 months (Fig EV4A–D). Before sacrificing the

mice, we performed relevant behavioral tests to evaluate the

depression-like phenotypes. In open field test, the center distance

(m) was significantly decreased in SiCIP2A mice compared with

control mice, while AKT activation increased the center distance

(m) and the time in center (s) in SiCIP2A mice (Fig 6C–E), indicating

that CIP2A deficiency-induced anxiety can be rescued by active

AKT. In sucrose preference test, SiCIP2A mice showed decreased

tendency of sucrose preference ratio (%), while AKT activation

could significantly increase the sucrose preference ratio (%) in

SiCIP2A mice (Fig 6F). Depression-like behaviors like decreased

◀ Figure 3. CIP2A activates AKT in primary neurons and promotes dendritic development through PI3K-AKT pathway.

A Representative immunoblots of CIP2A, AKT-S473, AKT, PP2Ac, and b-actin in primary cortical neurons at DIV 0, 1, 3, 5, 7, 11, 14, and 21. Data represent N = 3 indepen-
dent experiments.

B Correlation analysis of AKT-S473 and CIP2A in (A), R = 0.9141, P = 0.0015.
C Top: representative immunofluorescence staining of CIP2A (green) and MAP2 (red) in the cultured primary hippocampal neurons at DIV 6. Bottom: representative

immunofluorescence staining of CIP2A (green) and AKT-S473 (red) in the cultured primary neurons at DIV 6. Scale bar: 20 lm.
D The interaction of CIP2A, AKT, PP2A-A, PP2A-B, and PP2Ac was revealed by Co-IP in cortical neurons (DIV 7). Data represent N = 3 independent experiments.
E Cultured cortical primary neurons were infected with control or CIP2A-AAV at DIV 5 for 3 days. Representative immunoblots of CIP2A, AKT-S473, AKT, and DMIA (Left)

and the quantitative analysis of AKT-S473 (Right).
F Cultured primary hippocampal neurons were transfected with Surface-EGFP plasmid or Surface-EGFP and CIP2A plasmid at DIV 4. Representative fluorescence images

of the neurons at DIV 7. Scale bar: 25 lm.
G Primary cultured hippocampal neurons were transfected with surface-EGFP or surface-EGFP and CIP2A plasmid at DIV 4, with or without LY294002 treatment for

3 days. Representative fluorescence images of neurons at DIV 7 of the four groups. Scale bar: 25 lm.
H Sholl analysis of dendritic arborization of neurons in (G).
I Quantification of dendritic number, mean dendritic length, longest dendritic length, and total dendritic length of the neurons in (G).

Data information: Data are presented as mean � SEM. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ####P < 0.0001. For (E), AAV-Con n = 3,
AAV-CIP2A n = 3, n represents biological replicates. For (H) and (I), Con n = 16, CIP2A n = 15, CIP2A + LY n = 18, LY n = 19 neurons from three biological replicates for each
group. For (E), data are analyzed by Student’s t-test. For (H), data are analyzed by two-way repeated-measures ANOVA followed by Bonferroni’s post hoc test compared
with the con group (*) or CIP2A + LY group (#). For (I), data are analyzed by one-way repeated-measures ANOVA.
Source data are available online for this figure.
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social-interaction time in three-chamber social approach task, and

decreased struggling time (s) and increased immobility time (s) in

tail suspension test, were observed in SiCIP2A mice, which were all

rescued by AKT activation (Fig 6G–I). The results demonstrate that

CIP2A deficiency-induced AKT inhibition plays a key role in

promoting depression in mice.

A

B

C G

D E F

Figure 4.
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Next, we further explored whether CIP2A deficiency-induced

defect in dendritic arborization could be rescued by activating AKT.

Golgi staining of the hippocampal neurons showed that the

complexity of dendrite was significantly reduced in SiCIP2A mice

compared with control mice, which was partially reversed by AKT

activation (Fig 6J and K). In addition, the decreased number of

dendritic branches, mean dendritic length, and total dendritic length

in SiCIP2A mice were all reversed by overexpressing active AKT

(Fig 6L–O). CIP2A deficiency did not induce neuron loss (Fig EV5A

and B). However, it induced a significant loss of synapse manifested

by decreased spine numbers, which was rescued by AKT activation

(Fig 6P and Q). Similar to the results in cultured neurons, overex-

pression of AKT alone, though slightly increased AKT activity

(Fig EV4D), did not further promote dendrite growth compared with

control, indicating that excessive AKT activation is not beneficial for

dendrite development. Overall, these data support that the defect in

AKT-mediated dendrite branching/spine development is a key event

in CIP2A deficiency-induced depression.

Decreased CIP2A expression and impaired dendritic arborization
in CUMS depression rat models

To further verify the involvement of CIP2A in the pathogenesis of

depression, we examined the expression of CIP2A and dendritic arbori-

zation/spine development in other animal models of depression.

Chronic unpredictable mild stress (CUMS) model is a well-established

animal model of depression. Depression-like behaviors and deficits in

synaptic plasticity are gradually developed during CUMS (Willner

et al, 1987; Qiao et al, 2014). Moreover, the CUMS model recapitulates

many of the core behavioral characteristics of human depression

(Willner, 2005; Hill et al, 2012). We therefore examined the protein

levels of CIP2A and the active form of AKT (AKT-S473) in the hippo-

campal tissues of CUMS rat models. Western blotting results showed

that the levels of CIP2A and active AKT (AKT-S473) were decreased in

CUMS model (Fig 7A–C). Golgi staining revealed that the hippocampal

neurons in CUMS rat brains had impaired dendritic arborization/

synaptic development compared with the control group, which were

manifested by decreased dendritic complexity, reduced dendritic

branches number, decreased mean dendritic length, longest dendritic

length and total dendritic length, and reduced density of spines

(Fig 7D–K). These data validate the correlation of low brain CIP2A

levels with depression onset in rodents and further support the role of

CIP2A-dependent defects in brain plasticity in the development of

depression.

Discussion

Major depression disease is a devastating disease with limited treat-

ment strategies at current (Fava, 2003; Holtzheimer &

Mayberg, 2011; Ledford, 2014; McIntyre et al, 2014). Development

of effective therapies depends on the discovery of key disease

◀ Figure 4. CIP2A knockdown inhibits dendritic growth and AKT activation, which is rescued by replenishing AKT.

SCR (scramble) plasmid, CIP2A-shRNA plasmid, CIP2A-shRNA plasmid + AKT plasmid or AKT plasmid were overexpressed together with Surface-EGFP plasmid in cultured
primary hippocampal neurons at DIV 2. Neuronal morphology (green) was observed on DIV 6.
A Representative fluorescence images of GFP (green) and AKT-S473 (red) in the cultured primary hippocampal neurons at DIV 6 of the four groups. Arrows in CIP2A-

shRNA group show a CIP2A knockdown neuron has markedly reduced AKT-S473 signal, and the dendritic development is severely impaired; Arrows in CIP2A-
shRNA+AKT group show that AKT transfection successfully rescues AKT-S473 phosphorylation and the dendritic development. B-W: black in white background GFP
image; scale bar: 25 lm.

B Quantitative analysis of the fluorescence intensity of AKT-S473 immunostaining.
C Sholl analysis of dendritic arborization of the neurons in (A).
D–G Quantification of dendritic number (D), mean dendritic length (E), longest dendritic length (F), and total dendritic length (G) of hippocampal neurons in (A).

Data information: Data are presented as mean � SEM. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, #P < 0.05, ###P < 0.001, ####P < 0.0001.
For (B), SCR-shRNA n = 14, CIP2A-shRNA n = 16, CIP2A-shRNA+AKT n = 14, AKT n = 16 neurons from three biological replicates for each group. For (C–G), SCR-shRNA
n = 15, CIP2A-shRNA n = 17, CIP2A-shRNA+AKT n = 15, AKT n = 15 neurons from three biological replicates for each group. For (C), data are analyzed by two-way
repeated-measures ANOVA followed by Bonferroni’s post hoc test compared with the SCR-shRNA group (*) or CIP2A-shRNA+AKT group (#). For (B) and (D–G), data are
analyzed by one-way repeated-measures ANOVA.

▸Figure 5. PP2A mediates the effect of CIP2A on AKT activation and dendritic development.

A N2a cells were transfected with vector, CIP2A, CIP2A + PP2A or PP2A plasmids for 48 h. Representative immunoblots of AKT-S473, AKT, CIP2A, PP2Ac and b-actin of
the four groups.

B The quantitative analysis of AKT-S473 in (A).
C Primary hippocampal neurons were transfected with vector, CIP2A, CIP2A + PP2A or PP2A plasmids at DIV 4. Representative fluorescence images of the neurons at

DIV 7. Scale bar: 25 lm.
D Sholl analysis of dendritic arborization of the neurons in (C).
E Quantification of dendritic number, mean dendritic length, longest dendritic length, and total dendritic length of hippocampal neurons in (C).

Data information: Data are presented as mean � SEM. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ##P < 0.01, ###P < 0.001,
####P < 0.0001. For (B), n = 3 per group, n represents biological replicates. For (D, E), Con n = 16, CIP2A n = 15, CIP2A + PP2A n = 18, PP2A n = 19 neurons from three
biological replicates for each group. For (D), data are analyzed by two-way repeated-measures ANOVA followed by Bonferroni’s post hoc test compared with the con
group (*) or CIP2A + PP2A group (#). For (B) and (E), data are analyzed by one-way repeated-measures ANOVA.

Source data are available online for this figure.
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mechanisms. In the present study, we disclose the role of CIP2A in

regulating neuronal plasticity through ATK signaling and report that

CIP2A deficiency may underlie the pathogenesis of depression. Our

findings reveal a new molecular regulating pathway involved in the

pathophysiology of depression.

In our study, the role of CIP2A deficiency in promoting depres-

sion development was identified in several animal models. First,

CIP2A knockout mice showed typical anxiety- and depression-like

behaviors in a series of behavioral tests. Similar results were

observed in CIP2A knockdown mice in which brain CIP2A expres-

sion was inhibited by CIP2A-ShRNA in vivo. Furthermore, in a

classic CUMS depression model, brain CIP2A levels were decreased

significantly compared with control. At last, in clinical MDD

patients, CIP2A expression levels in brain cortex showed a tendency

of decrement (P = 0.06). All these data suggest that CIP2A dysregu-

lation may play a role in depression.

Currently, researchers raise a lot of hypotheses to explain the

pathogenesis of depression. A defect in brain plasticity, which is

manifested by neuronal atrophy and synaptic loss, is consistently

found in MDD patients and animal models (Conrad, 2008; David

et al, 2009; He et al, 2021) and is supposed to be an important

pathology underlying depression phenotype. Key events of brain

plasticity include the establishment and maintenance of dendrite

branching complexity, as well as synaptogenesis. Through a global

gene expression screen and analysis in CIP2A knockout mice, we

focus our attention to the impaired dendritic arborization/develop-

ment in the development of depression in CIP2A-deficient mice. Our

data show that CIP2A knockdown induces retarded dendritic devel-

opment in cultured primary neurons and decreased dendritic arbori-

zation/growth and synaptogenesis in animal brains. In CUMS

depression model, decreased CIP2A expression is coincident with

the occurrence of dendritic arborization and synaptic development

deficits. In addition, the CIP2A expression is highly related to

dendritic development in cultured neurons, and CIP2A overexpres-

sion remarkably enhances dendritic growth. These data strongly

indicate that CIP2A is an important molecular regulator of dendritic

development, and defect of this regulation participates in CIP2A

deficiency-induced depression.

CIP2A is an endogenous inhibitor of PP2A, which exert its

biological function through regulating the phosphorylation of

PP2A substrates (Junttila et al, 2007). AKT is a PP2A dephosphor-

ylation target. With PP2A dephosphorylating the key enzyme

activity-regulatory site Ser473, AKT is inhibited (Vauzour et al,

2018). Reversely, when PP2A is inhibited by some factors such as

endogenous inhibitors, AKT may be activated. Furthermore, AKT

has been identified as an important kinase in promoting neurite

growth (Atwal et al, 2000; Markus et al, 2002), and CIP2A can

positively regulate AKT activity in tumor cells (Chen et al, 2010;

Gao et al, 2020). Relating to depression, activation of PI3K-AKT

signaling was found to play an antidepressant role, and inhibition

of AKT signaling pathway could promote the development of

depression in rodents (Li et al, 2020; Jiang et al, 2021; Wang

et al, 2021). In our study, the transcriptome data from both CIP2A

knockdown mice and MDD patients indicate that PI3K-AKT

signaling is one of the mainly influenced signaling pathways.

Based on the transcriptome analysis result and related published

reports, we suspect that dysregulated PP2A-AKT signaling is a key

event in the impaired dendritic arborization/growth and synapto-

genesis induced by CIP2A deficiency. This hypothesis is confirmed

by our in vivo and in vitro experiments. First, CIP2A interacts

with AKT and PP2A in dendrites and positively regulates AKT

activity in neurons during the development. In CUMS depression

model, with CIP2A downregulation, AKT activity is also reduced.

Second, in cultured neurons, CIP2A overexpression promotes

dendritic development, which is blocked by PI3K inhibitor; CIP2A

knockdown results in retarded dendritic arborization, which can

be rescued by AKT or active PI3K. Third, in mice, CIP2A knock-

down in the brain induces impairment of dendritic arborization/

development and synaptogenesis, which is able to be rescued by

overexpressing active AKT. At last, PP2A overexpression reverses

CIP2A-induced AKT activation and enhancement of dendritic

growth. All these results suggest that CIP2A deficiency induces

◀ Figure 6. CIP2A deficiency-induced depression-like behaviors and defect in dendrite arborization/spine development are rescued by AKT activation.

Newborn mice (postnatal 2–4 days) were divided into four groups and injected with AAV-Con, AAV-SiCIP2A, AAV-AKT(S473E)-SiCIP2A or AAV-AKT(S473E) virus, respectively,
into the bilateral ventricles. After 2 months, all mice were tested by different behavioral test paradigms and brains were collected for Golgi staining. The same cohort of
mice was used for each behavioral test.
A Experimental timelines for virus stereotaxic injections and behavioral tests.
B The representative fluorescence image confirms the expression of virus. Scale bar: 500 lm (left panel) and 100 lm (right panel).
C–E The representative searching trace (C), the distance in center (m) (D) and the time in center (s) (E) in open filed test of the mice in four groups.
F The sucrose preference ratio (%) of the mice in four groups.
G The time spend in interacting (s) with another mouse in three-chamber sociability test.
H, I The struggling time (s) (H) and the immobility time (s) (I) in tail suspension test of the mice in four groups.
J Representative Golgi staining images of hippocampal neurons of the mice in four groups (Top). Neuronal morphology tracings of Golgi-stained neurons (Bottom).

Scale bar: 25 lm.
K Sholl analysis of dendritic arborization of the neurons in (J).
L–O Quantification of dendritic number (L), mean dendritic length (M), longest dendritic length (N), and total dendritic length (O) of hippocampal neurons in (J).
P Representative Golgi staining images of the spines in hippocampal neurons. Scale bar: 10 lm.
Q The quantitative analysis of the spine number in (P).

Data information: Data are presented as mean � SEM. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, #P < 0.05, ##P < 0.01,
###P < 0.001, ####P < 0.0001. For (D–I), Control n = 6, SiCIP2A n = 8, AKT(S473E)-SiCIP2A n = 7, AKT(S473E) n = 11, n represents biological replicates. For (K–O),
Control n = 11, SiCIP2A n = 13, AKT(S473E)-SiCIP2A n = 11, AKT(S473E) n = 14 neurons from three biological replicates for each group. For (Q), Control n = 6,
SiCIP2A n = 7, AKT(S473E)-SiCIP2A n = 6, AKT(S473E) n = 6 spines from three biological replicates for each group. For (K), data are analyzed by two-way
repeated-measures ANOVA followed by Bonferroni’s post hoc test compared with the con group (*) or AKT(S473E)-SiCIP2A group (#). For (D–I), (L–O) and (Q),
data are analyzed by one-way repeated-measures ANOVA.
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impaired neuronal plasticity through inhibition PP2A-AKT

signaling pathway.

Taking together, our data indicate that CIP2A participates in

dendritic arborization through PP2A-AKT signaling pathway, and

CIP2A deficiency underlies depression development through

impairing AKT-mediated neuronal plasticity.

Although our results showed that the CIP2A-PP2A-AKT signaling

pathway was involved in the development of dendrites and the

pathogenesis of depression, the upstream factors of CIP2A defi-

ciency still need to be further explored. Through GWAS analyzing,

we did not find CIP2A gene mutations in MDD patients (Wray

et al, 2018; Howard et al, 2019), indicating that decreased CIP2A

expression may result from other upstream undisclosed factors.

Moreover, the impact of CIP2A deficiency on synaptic plasticity

requires further investigation.

In conclusion, CIP2A participates in the development of dendrites

through CIP2A-PP2A-AKT signaling pathway. Defect in CIP2A-PP2A-

AKT pathway participates in the development of depression. Our

study discloses a new mechanism of depression and a possible new

direction for depression treatment in clinical research.

A

D

E

J K H I

F G

B C

Figure 7.
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Materials and Methods

Antibodies and plasmids

The primary and secondary antibodies used in this study were as

follows: anti-CIP2A (sc-80662, Santa Cruz), anti-CIP2A (A12267,

Abclone), anti-MAP2 (AB5622, Millipore), anti-AKT (9272 S, Cell

Signaling Technology), anti-AKT (2967 S, Cell Signaling Technology),

anti-AKT-S473 (4060 S, Cell Signaling Technology), PP2Ac (05-421,

Millipore), anti-PP2Ac (R25422, Zenbio), anti-PP2A-B (16569-1-AP,

Proteintech), anti-PP2A-A (12621-1-AP, Proteintech), anti-DM1A (04-

1117, Millipore), anti-b-actin (66009-1-Ig, Proteintech), anti-mouse IgG

(12-371, Millipore), Alexa Fluor 488 donkey anti-mouse (715-546-151,

Jackson Immuno Research Labs), Alexa Fluor� 594 AffiniPure Donkey

Anti-Rabbit IgG (715-585-152, Jackson Immuno Research Labs), and

LY294002 (HY-10108, MCE). CIP2A and ShRNA-CIP2A plasmids were

from Neuron Biotech (Shanghai, China), PP2Ac plasmid was from Dr.

Haendeler (University of Frankfurt, Germany), and PI3K and AKT plas-

mids were constructed in H.Y.M’s laboratory.

Animals

C57B6/L mice were obtained from the Experimental Animal Center

of Tongji Medical College, Huazhong University of Science and

Technology. CIP2A knockout mice were provided by JW, and the

related information has been published previously (Ventel€a

et al, 2012). In our study, 6-month-old male CIP2A knockout mice

and the age-matched male WT C57B6/L mice were used. For AAV

virus infection, newborn C57B6 mice (male and female) were used.

All animals were kept in a condition with appropriate temperature

(22 � 2°C), humidity (55 � 15%) and 12–12-h light–dark cycle,

and had continual access for food and water freely. Mice were

assigned to experimental groups using simple randomization in a

manner that assured age matching between experimental condi-

tions. All animal experiments were approved by the Animal Care

and Use Committee of Huazhong University of Science and Tech-

nology and performed in compliance with the NIH Guide for the

Care and Use of Laboratory Animals.

Cell culture and treatment

For N2a cells, cells were cultured in DMEM-high glucose medium

containing 10% fetal bovine serum (Gibco BRL, Gaithersburg, MD,

USA) in a humidified incubator aerated with 95% air and 5% CO 2

at 37°C. The cells were seeded into 6-well plates and changed to

fresh medium when the confluence reached to 70–80% and then

transfected with relevant plasmids by Neofect DNA transfection

reagent according to the manufacturer’s protocols (Neofect Biolo-

gical Technology, Beijing, China). Cells were collected for subse-

quent experiments 48-h posttransfection.

For primary neurons, hippocampal and cortex tissues were

isolated from embryos (E15–E18) of Sprague–Dawley rats. Hippo-

campal neurons were used for imaging due to their better

morphology, and cortical neurons were used for Western blotting

and co-immunoprecipitation (Co-IP). Tissues were cleaned with D-

hanks and incubated with 0.25% trypsin for 20 min and then

titrated through a 40-lm cell filter to obtain single cells. The cell

suspension was resuspended with planting medium containing

MEM/F12 with 10% fetal bovine serum to terminate the digestion.

Then, the cell suspension was seeded onto plates, which were

coated with poly-D-lysine and incubated in incubator at 37°C in the

presence of 5% CO2. After 4–6 h, the planting medium was replaced

with neurobasal medium supplemented with 2% B-27, 1%

GlutuMAX (2 mM), 1% penicillin (50 U/ml) and streptomycin

(50 lg/ml). During the culture, the medium was half-changed every

3 days with fresh maintenance medium.

For immunofluorescence imaging, the primary neurons were

transfected with relevant plasmids by LipofectamineTM 2000 trans-

fection reagent according to the manufacturer’s protocols (Lipofecta-

mine 2000 Transfection Reagent, Thermo Fisher Scientific, USA).

Cells expressing EGFP were observed under a confocal microscope

(LSM710, Zeiss, Germany). For immunoblotting, primary neurons

were infected with control or CIP2A-AAV for 48 h and cells were

then collected and lysed for subsequent experiments.

Western blotting and Co-IP

Cell samples and brain tissue were lysed or homogenized with RIPA

buffer (Beyotime Biotechnology, Shanghai, China) containing PMSF

(1:100) and proteinase inhibitor cocktail (1:100), then boiled for

10 min, and centrifuged at 14,000 g for 10 min. The supernatants

were collected, and protein concentrations were quantified by BCA

kit (Thermo Fisher Scientific, Waltham, Massachusetts, USA). The

proteins in the extracts were separated by 10% SDS–PAGE and

transferred to nitrocellulose membrane. Then, the membranes were

blocked with 5% nonfat milk for 1 h and incubated with primary

◀ Figure 7. Decreased CIP2A expression and impaired dendritic arborization in CUMS model.

A Representative immunoblots of CIP2A, AKT-S473, AKT, PP2Ac and b-actin of brain tissue homogenates from hippocampus of the control and CUMS rats.
B, C The quantitative analysis of CIP2A (Left) and AKT-S473 (Right) in (A).
D Representative Golgi staining images of neurons in the hippocampus of control and CUMS rats (Left). Neuronal morphology tracings of Golgi-stained neurons

(Right). Scale bar: 25 lm.
E Sholl analysis of dendritic arborization of the neurons in (D).
F–I Quantification of dendritic number (F), mean dendritic length (G), longest dendritic length (H), and total dendritic length (I) of hippocampal neurons in (D).
J Representative Golgi staining images of the spines in hippocampal neurons. Scale bar: 10 lm.
K The quantitative analysis of the spine number in (J).

Data information: Data are presented as mean � SEM. ns, not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. For (B-C), n = 3 mice per group, n repre-
sents biological replicates. For (E–I), Control n = 5, CUMS n = 6 neurons from three biological replicates for each group. For (K), Control n = 11, CUMS n = 8 spines from
three biological replicates for each group. For (E), data are analyzed by two-way repeated-measures ANOVA followed by Bonferroni’s post hoc test. For (B, C), (F–I) and (K),
data are analyzed by Student’s t-test.
Source data are available online for this figure.
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antibodies overnight at 4°C. Then, the membranes were washed for

three times with TBST for 10 min each and incubated with the

secondary antibody at room temperature for 1 h in dark. Blots were

visualized using the Odyssey Infrared Imaging System (Li-Cor Bios-

ciences, Lincoln, NE, USA). The protein bands were quantitatively

analyzed by ImageJ software (Rawak Software, Germany).

To analyze protein–protein interactions, we performed co-

immunoprecipitation (Co-IP) using cell lysates. The extracts (about

200 mg total proteins) were incubated with specified antibodies and

protein G at 4°C overnight. The agarose beads were collected and

washed three times with PBS. Last, the sediment was resuspended

with 2× loading buffer, and boiled for 5 min, the bound proteins

were analyzed by Western blotting.

Immunofluorescence and fluorescence imaging

For immunofluorescence, neurons were washed with PBS buffer

and then fixed with 4% paraformaldehyde (PFA) for 10 min,

permeabilized in 0.5% Triton X-100 for 10 min, and followed by

incubation with 3% BSA to block nonspecific sites. Next, the cells

were incubated with primary antibodies overnight at 4°C. After

washing, the sections were incubated with Alexa 488- and 594-

conjugated secondary antibodies for 1 h, mounted and air-dried in

dark. For observation of the cell morphology, neurons cultured on

round slips were fixed, and EGFP-expressing cells were observed

under the microscope directly. All of the images were observed with

the LSM710 confocal microscope (Zeiss, Germany).

Stereotaxic injection

C57B6 mice pups at postnatal day 2 were anesthetized on ice for

3 min. Then, the mice were injected AAV virus into the bilateral

ventricles using a specially designed, fine 10 ll Hamilton syringe

equipped with a 30G/0.5 inch/hypodermic cemented needle

(Hamilton Syringe Company, Reno, NV, USA). Behavioral tests were

performed after 2 months. pAAV-SYN-SiCIP2A-EGFP-3FLAG,

pAAV-SYN-AKTS473E-2A-EGFP-3FLAG-H1-SiCIP2A and pAAV-

SYN-AKTS473E-2A-EGFP-3FLAG were from OBiO technology

(Shanghai, China). pAAV-SYN-AKTS473E-2A-EGFP-3FLAG-H1-

SiCIP2A infection results in neuronal expression of AKTS473E and

SiCIP2A simultaneously. AKTS473E mimics S473-phosphorylated

AKT, thus is an AKT active mutant.

Nissl staining

The mice brain after perfusion and fixation (with 4% formaldehyde)

was sliced at 30 lm thickness. The frozen sections were mounted

on the slide, and the brain slices were stained according to the

manufacturer’s procedure (Beyotime Biotechnology, Shanghai,

China).

Golgi staining

The mice were anesthetized by isoflurane, and each mouse was

perfused intracardially with 40 ml of normal saline containing 0.5%

sodium nitrite. The brains were taken out and soaked in Golgi dye

solution containing 5% potassium chromate, 5% mercuric chloride,

and 5% potassium dichromate at room temperature for 20 days in

the dark. Then, the brains were serially sectioned into 100 lm thick

slices through a vibrating microtome (Leica, VT1000S, Germany).

The sections were rinsed in double distilled water for 1 min and

then soaked with ammonium hydroxide for 30 min and double

distilled water for 1 min in the dark. Next, the slices were dehy-

drated with increasing gradient of alcohol (50, 70, 95, and 100%)

and transferred to a CXA solution containing formyl trichloride,

xylene, and absolute ethyl alcohol (1:1:1) for 15 min. Last, the slices

were mounted and images were taken using light microscope

(Nikon, 90i, Japan).

Dendrite morphology analysis

ImageJ software was used for dendrite morphology analysis. In

brief, the captured neuronal image was converted to grayscale and

saved. The saved grayscale image was then opened in ImageJ, and

the ruler was set; the “Neuron J” patch was used to trace the

dendrites and outline the neuronal structure, and then, the picture

was saved. Lastly, open the saved picture again, draw the distance

from the cell body to the farthest dendrite, and click “Sholl

Analysis” to get the relevant measurements of the neuron dendrites.

The data were saved for subsequent analysis.

Rotarod test

Motor performance was evaluated using a rotarod apparatus with a

3 cm diameter rod (Ugo Basile, Monvalle, Italy) at accelerating rota-

tion rate (10 speeds from 4 to 40 rpm for 5 min). On the day

preceding the experiment, all mice were trained on the rotarod at a

speed of starting at 4 rpm and were excluded if they did not

continue to walk on the rotarod. Then, the mice were detected for

three trials, 5 min per trial. The running time and speed were

recorded, and the mean latency and speed on the rod were calcu-

lated.

Grip test

Grip test was performed using a wooden pole, which was 20 cm

high from the table. During the test, the experimenter held the mice

by their tails, allowing the mice to grab the pole using their fore-

paws, and then recorded the time from releasing the tail to when it

fell off. The test was repeated five times per mouse, and the mean

time was calculated.

Footprint assay

The footprint test provides an analysis of motor coordination and

balance. Briefly, the fore and hind limbs of the mouse were dyed

with red and blue ink, respectively. After that, the mice were

allowed to walk on white paper (30 cm in length and 5 cm in width)

without constraints and then the footprints were scanned and

analyzed. Stride length which assessed limb coordination ability

was characterized as the distance between the center of the fore

limb and hind limb and the distance between the two steps of hind

limb. The distance between hind and hind paws (cm) and the

distance between front and hind paws (cm) were recorded.
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Open field test (OFT)

In open field test, the animals were placed in an empty area

(50 cm × 50 cm × 50 cm plastic container, Techman Software Co,

Ltd, Chengdu, China) for 5 min. The floor was divided into 5 × 5

sectors; we defined the middle 3 × 3 sectors and the rest sectors

as “center area” and “peripheral area,” respectively. The area

was cleaned with 75% ethanol between each habituation period.

The distance of horizontal activity (m) and vertical activity (m),

the center distance (m), and the time in center (s) were recorded.

Center duration (%) was the ratio of the time in center to total

time.

Sucrose preference test (SPT)

In this experiment, the sucrose preference was tested to assess the

responsiveness to positive stimuli. Mice were placed individually

into a cage and deprived of water for 12 h. After that, each cage was

provided with two bottles of solution with 2% sucrose solution or

water, respectively. After 4–6 h, the consumption of sucrose water

and clean water during this time period was recorded and the

preference of sucrose was calculated as sucrose preference

(%) = [(sucrose consumption)/ (water consumption + sucrose

consumption)] × 100%.

Forced swim test (FST)

In the forced swim test, mice were placed individually into a

plastic transparent container (18 cm diameter and 25 cm height)

containing water (25 � 2°C) to depth of 15 cm, in which there

was no way to escape or touch the bottom. The duration of

immobility (defined as the length of time in which the animal

did not show escape responses) was manually scored during a

6-min session. The mouse was judged to be immobile when it

remained in the water without struggling and was making only

those movements necessary to keep its head above water. Then,

animals were removed from the container and left to dry in a

heated enclosure before they were returned to their home cages.

The cylinder was emptied, washed, and refilled with new water

between mice. Data were collected and analyzed by the soft-

ware.

T maze

The maze was constructed from gray plastic. The two goal arms

were 25 cm long and 6 cm wide, with 20 cm high walls, and the

main arm was 30 cm long and 6 cm wide, with 20 cm high

walls. The apparatus was monitored by a video camera posi-

tioned above of it. The mice were placed in the narrow chamber

at the end of the main arm and were adjusted to the environ-

ments for 30 s, and then the experimenter opened the baffle. The

number of probes on two goal arms and the final position of the

mice were monitored. The entrance times of the two goal arms

were recorded. The procedure was repeated until a total of seven

trials were obtained of each mouse. Between animals, the maze

was thoroughly cleaned using 70% ethanol and carefully dried

thereafter. The change times were recorded if the mice chose to

enter the other arm.

Morris water maze test (MWM)

Spatial learning and memory were detected by Morris water maze

(MWM, Techman Software Co., Ltd., Chengdu, China). The MWM

task was performed as previously described. A circular pool (1.2 m

in diameters and 50 cm in height) was filled with nontransparent

water (23 � 2°C), and an escape platform was placed 1.5 cm below

the water surface at a fixed position in a target quadrant. The test

contains acquisition training and probe trail. Before the test began,

the mice were habituated to the behavior room and trained on the

five consecutive days, three trials per day. During the acquisition

training, the mice were put into the pool from different starting

points each trial of a daily training session to find the hidden plat-

form. The mice have up to 60 s to find the hidden platform; other-

wise, it would be guided to the platform and stayed on it for 20 s.

Latency time (s) to find the hidden platform was recorded after each

trial of each learning session for 5 consecutive days. On the seventh

day, the hidden platform was removed and the mice were placed

into the pool for the probe trial for 60 s. The number of times to

cross the position of the platform was recorded.

Tail suspension test (TST)

In this test, the rear 1/3 of the tail of the mouse was fixed with tape

and hung on a bracket; the head was away from the table about

15 cm. All animals were suspended for 6 min in total; the beha-

vioral parameters including immobility time (defined as the absence

of any body or limb movements except for those caused by respira-

tion) and struggling time during the last 5 min were recorded in

seconds.

Three-chamber social test

The three-chamber test for sociability and social novelty preference

was performed as previously described (Buffington et al, 2016).

Briefly, the device was a 60 × 40 cm2 box divided into three equally

sized, interconnected chambers (left, center, and right). During the

adaptation period, the mice were put into the starting area-the

middle box and explored on the box freely for 10 min to adapt to

the environment. At the end of the session, the mouse was trans-

ferred to an empty cage and the experimental area was cleaned with

75% ethanol. In the second 10 min, sociability was measured.

During this period, the subject could interact either with an empty

mesh cylinder in the left chamber or the sex-matched stranger

mouse stayed in another mesh cylinder in the right chamber, and

the cylinders allowed for visual and olfactory exchange. The time

spent interacting with the stranger was recorded.

Transcriptomics procedures

The mice were anesthetized by isoflurane, and each mouse was

perfused intracardially with normal saline. Hippocampal tissue of

mice was isolated, and total RNA was extracted using Trizol

Reagent. After that, magnetic beads with Oligo(dT) were used to

enrich eukaryotic mRNA (if it is prokaryotic, use the kit to remove

rRNA and go to the next step). For the extracted eukaryotic mRNA,

fragmentation buffer was added to break the mRNA into short frag-

ments as the templates for synthesizing the first cDNA strand with
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random hexamer primers. Then, dNTPs, RNase H, and DNA poly-

merase I were added to induce the synthetization of the second

strand. The cDNA chain was purified by QiaQuick PCR kit and

eluted with EB buffer, and then end-repaired and poly(A) added,

and the sequencing adapter was connected. Next, agarose gel elec-

trophoresis was used for fragment size selection, and finally, PCR

amplification was performed. The constructed sequencing library

was sequenced with Illumina HiSeqTM. Samples are sequenced on

the platform to get image files, which are transformed by the soft-

ware on the sequencing platform, and the original data in FASTQ

format (Raw Data) are generated. The filtered reads were mapped to

the reference genome using HISAT2 v2.1.0. The differentially

expressed gene (DEG) analysis was analyzed by DESeq2 (v1.30.1).

We used cluster Profiler to perform GO enrichment analysis on the

DEGs and calculated P adj = Pk value * n/k by hypergeometric

distribution method with Benjanimi correction (the standard of

significant enrichment is P adj ≤ 0.05). Cluster Profiler (v3.18.1)

software was used to carry out the enrichment analysis of the KEGG

pathway of DEGs, focusing on the significant enrichment pathway

with P-value < 0.05. Sequencing service was provided by Bioyi

Biotechnology Co., Ltd. Wuhan, China.

For the quantitative analysis of CIP2A expression in the MDD

GEO datasets, we downloaded the original data of the three GEO

datasets (GSE54572, GSE54565, and GSE54571), imported the

downloaded data into “R” software, converted the gene IDs in the

“R” software, and found CIP2A gene and its expression level. The

average CIP2A mRNA levels in control group in each GEO dataset

were set to “1,” and the data from the three datasets together were

normalized by calculating the ratios of (actual CIP2A mRNA level)/

(average CIP2A mRNA level in control group) for each sample and

were performed Student’s t-test analysis.

Statistical analysis

Data were analyzed using GraphPad Prism version 9.0 in a blinded

manner. Data were shown as the mean � SEM. For data following

normal distribution, differences between groups were evaluated by

Student’s t-test or one-way analysis of variance tests. Two-way

repeated-measures ANOVA followed by Bonferroni’s post hoc test

was used to analyze the difference in Sholl analysis. The method of

statistical test for each figure was stated in the figure legend.

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, P < 0.05 was

considered statistically significant. The n for each comparison group

is stated in each figure legend.

Data availability

The raw data of RNA-seq in this study were deposited at SRA data-

base with the SRA accession SRP385569 (https://www.ncbi.nlm.

nih.gov/sra/SRP385569).

Expanded View for this article is available online.
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