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Abstract Activation of astrocytes in central nervous

system inflammation leads to a disturbance of crosstalk

between astrocytes and neurons, and that this may contribute

to the death of neurons. CDK11p58 is a member of the large

family of p34cdc2-related kinases. It specifically expresses

in G2/M phase of the cell cycle and is closely related to cell

cycle arrest and apoptosis. Here, we show that astrocyte-

conditioned medium stimulated by lipopolysaccharide

upregulates CDK11p58 expression and meanwhile causes

neuronal apoptosis. CDK11p58 knockdown in PC12 cells

represses neuronal apoptosis. CDK11p58 overexpression in

PC12 cells promotes neuronal apoptosis. AKT signaling

pathway is involved in CDK11p58-induced neuronal apop-

tosis process.
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Introduction

Inflammation, a common denominator among the diverse

list of neurodegenerative diseases, has been implicated

recently as a key mechanism responsible for the progres-

sive nature of neurodegeneration (Minghetti et al. 2005).

The hallmark of brain inflammation is the activation of

glial cells (Ridet et al. 1997). These cells constitute

essential partners of neurons, providing functional support

through a myriad of intercellular links (Seifert et al. 2006).

However, during inflammation, glial cells may play a

double-edged role because, depending on the course of the

inflammatory process, glial-derived factors may result in

being either beneficial or detrimental to neurons (Wyss-

Coray and Mucke 2002).

At least 10 CDK11 isoforms have been cloned in

eukaryotic cells, with molecular weight varying from 46 to

110 kDa (Choi et al. 2012). Major isoforms are CDK11p110,

CDK11p58 (Bajic et al. 2011; Drogat et al. 2012), and

CDK11p46 (Mikolajczyk and Nelson 2004). Previous

research (Cai et al. 2002) showed that CDK11p58 enhanced

the apoptosis induced by cycloheximide in SMMC-7721

hepatocarcinoma cells and it was also processed to a 50 kDa

isoform. Yun et al. 2007 found that overexpression of

CDK11p58 not only reduced the protein level of Bcl-2 itself,

leading to Bcl-2/Bax ratio decline, but also reduced the Ser70

phosphorylation of Bcl-2. Both of these two mechanisms

might contribute to the pro-apoptotic activity of CDK11p58.

Many studies have identified Ras-phosphatidylinositol

3-kinase (PI3K)-protein kinase B (Akt) as a major cell

survival signaling pathway (Chalhoub et al. 2009; Engel-

man et al. 2006; Wagner-Golbs and Luhmann 2012). Akt is

a serine/threonine protein kinase that plays a key role in

multiple cellular processes such as cell proliferation,

apoptosis, and transcription (Datta et al. 1997).
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In this study, we show that ACM stimulated by lipo-

polysaccharide (LPS) upregulates CDK11p58 expression in

neuronal cells and causes neuronal apoptosis. CDK11p58

knockdown in PC12 cells represses neuronal apoptosis.

CDK11p58 overexpression in PC12 cells promotes neuronal

apoptosis. AKT signaling pathway is involved in CDK11p58-

induced neuronal apoptosis process.

Materials and Methods

Materials and Reagents

LPS, rabbit anti-PARP (Cleaved-Gly215) antibody, and

mouse anti-GAPDH antibody were purchased from Sigma

Chemicals. Rabbit polyclonal anti-PITSLRE, rabbit anti-

cleaved-caspase-3, horseradish peroxidase (HRP)-conju-

gated goat anti-rabbit, and HRP conjugated goat anti-

mouse IgG secondary antibodies were from Santa Cruz

Biotechnology. Mouse anti-proliferating cell nuclear anti-

gen (PCNA), rabbit anti-Bcl-2, rabbit phosphor-Ser473

Akt, and rabbit anti-total AKT antibodies were from Cell

Signaling Technology.

Cell Culture and Treatment

C6, a rat astrocyte cell line, and PC12 cells which are a rat

neuron cell line were obtained from the American Type

Culture Collection (Rockville, MD, USA). C6 glioma cells

were cultured in Dulbecco’s modified Eagle’s medium

(DMEM, Sigma) supplemented with 10 % (v/v) heat-

inactivated fetal bovine serum (FBS), HEPES (3.6 g/L),

penicillin (100 IU/ml), and streptomycin (100 lg/ml). At

about 60 % confluence, culture medium was switched to

DMEM supplemented with 1 % FBS. PC12 cells were

cultured in DMEM supplemented with 5 % FBS, penicillin

(100 IU/ml), and streptomycin (100 lg/ml). All cells were

maintained in a humidified incubator at 37 �C and 5 %

CO2. PC12 cells, cultured in plates and dishes until about

70 % confluence, were used for treatment. At the time of

treatment, LPS was added to the C6 culture medium to

indicated concentrations. For studies with ACM, the cul-

ture medium was replaced with ACM from PC12 cultures.

Preparation of C6 Cells ACM

C6 cells (3 9 105 cells/well) were seeded onto 100 mm

dishes. After 24 h, the C6 cells were treated with LPS. The

medium was collected after 24 h of incubation and stored

at -20 �C until the treatment of PC12 cells. CM0,

CM0.001, CM0.01, CM0.1, CM1, and CM10 represent

conditioned medium from C6 cultures treated with vehicle,

0.001, 0.01, 0.1, 1, and 10 lg/ml LPS, respectively.

Western Blot Analysis

Cells were thoroughly scraped from the culture dishes with a

cell scraper, Lysates were homogenized for 10 s at 6,000 rpm

in a homogenizer (Brinkman). Protein content was normal-

ized using protein assay kits (Bio-Rad Laboratories). The

samples were subjected to SDS-polyacrylamide gel electro-

phoresis followed by transfer onto a polyvinylidene difluo-

ride (PVDF) membrane filter (Immobilon, Millipore). The

filters were incubated in PBS containing 0.5 % Tween20

(PBST) and 5 % nonfat milk and then with anti-PITSLRE

antibody (1:1,000), anti-PCNA antibody (1:1,000), anti-Bcl-

2 antibody (1:1,000), anti-cleaved-PARP antibody (1:1,000),

anti-cleaved-caspase-3 antibody (1:1,000), anti-phospho

AKT antibody (1:1,000), anti-total JNK antibody (1:1,000),

and anti-GAPDH antibody (1:1,000) overnight at 4 �C. After

being incubated with HRP-conjugated anti-rabbit IgG

(1:2,000) and HRP-conjugated anti-mouse IgG (1:2,000),

blots were washed and immunoreactive proteins were visu-

alized on a film with an enhanced chemiluminescence kit

(NEN Life Science Products, Boston, MA, USA). Optical

density on the film was measured with a computer imaging

system (Imaging Technology, Ontario, Canada). Setting

control as 1, the relative differences between control and

treatment groups were calculated and expressed. Values are

responsible for at least three independent experiments.

TUNEL Apoptosis Assay

Terminal deoxynucleotide transferase-mediated dUTP Nick

End-Labeling (TUNEL) was performed to detect cells

undergoing apoptosis. An In situ Apoptosis Detection Kit

(Roche, Indianapolis, USA) was employed. For the TUNEL

analysis, PC12 cells were fixed with 4 % paraformalde-

hyde in PBS for 20 min at 4 �C and subjected to perme-

abilization for 20 min at room temperature with 0.1 %

sodium citrate containing 0.1 % Triton X-100. The fixed

and permeabilized PC12 cells were labeled with the

TUNEL reaction mixture for 60 min at 37 �C. The nuclei

of PC12 cells were counter-stained with 40, 60-diamino-2-

phenylindole (DAPI). Fluorescent-labeled DNA, indicating

DNA fragmentation, was analyzed by using a laser scan-

ning confocal microscope (Leica TCS-NT).

Apoptosis Monitored by Flow Cytometry

Cultured cells were collected and fixed in 70 % ethanol for

30 min. After washing with PBS and treatment with Rnase

A (50 lg/ml in Phosphate Buffered Saline, Sigma, USA)

for 30 min, the cells were incubated with propidium iodide

(50 lg/ml, Sigma, USA) for 15 min and analyzed by the

flow cytometry machine (BECKMAN-COULTER Co.,

USA). All the data were analyzed by the research software.
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siRNAs and Transfection

Double-stranded RNAs of 19 nucleotides were synthesized

by Ambion Research. The targeting sequence of rat

CDK11p58 mRNA (50-AGACCCAAATCTTTTGCGGAGG

TT-30) corresponds to the region 1,306–1,326, relative to the

first nucleotide of the start codon (GenBank Accession No.

NM_145766.1). Nonspecific control siRNA is an irrelevant

siRNA with random nucleotides and no known specificity.

Transfection of PC12 cells with duplex synthetic siRNA was

performed using lipofectamine2000 reagents (Invitrogen)

according to the manufacturer’s instructions. Cells were assayed

after 48 h of transfection. For mock transfection, all procedures

listed above were performed in the absence of siRNA duplex.

Plasmid CDK11p58 and Transfection

For transient transfection, the CDK11p58 expression vector, the

nonspecific vector was carried out using lipofectamine2000

(Invitrogen) and plus reagent in OptiMEM (Invitrogen) as

suggested by the manufacturer. Transfected cells were used for

the subsequent experiments 48 h after transfection.

Statistical Analysis

At least three repetitive assessments were performed, and

for each assessment, all groups were tested in quadrupli-

cate. All data were given in terms of relative values and

expressed as mean ± standard error. One-way ANOVA

was used to compare differences between the operated

groups and the control group. All statistical analyses were

conducted with a STATA 7.0 software package (Stata

Corp., College Station, TX, USA), and all statistical sig-

nificance levels were set at p \ 0.05.

Densitometric Analyses

The density of specific bands was measured with a computer-

assisted image-analysis system (Adobe Systems, San Jose,

CA, USA) and normalized against GAPDH level. Differences

between the control and treatment groups were calculated and

expressed as relative increases setting the control as 1. Values

were obtained from at least three independent experiments.

Results

LPS-Treated ACM-Induced PC12 Cells to Express

CDK11p58 Protein in a LPS Concentration-Dependent

Manner

To detect the effect of ACM on CDK11p58 protein

expression in PC12 cells, C6 cells, a rat astrocyte cell line

were treated by LPS with different concentrations (0,

0.001, 0.01, 0.1, 1, and 10 lg/ml) for 24 h, then ACM was

added in PC12 cells for 24 h. PC12 cells treated directly

with different concentration LPS have no difference in

CDK11p58 protein expression or apoptosis status (data not

shown). Western blotting results showed CDK11p58 protein

expression in PC12 cells changed in ACM that treated with

different dose of LPS in a LPS concentration-dependent

manner (Fig. 1a, b).

LPS-Treated ACM-Induced PC12 Cells Apoptosis

in a LPS Concentration-Dependent Manner

To understand whether ACM regulates neuronal apoptosis,

proliferation marker PCNA, anti-apoptosis molecule Bcl-2,

and pro-apoptosis molecules cleaved-PARP, cleaved-cas-

pase-3 protein expression in PC12 cells after stimulated by

ACM was detected by western blotting. The data illustrated

that proliferation marker PCNA and anti-apoptosis mole-

cule Bcl-2 decreased (Fig. 2a, left, line 1, line 2) parallel to

ACM LPS concentration (0, 0.001, 0.01, 0.1, 1, and 10 lg/

ml). On the contrary, pro-apoptosis molecules cleaved-

PARP and cleaved-caspase-3 (Fig. 2a, left, line 3, line 4)

increased due to ACM LPS concentration (0, 0.001, 0.01,

0.1, 1, and 10 lg/ml). TUNEL stain positive PC12 cells

increased after treated with LPS 10 lg/ml ACM compared

to that of treated with LPS 0 lg/ml ACM (Fig. 2b). DAPI

nuclei stain of PC12 cells showed nuclear fragment and

condense in LPS 10 lg/ml ACM treatment group (Fig. 2b).

Altogether, the results above indicated that LPS-treated

ACM-induced PC12 cells apoptosis in a LPS concentra-

tion-dependent manner similar to that of CDK11p58 protein

expression in PC12 cells treated with ACM, suggesting that

CDK11p58 possibly participates in ACM-induced neuronal

apoptosis process.

CDK11p58 Upregulates Neuronal Apoptosis in PC12

Cells Treated with ACM

To further certify the function of CDK11p58 in ACM-

induced neuronal apoptosis process, CDK11p58 siRNA and

CDK11p58 plasmid were constructed and transfected into

PC12 cells. Due to CDK11p58 knockdown, CDK11p58

protein level decreased 38 % and 36 % without or with

ACM treatment, respectively. Protein expression of cell

proliferation marker PCNA, anti-apoptosis molecule Bcl-2

increased, as well as pro-apoptosis molecules cleaved-

PARP, cleaved-caspase-3 decreased (Fig. 3a) in PC12 cells

after knockdown of CDK11p58. PI and Annexin V double

stain showed that knockdown of CDK11p58 repressed PC12

cell apoptosis even after ACM treatment (Fig. 3a). To
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further identify CDK11p58 regulated neuronal apoptosis

after ACM treatment, we constructed HA-CDK11p58 and

transfected PC12 with it. Compared with HA vector,

CDK11p58 protein expression increased 41 % and 36 %

with or without ACM administration. Overexpression of

CDK11p58 promoted PC12 cell apoptosis demonstrated by

western blotting (Fig. 4a) and flow cytometry results

(Fig. 4b). Thus, we drew a conclusion that CDK11p58 acts

as a positive regulator during ACM-induced PC12 cell

apoptosis.

AKT Signaling Pathway is Involved in ACM-Induced

PC12 Cell Apoptosis

To determine whether AKT signaling pathway participates

in ACM-induced PC12 cell apoptosis, we detected the

phosphorylation level of AKT. The phosphorylation level

of AKT decreased in PC12 cells treated by ACM in a LPS

concentration-dependent manner (0, 0.001, 0.01, 0.1, 1, and

10 lg/ml) (Fig. 5a). Administration of AKT inhibitor

LY294002 facilitated PC12 cell apoptosis (Fig. 5b). The

data revealed that ACM induces PC12 cell apoptosis via

upregulating CDK11p58 expression through inhibited AKT

signaling pathway.

Discussion

In this study, it was observed that ACM-stimulated PC12

cells became dramatically sensitive to ACM-induced

neuronal apoptosis via CDK11p58 upregulation through

downregulating AKT activation signaling pathway.

Astrocytes are the most numerous cell type within the

central nervous system (CNS) and perform a variety of

tasks from axon guidance and synaptic support to the

control of the blood–brain barrier and blood flow (Bene-

diktsson et al. 2012; Vedam-Mai et al. 2012). However,

the major features of brain inflammation are glial cells

activation and neuronal apoptosis (Hirsch et al. 2009).

Although the pro-inflammatory function of astrocytes is

generally acknowledged not to be as prominent as that of

microglia (Streit et al. 1999), lots of studies have shown

that astrocytes-mediated inflammatory responses also play

a leading role in the pathogenesis of various brain injuries

(Dietrich et al. 2003; Jiang et al. 2010). Reactive astrocytes

may lose neuroprotective functions or gain neurotoxic

properties in neurodegenerative diseases. In this study, we

first found that conditioned medium from LPS-stimulated

C6 cells induces PC12 apoptosis. However, previous studies

exposed that astrocyte-conditioned medium protected neu-

rons against some poisons, such as corticosterone (Zhu et al.

Fig. 1 LPS-treated ACM-induced PC12 cells to express CDK11p58

in a LPS concentration-dependent manner. a CDK11p110 and

CDK11p58 protein expressions in PC12 cells after treated by LPS-

stimulated ACM at different concentration detected by western

blotting. b Quantitation of CDK11p110 and CDK11p58 protein

expressions. *p \ 0.05 as compared with the control group for each

concentration point
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2006), copper-catalyzed cysteine (Wang and Cynader 2001),

and ethanol (Lamarche et al. 2004). The reason for these

differences maybe is that astrocytes possess double-side

functions, depending on brain injury situations such as

lasting time, happening site, and injury type.

To further reveal the machinery in PC12 apoptosis, we

detected CDK11p58 protein expression during PC12 apop-

tosis process. Our data showed that PC12 CDK11p58 pro-

tein expression parallels its apoptosis degree. CDK11p58

knockdown and overexpression verified that CDK11p58

promotes neuronal apoptosis. Our previous research (Liu

et al. 2012) demonstrated that CDK11p58 promotes rat

astrocyte cell C6 activation and inflammatory response via

activating p38 and JNK pathways induced by LPS. Taken

together, these data illustrated that CDK11p58 is a regula-

tory molecular with multi-functions in different CNS cells.

Besides CDK11p58, neuronal cells also secrete other sub-

stances to regulate neuronal apoptosis. For example, Wang

et al. 2005 found that proinflammatory factors such as

TNF-a, IL-1b, NO, and superoxide, contributed at different

degrees to LPS-treated ACM-induced [Ca2?] increase and

apoptosis in PC12 cells.

Akt has been recognized as one of the main protein

kinases that promote neuronal survival (Yano et al. 2001;

Zhang et al. 2004). AKT serves as a pro-survival signaling

pathway (Brunet et al. 2001) and inactivation of AKT

signaling has been implicated in many apoptotic paradigms

(Arboleda et al. 2010; Crowder and Freeman 1998; Lee

et al. 2011). Further extending these findings, our data

indicated inhibited AKT pathway during neuronal apop-

tosis. The use of the chemical proteomic platform devel-

oped in this study has revealed a new subset of possible

targets for LY294002, whose inhibition could affect vari-

ous cellular processes particularly metabolism, transcrip-

tion or protein trafficking, and dynamics. The major

nonlipid kinases identified in this study have been reported

Fig. 2 LPS-treated ACM-induced PC12 cells apoptosis in a LPS

concentration-dependent manner. a Cell proliferation marker PCNA,

anti-apoptosis molecule Bcl-2 and pro-apoptosis molecules cleaved-

PARP, cleaved-caspase-3 protein expression in PC12 cells

determined by western blot. *, **, ##p \ 0.05 as compared with the

control group for each molecule. b TUNEL and DAPI stains of PC12

cells treated with LPS 0 lg/ml and LPS 10 lg/ml ACM. The scale

bar represents 50 um
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previously (CK2, mTOR, and GSK3b) (protein kinase

inhibitors Jacobs et al. 2005; Tolloczko et al. 2004). The

serine/threonine kinase CK2 plays a putative role in pro-

liferation and other cellular processes through activation of

transcription factors and other cell signaling proteins, and

its overexpression in cancer has been reported (Landesman-

Bollag et al. 2001). In addition, GSK3 is involved in the

regulation of glycogen metabolism through the inactivation

of glycogen synthase and it also has an important role in

regulating many signaling pathways (Doble and Woodgett

2003). This kinase is a known substrate of Akt (Cross et al.

1995) and is therefore regulated downstream of the class I

PI3Ks.

In this study, we also found an extremely interesting

phenomenon that LPS treatment directly to PC12 culture

has no effect on CDK11p58 expression or neuronal

apoptosis whereas it does when applied to C6 culture.

It’s perhaps because PC12 cells have no LPS receptors

and consequently have no ability to accept LPS

stimulation.

Fig. 3 CDK11p58 knockdown represses PC12 cells apoptosis.

a CDK11p58, PCNA, Bcl-2, cleaved-PARP, and cleaved-caspase-3

protein expression detected by western blotting after non-transfection,

nonspecific siRNA transfection, and CDK11p58 siRNA transfection

with or without ACM treatment. *, **, ##p \ 0.05 as compared with

the control group for each molecule. b Flow cytometry analysis with

PI, Annexin V double stain of PC12 cells after non-transfection,

nonspecific siRNA transfection, and CDK11p58 siRNA transfection

with or without ACM treatment
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In summary, we have delineated a key pathway involved

in the regulation of neuronal apoptosis induced by astrocytes

stimulated by LPS. In future studies, it will be important to

investigate the role of this pathway in vivo models of neu-

ronal injury and neurodegenerative diseases and to explore

the therapeutic potential of targeting this pathway.

Fig. 4 CDK11p58 overexpression enhances PC12 cells apoptosis.

a CDK11p58, PCNA, Bcl-2, cleaved-PARP, and cleaved-caspase-3

protein expression detected by western blotting after non-transfection,

HA vector transfection, and HA-CDK11p58 transfection with or

without ACM treatment. *, **, ##p \ 0.05 as compared with the

control group for each molecule. b Flow cytometry analysis with PI,

Annexin V double stain of PC12 cells after non-transfection, HA

vector transfection, and HA-CDK11p58 transfection with or without

ACM treatment
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