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Abstract The cell division controller Cdc6 plays a cen-

tral role in the initiation of DNA replication. It was found

that elevated levels of Cdc6 were present in many of

human cancer cells, and the accumulation of Cdc6 is

required for cell proliferation. In this study, we have

investigated the control of Cdc6 expression and its effect

on cell proliferation and death in human neuroblastoma

cells. Elevated levels of Cdc6 are found in the LA-N-2,

CHLA255, and other cell lines that grow fast. Cdc6

knockdown via a Cdc6 short hairpin RNA lentivirus causes

the accumulation of sub-G1 populations with the decrease

of S contents in the LA-N-2 and CHLA255 cells. Expres-

sion profile from the selected genes shows the reduction

of cyclin E, cyclin A, and Cdc25C, with a boosted increase

of the CDK inhibitor p27Kip1, indicating the suppression of

tumor cell proliferation. Further, Cdc6 knockdown causes

the increase of pro-apoptotic Bax accompanied with the

decrease of anti-apoptotic Bcl-2, resulting in the increased

cell death. Furthermore, Cdc6 knockdown causes a sharp

reduction of tumor suppressor protein p53, and Cdc6

overexpression renders a boosted p53 expression; and this

regulation is at p53 posttranscriptional level. Our study

indicates that human Cdc6 functions in several pathways to

control the cell proliferation and the cell death.
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Introduction

Cdc6 is essential for assembling pre-replicative complex

(pre-RC), and plays a role in the initiation of DNA repli-

cation [1–4]. In proliferating cells Cdc6 is subject to

modification during cell-cycle progression. Cdc6 is tar-

geted to ubiquitin-mediated proteolysis by the anaphase

promoting complex (APC) in G1 [5]. There are three serine

residues at the amino terminal domain (NTD) of human

Cdc6, and they are phosphorylated by cyclin-dependent

kinases (CDKs) [6]. The recent finding that the NTD

phosphorylation by CDKs protects Cdc6 from the prote-

olysis underscores Cdc6 modification for S phase entry

[2]. More specifically, Cdc6 is phosphorylated by cyclin

E-cdk2 kinase and stabilized. These phoshorylation modi-

fications are required to ensure that DNA is replicated only

once per S phase [2]. Human Cdc6 is also involved in

G2/M phase checkpoint as overexpression of Cdc6 in G2

blocks HeLa cell into mitosis [7]. These studies suggest

that in addition to its essential role in the initiation of DNA

replication, human Cdc6 also functions in G2/M phase

checkpoint, a step to ensure genome integrity.

In human cells, the levels of Cdc6 change markedly in

response to various stresses. High level of Cdc6 has been

found to promote the heterochromatinization of the p14

regulatory domain (RDp14), and has been associated with

the oncogenic activities in human cancers [8]. DNA

re-replication has been found in those Cdc6 and Cdt1

overexpressing normal or tumor cells with the activation of

p53, and p53 activation prevents this unusual DNA repli-

cation [9]. However, expression of Cdc6 alone ectopically

confers a very limited re-replication or no re-replication in

HeLa and other tumor cells in which p53 is defective [5, 9].

More recently, p53 downregulates Cdc6 in response to

DNA damage, linking Cdc6 directly to p53-mediated
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replication stress response [10]. Cdc6 downregulation is

followed by the stabilization of p53 in the cells with DNA

damage, while the S54 phosphorylation by CDK confers

Cdc6 resistant to the p53-dependent proteolysis [10]. The

p53-mediated Cdc6 downregulation takes place without

causing detectable cell-cycle re-distribution. The inhibition

of endogenous Cdc6 via Cdc6 knockdown, however,

results in an increased G1 content with decreased S fraction

in cells with p53 deficiency [10].

p53 plays a central role in suppressing tumor growth

through induction of apoptosis. p53 functions either

through transcriptional activation of pro-apoptotic protein

genes [11], or through its direct activation of mitochondrial

outer membrane permeabilization (MOMP) [12–14], which

requires functional Bcl-2 family proteins to mediate cell

death reactions. The Bcl-2 family proteins play different

roles in cell fate: the pro-apoptotic proteins promote pro-

grammed cell death, while the anti-apoptotic ones cell

survival (for review, see [15, 16]). Both Bax and Bak are

multiple Bcl-2 homology (BH)-domain apoptotic effecters.

Bax/Bak can be activated by Bim/Bad, or Bid. Both Bim

and Bad are BH3-only pro-apoptotic Bcl-2 members [17,

18]. Bim is a transcriptional target of p53, and functions to

activate Bax/Bak, and inhibit Bcl-2 or Bcl-x by associating

with these pro-survival proteins. Loss of p53 inactivates

Bim and Bax directly or indirectly [12], and frees Bcl-2

protein [13, 14], a consequence of cell survival and cancer

progression.

Mutations of p53 gene were found in about 50% of

human tumors [19], and the tumor cells are defective in

DNA damage checkpoints with compromised cell-cycle

arrest and decreased apoptosis [20, 21]. Cdc6 could be more

stable in tumor cells, due to p53 deficiency and due to strong

Cdc6 phosphorylation by activated cyclin E-cdk2 kinase

[2, 10, 20, 21]. Therefore, Cdc6 may act as a powerful

engine to drive tumor cell growth, while the cyclin E-cdk2

kinase fuels this unlimited cell proliferation. As Cdc6

knockdown causes the loss of proliferative capability in

those cells with p53 deficiency [10], it is interesting to

determine whether the suppression of Cdc6 would stop the

unlimited proliferation of human cancer cells. We report,

here, the inhibition of Cdc6 expression in human neuro-

blastoma cells in an effort for cancer suppression. Cdc6

expression is determined in several neuroblastoma cell

lines, and elevated levels of Cdc6 have been found in most

of them. Cdc6 knockdown via a Cdc6 short hairpin RNA

(shRNA) lentivirus infection causes a significant increase of

sub-G1 population with the reduction of S populations. The

inhibition of Cdc6 expression results in the accumulation of

p27Kip1, and the reduction of cyclin E and cyclin A, indi-

cating a strong inhibition of S phase progression. Moreover,

Cdc6 knockdown causes the increase of pro-apoptotic

Bcl-2 family proteins, leading to an increased cell death.

Furthermore, Cdc6 knockdown results in a reduction of

p53, and Cdc6 overexpression renders a boosted p53

expression. Since many kind of human cancer cells bear

mutated p53, or non-functional p53, inhibition of Cdc6

expression independent of p53 levels may be more potential

in cancer suppression.

Materials and methods

Cell lines and culture

PA317 retrovirus packaging cell line was obtained from

the CHLA Gene Therapy Laboratory, and the cells were

maintained in Dulbecco’s modified Eagle’s medium

(DMEM) supplemented with 10% fetal bovine serum,

100 units/ml penicillin, 100 lg/ml streptomycin at 37�C in

a 5% CO2 incubator. Human embryonic kidney 293T cell

was obtained from Dr. Samson A. Chow of University of

California at Los Angeles (UCLA), and was cultured in the

same condition as that for growing PA317 cells. Human

MCF7 breast carcinoma cells were maintained in RPMI

1640 medium plus 10% fetal bovine serum. Human neu-

roblastoma cell lines were maintained, as described [22].

Oligonucleotides

A hairpin structure of Cdc6 DNA fragment contains

oligonucleotide sequences of OD6Ai-5 (64 mer): GAT

CCCCAGG CACTTGCTAC CAGCAA TTCAAGAGA

TTGCTGGTAG CAAGTGCCTT TTTTGGAAA. Its com-

plementary oligonucleotide sequence of OD6Ai-3 (64 mer)

is: AGCTTTTCCA AAAAAGGCAC TTGCTACCAG

CAA TCTCTTGAA TTGCTGGTAG CAAGTGCCTG GG.

The nucleotides in bold are derived from Cdc6 cDNA. The

two oligonucleotides were annealed and subcloned into

pBlueScript.

Retroviral vector construction, viral stock preparation,

and virus infection

Human Cdc6 cDNA (1.6 kb) and human p53 cDNA

(1.2 kb cDNA) were cloned into pRetro-On vector

(Clontech Laboratories, Inc.) at Not I and BamH I sites.

Calcium phosphate precipitation was performed for plas-

mid DNA transfection of PA317 cells. The transfected

cells were selected on puromycin (3 lg/ml final concen-

tration) for 7 days. Viral medium were collected, and

passed through a 0.45 lM filter. The titer was determined

by infecting NIH3T3 cells, and the viral stock was stored

at -80�C.
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The day before infection, LA-N-2 or CHLA255 cells

were seeded at 0.5 9 105 cells per 25-cm2 flask. The cell

was infected with the retrovirus (2 9 106 CFU) by incu-

bating the cell with the virus medium at 37�C for 12–24 h.

After infection, the cells were rinsed with fresh medium

and grown with or without adding doxcycline (final con-

centration 1 lg/ml) for 2 days. The cells were harvested

for further analysis.

Human immunodeficiency virus type 1 (HIV-1) derived

lentivirus vector, viral stock preparation, and infection

Plasmid pNL4-3 was obtained from Dr. Samson A. Chow

of UCLA. The pTHTN was derived from pNL4-3 by

deleting a Nde I and Bgl II fragment containing the envelop

gene of the HIV-1 genome. pTHTD6Ai was constructed

by inserting a Mlu I-Xho I fragment containing a 1.4-kb

promoter of human telomerase reverse transcriptase

(hTERT) and the oligonucleotides OD6Ai for human Cdc6

shRNA at the Mlu I and Xho I sites in the pTHTN vector,

as described previously [23]. Briefly, HIV-1 virus was

generated by plasmid co-transfection of 293T cells. The

day before transfection, 2.0 9 106 293T cells were seeded

in 75-cm2 tissue culture flasks. Calcium phosphate pre-

cipitation was performed with 10 lg of HIV-1 plasmid

DNA and 2 lg of a pCMV-VSV/G expression construct

(for expressing the protein G of vesicular stomatitis virus,

VSV-G). Supernatants containing viral particles were har-

vested 36–60 h after transfection. The virus-containing

medium was passed through a 0.45 lm pore size filter and

stored at -80�C. The titer of viral particles was determined

using an HIV-1 p24 ELISA assay kit (Coulter Inc., Miami,

Florida).

LA-N-2 or CHLA255 cells were seeded at 0.5 9 106

cells per 75-cm2 flask. The cells were incubated with

THTD6Ai or THTP at 1.0 multiplicity of infection (m.o.i.)

per cell. The infection was allowed for 12–16 h, and the

cells were rinsed three times with 1 ml of fresh medium.

Two days post-infection, the cell was harvested for further

analysis.

Western blot

About 20 lg of protein in nuclear extracts or cytoplasmic

extracts were mixed with 10 ll of SDS loading buffer and

boiled for 10 min. Proteins were separated on a 12.5 %

SDS-polyacrylamide gel, and were transferred to an Im-

mobilon-P PVDF membrane (Millipore). The blot was

probed with a mouse monoclonal antibody against human

Cdc6 (clone DCS-180, Sigma), or p53 (clone 80, BD

transduction Laboratories). The protein–antibody reaction

signal was detected with the Lumi-Light Western Blotting

Substrate (Roche). The anti-HA antibody was from Roche

Applied Science (clone 12CA5), anti-b actin antibody was

from Sigma (AC-15). The anti-Bax (clone 3), anti-Bcl-2

(clone 7) antibodies were from BD transduction Labora-

tories. The anti-Bim polyclonal antibody was from

Calbiochem. The results of Cdc6 expression were scanned

in a densitometry and the data were processed with

software of Sigma plot.

The Phospho-Erk1/2 pathway sample kit and the p38

MAP kinase assay kit were from Cell Signaling Technol-

ogy. The recombinant GST-ATF2 (obtained from

Dr. Roger J. Davis of University of Massachusetts Medical

School) was used as substrate in the p38 MAP immuno-

precipitation and immuno-kinase assay following the

manufactory’s instruction.

Annexin V or propidium iodide (PI) staining, and flow

cytometry analysis

An Annexin V-PE apoptosis detection kit (BD Pharmingen)

was used for staining LA-N-2 or CHLA255 cells infected

with the Cdc6 shRNA lentivirus following the manufac-

tory’s protocol. PI staining was conducted by first fixing the

cell in cold 80% ethanol on ice overnight. The cell was then

resuspended in a PI master mixture containing 40 lg/ml of

propidium iodide, 5 lg/ml of RNase A (DNase free) in

19 PBS in 1 9 106 cells/ml. The staining was allowed at

37�C for 1 h before processed for flow cytometry analysis.

All samples were analyzed with a BD LSR II (BD Biosci-

ences, San Jose, CA, USA), or a Beckman Coulter Epics

Elite (Miami, FL, USA). Fluorescence emission was

detected at 610 ± 10 nm for PI staining. For Annexin V

staining, fluorescence emission was detected at 575 ± 13

for Annexin V-PE, and 660 ± 10 for 7-AAD.

Results

Detecting Cdc6 expression in human neuroblastoma

cell lines and Cdc6 knockdown

Expression of Cdc6 was examined in various neuroblas-

toma cell lines derived from different tumor samples. Cdc6

protein could be detected in 11 out of 14 cell lines with

high levels of the Cdc6 protein found in LHN, LA-N-2,

and BE1, while moderate levels of Cdc6 in CHLA15,

CHLA255, CHLA20, SHN, and CHLA42 (Fig. 1a). Low

levels of Cdc6 were in LA-N-1, LA-N-5, and CHLA134,

with no Cdc6 protein detected in KANR, CHLA79, and

CHLA90 (Fig. 1a). Tumor cells with elevated levels of

Cdc6 grew fast (like LA-N-2 and CHLA255, etc.), while
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those with undetectable Cdc6 expression grew very poor

(such as KANR) (data not shown). In order to suppress

endogenous Cdc6 expression, the fast growing LA-N-2 and

CHLA255 cells were chosen and infected with the Cdc6

shRNA lentivirus (THTD6Ai) [23]. The cells were also

infected with the lentivirus vector expressing a scramble

sequence (THTP). The infection was verified by detecting

HIV-1 reverse transcriptase (RT) (data not show). The

Cdc6 shRNA virus infection caused CDC6 mRNA degra-

dation, and the levels of Cdc6 were decreased sharply. The

percentages of inhibition of Cdc6 expression were

obtained by scanning the Western blot films, and then

processed the signals in a densitometry with software of

Sigma plot. Two major bands were detected by using

monoclonal antibody against Cdc6 (Sigma, Clone DSC-

180). Cdc6 is a short half-life protein, i.e., it is synthesized,

phosphorylated, and then degraded in each cell-cycle.

Presumably, the top ones on the blots were functional

(intact and/or phosphorylated) forms, and the lower bands

were probably degraded products of Cdc6. Two days post

infection, less than 2% Cdc6 could be detected in both

LA-N-2 and CHLA255 cells (Fig. 1b). Moreover, levels of

Cdc6 in human breast carcinoma MCF7 cells were also

decreased with the Cdc6 shRNA virus infection. The

knockdown cut the Cdc6 protein levels in MCF7 cells by

98% (Fig. 1b). The control virus infection, however, could

not cause Cdc6 decrease (Fig. 1b, THTP); therefore, the

Cdc6 shRNA virus specific inhibited endogenous Cdc6 in

human cancer cells.

Accumulation of sub-G1 population and increased cell

death with Cdc6 knockdown

Since Cdc6 is essential for the S phase entry, inhibiting

Cdc6 expression may disturb the cell-cycle progression.

The cell-cycle profile of the parental LA-N-2 cells showed

some 10% sub-G1 populations, and these tumor cells died

constantly in tissue culture (data not shown). The lentivirus

infection, whether it was THTD6Ai or THTP, caused a

temporary increase of G0/G1 contents, along with the

decrease of S phase contents (Fig. 2a). The control virus

infection revealed no harm on the cell-cycle progression,

though it indeed caused somewhat delay. The Cdc6 shRNA

virus infection, however, caused the deleterious effect on

the cell-cycle progression. The cell-cycle profile showed a

sharp increase of sub-G1 populations by as much as 22%

(average 14% in LA-N-2 cells), together with a consider-

able reduction of S contents (Fig. 2a, b). The accumulation

of sub-G1 populations and the reduction of S contents

indicated the suppression of cell-cycle progression. It

would be followed by programmed cell death. We deter-

mined early stage of this result using Annexin V-PE

staining. Less than 5% of mock infected and around 10% of

the control virus-infected LA-N-2 cells were stained posi-

tive. However, 48 hours post Cdc6 shRNA virus infection,

the Annexin V-PE positive-staining populations was

increased to 31%, indicating the significant cell death

(Fig. 2c). Consistent with the above observations, we

found the cleavage of Poly (ADP-ribose) polymerase

(PARP) from *116 to 50 kDa or less in Cdc6 depleted

LA-N-2 cells (data not shown).

Cdc6 knockdown inhibits p53 expression in tumor cells

The results that Cdc6 knockdown-enhanced tumor cell

death would be the activation of p53-mediated apoptosis

pathway. We first addressed whether Cdc6 had any effect

on p53 expression by determining p53 protein levels in

neuroblastoma cells. The p53 was presented in non-stres-

sed LA-N-2 cells (Fig. 3a, lane 1), and was functional for
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Fig. 1 Cdc6 expression in human neuroblastoma cell lines. (a)

Nuclear extracts (20 lg) of different tumor cell lines were used in the

Western blot, probed with the anti-Cdc6 monoclonal antibody. The

blot was also probed with antibody against b-actin. (b) Inhibition

Cdc6 expression with the Cdc6 shRNA virus. About 0.3 9 106 LA-

N-2 (lane 1–3), CHLA255 (lane 7 and 8), and human breast

carcinoma MCF7 cells (lane 4–6) were infected with the Cdc6

shRNA lentivirus (THTD6Ai), or the control virus for scramble

sequence (THTP) at m.o.i. of 1.0. Cell extracts were prepared 48 h

post infection and 20 lg of each sample were used in the Western

blotting
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transcription activation of its target Bim (see below). We

found that Cdc6 knockdown could not stimulate p53

expression, instead p53 was diminished in the LA-N-2 cells

(Fig. 3a, lane 3). In contrast, there was no reduction, but a

moderate increase of p53 in the control virus infected

tumor cells (Fig. 3a, lane 2). These experiments indicated

that Cdc6 knockdown caused a downregulation of p53 in

LA-N-2 tumor cells.

If Cdc6 functions to regulate p53 expression in tumor

cells, overexpression of Cdc6 would cause p53 upregu-

lated. In order to further demonstrate that Cdc6 regulated

p53 protein expression, we prepared a retrovirus for

expressing Cdc6, which could be induced by doxycycline.

The LA-N-2 cells were infected with the Cdc6 retrovirus.

With the addition of doxycycline, higher levels of Cdc6

were evident (Fig. 3b). Cdc6 overexpression rendered a

boosted p53 expression, particularly in the slow-moving

form of p53 (Fig. 3b). The upregulation of p53 was also

tested by plasmid DNA transfection in 293T and MCF7

cells. Upon doxycycline induction, Cdc6 was expressed

ectopically, and increased p53 was detected in the trans-

fected cells (Fig. 3b, lane 4 and 6). These experiments

indicated that Cdc6 specifically regulated the levels of p53

in neuroblastoma cells.
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Fig. 2 Determining cell-cycle progression and cell death. (a) Com-

parison of different stages of the cell-cycle. LA-N-2 cells were

infected with the Cdc6 shRNA lentivirus (THTD6Ai), or the control

virus with scramble sequence (THTP), or mock infected. About

0.5 9 106 cells were harvested 48 hours post infection, and stained

with propidium iodide (PI) for flow cytometry analysis. The data

presented were the average values from four separated experiments

with the standard deviation between 5% and 15%. (b) Flow

cytometric courses of PI staining LA-N-2 cells and CHLA255 cells.

The sub-G1 contents were indicated as percentage number in the

panel. (c) Annexin V-PE and 7-ADD double staining (right panel).

LA-N-2 cells were infected with THTD6Ai, or THTP, or mock

infected. The cell was harvested 48 h post infection, and around

0.2 9 106 cells were used for staining. Single Annexin V-PE or

7-AAD staining (left panel) shows as control
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Since, Bim was a target in p53 mediated transcriptional

activation, we tested whether Cdc6 knockdown affected

this regulation by determining Bim expression in LA-N-2

cells. In the non-stressed LA-N-2 cells, baseline level of

Bim could be easily detected (Fig. 3c, lane 1), and Cdc6

knockdown could not cause any significant change

(Fig. 3c, lane 2). The parental LA-N-2 and the Cdc6

knockdown cells were then infected with a p53/HA retro-

virus. The doxycycline induction for expressing p53/HA

caused a boosted production of Bim in the parental LA-N-2

cells (Fig. 3c, lane3), indicating that p53 was functional in

transcriptional activation its target gene in the tumor cells.

However, the effect of p53/HA on Bim expression was

dimmed in the Cdc6 knockdown cells (Fig. 3c, lane 5). It

was unlikely that the detected Bim was from p53/HA

transcriptional activation because the same level of Bim

was presented in the Cdc6 knockdown cells that were not

induced with doxycycline (Fig. 3c, lane 4). Thus, the Cdc6

knockdown not only caused a reduction of p53 expression,

but also blocked p53-dependent transcriptional activation.

Real time PCR was performed to determine the abun-

dance of p53 mRNA in the Cdc6 expressing and Cdc6

knockdown LA-N-2 cells. Under non-stressed condition,

the copy numbers of p53 mRNA were relatively same with

threshold cycle (Ct) value at 26.34 for LA-N-2, 23.58 for

LA-N-2/THTP, and 25.59 for LA-N-2/THTD6Ai, though

lower than the normal control from human blood cells (Ct

value: 22.62). There was no significant difference of p53

mRNA abundance among these cells. This experiment

indicated that Cdc6 regulated p53 expression not at tran-

scriptional level; presumably, at posttranscriptional level.

Selected Gene expression profile in Cdc6 knockdown

tumor cells points to the suppression of cell

proliferation

The decreased S phase contents and the accumulation of

sub-G1 populations by Cdc6 knockdown indicated the

inhibition of tumor cell-cycle progression. To detail this

cell event, we first investigated the variation of levels of

cell-cycle regulators. LA-N-2 cells expressed elevated

levels of cyclin A and cyclin E, which were required for

the activation cdk2 kinase, and for the cell proliferation.

Infection of the tumor cells with the control virus did not

make any significant changes in cyclin A or cyclin E

expression. Infection with the Cdc6 shRNA virus, however,

caused the sharp reduction of cyclin E and cyclin A

(Fig. 4a). Moreover, Cdc25C protein level was also

decreased upon Cdc6 knockdown (Fig. 4a). Cdc25C or
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Cdc25B activated cyclin A/cdk2 or cyclin B1/cdk1 by

dephosphorylation of the CDKs for G2/M phase entry [24,

25]. The Cdc6 knockdown, therefore, inhibited the cell-

cycle progression by suppressing the expression of cell-

cycle-promoting cyclins and regulators.

On the other hand, the CDK inhibitor p27Kip1 or p21Cip1

could be more stable as the decreased cyclin E and cyclin

A weakened the phosphorylation of these CDK inhibitors,

as well as pRB [26]. If this is true, the levels of p27Kip1 or

p21Cip1 will be higher due to the accumulation of CDK

inhibitors. We determined the levels of p27Kip1 or p21Cip1

in the Cdc6 knockdown tumor cells. Baseline level of

p27Kip1 was presented in LA-N-2 cells, and infection with

the control virus had no effect on the protein level. How-

ever, p27Kip1 was markedly increased 48 h post infection

with the Cdc6 shRNA virus infection (Fig. 4b). In contrast

to p27Kip1, relatively high levels of p21Cip1 were presented

in the LA-N-2 cells. Infection with the control virus caused

a significant p21Cip1 decrease. However, infection with the

Cdc6 shRNA virus could not augment further for p21Cip1

reduction (Fig. 4b). These results indicated that Cdc6

knockdown resulted in the accumulation of p27Kip1, but not

p21Cip1 in LA-N-2 cells. The level of p21Cip1 was unex-

pectedly reduced, indicating that the S phase inhibition

upon Cdc6 knockdown was independent on the p21Cip1

activation.

Though it caused the p53 downregulation, the Cdc6

knockdown enhanced the death of tumor cells. In order to

understand the cause of increased cell death, the tumor

cells were analyzed for the alteration of different kinds of
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and used in the Western blotting. (c) LA-N-2 cells were first infected

with the Cdc6 shRNA to knockdown endogenous Cdc6, the cell was

then infected with a retrovirus for expressing doxycycline-inducible

p53/HA. After doxycycline induction, the cell extracts were prepared.

Cell extracts were also prepared from different control cultures.

About 20 lg of the cytoplasmic extracts from each sample were used

in the Western blotting
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Fig. 4 Expression profiles in the Cdc6 knockdown cells. (a–c) About

20 lg of cytoplasmic extracts from each sample were used in the

Western blot, probed with the indicated protein antibodies. The

signal on the blots were scanned and quantitated with a densitometry.

(d) About 200 lg of total cell extracts were immunoprecipitated with

the anti-phospho-p38 MAP monoclonal antibody. The immunopre-

cipitates on the beads were used in the kinase reaction assay using the

recombinant GST-ATF2 as substrate. The kinase activity was

determined in Western blotting using the monoclonal antibody

against the phosphorylated ATF2
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anti-apoptotic and pro-apoptotic Bcl-2 family proteins.

While Cdc6 knockdown caused downregulation of Bcl-2,

increased levels of Bax were evident, though it had no

effect on Bim and Bad (Fig. 4c). Neither Bcl-2, nor Bim/

Bad, nor Bax did show a clear change as the cell was

infected with the control virus (Fig. 4c). These experiments

ruled out the involvement of HIV-1 viral proteins in the

increased cell death. Therefore, Cdc6 knockdown caused

the increased cell death by activating pro-apoptotic Bcl-2

members, while inhibiting the anti-apoptotic ones.

Bim function could be restrained due to the phosphor-

ylation of Bim by extracellular signal-regulated kinase

(Erk), and the phosphorylated Bim was incapable of

associating with Bax/Bak [18]. In all of our experiments,

no phosphorylation of Erk were observed in both the Cdc6

knockdown cells and in the control cells (data not shown).

It was unlikely that Bim was activated by the suppression

of Erk phosphorylation. Moreover, phosphorylated p38

MAP kinase was indeed detected in non-stressed LA-N-2

cells, and there was no significant change of p38 MAP

phosphorylation upon the Cdc6 shRNA lentivirus or the

control virus infection (Fig. 4d). These results ruled out the

involvement of p38 MAP kinase in activation of pro-

apoptotic Bcl-2 members.

Discussion

In this study we have found that Cdc6 controls cell pro-

liferation and death in human neuroblastoma cells.

Inhibition of Cdc6 expression via the Cdc6 shRNA virus

infection suppresses tumor cell proliferation. We have

demonstrated that Cdc6 knockdown causes the accumula-

tion of sub-G1 populations with the decreased S contents.

We have also shown that the selected gene expression

profile in the tumor cell with Cdc6 knockdown is high-

lighted with the decreased levels of proteins for

proliferation, while the increased levels of those for anti-

proliferation and cell death. Also, we have found that Cdc6

alters p53 expression. Cdc6 knockdown causes a sharp

reduction of p53, and p53-mediated Bim expression is

inhibited as well. It is interesting to note that the fate of

tumor cells with Cdc6 knockdown resembles the process of

p53-mediated tumor suppression. As the function of p53

has been lost or inactivated in most of human cancers,

suppression of Cdc6 could be an alternative approach to

inhibit cancer cell proliferation. Our results show that the

diminution of p53 upon Cdc6 knockdown suppresses cell

proliferation accompanied with the increased cell death,

therefore, reducing the malignacy of the tumor cells. At

present time we do not have any evidence that p53 is a

wild-type version in the LA-N-2 cells, though it is func-

tional to activate Bim. Since this version of p53 has not

been able to inhibit malignant development, it would be no

harm to remove it from the cell.

The suppression of cancer cell proliferation by Cdc6

knockdown can be validated from three lines of our

experiments. First, the decreased levels of cyclin E and

cyclin A cause the cancer cell in replication stress. Over-

expression of cyclin E, and cyclin A, and other cyclins is a

common feature in human cancer cells, and most human

cancer cells rely heavily on cyclin E or cyclin A activities

to promote S phase progression [20, 27]. High level of

cyclin E predicts a poor prognosis in many breast cancer

patients [28, 29]. Therefore, downregulation of cyclin E

and cyclin A upon Cdc6 knockdown would benefit the

cancer treatment. Second, the accumulation of p27Kip1

contributes the suppression of cancer cell proliferation.

Since cyclin E and cyclin A are decreased, the phosphor-

ylation of p27Kip1 by cyclin E-cdk2 or cyclin A-cdk2 is

inhibited, which blocks p27Kip1 degradation [26]. The

accumulation of p27Kip1 may not be the direct effect of

Cdc6 knockdown, it is more likely through tumor-sup-

pressor-retinoblastoma protein pRB [30]. pRB binds

amino-terminal end of S-phase kinase-associated protein 2

(Skp2), this helps to release p27Kip1 from the interaction

with Skp2 [31]. Skp2 is a major E3 ligase for p27Kip1

ubiquitination. It is possible that Cdc6 knockdown causes

the downregulation of Skp2, weakening the Skp2 mediated

proteolysis of p27Kip1. Support for this prediction, a recent

report has found that inhibition of Skp2 expression blocks

the ubiquitination-mediated proteolysis of p27Kip1, leading

to the accumulation of the CDK inhibitor [32]. Moreover,

inhibition of Skp2 expression causes a significant accu-

mulation of sub-G1 populations accompanied with the

reduction of cyclin E and the increased apoptosis of human

lung carcinoma cells [32]. Third, the activation of pro-

apoptotic Bcl-2 members switches on the death machine in

the cancer cells. The downregulation of anti-apoptotic Bcl-

2 and the upregulation of pro-apoptotic Bax highlight the

impact of Cdc6 knockdown on the life of cancer cells. The

lack of p53 due to the Cdc6 knockdown could add some

roadblock on cell death pathway since p53 plays a critical

role in the activation of pro-apoptotic Bim and Bax, and

some other Bcl-2 members, such as p53-upregulated

modifier of apoptosis (PUMA) [12–14]. However, the loss

of p53 is compensated by the reduction of Bcl-2 and

increase of Bax, that activates the MOMP. Although the

level of Bim is unchanged upon Cdc6 knockdown, the

reduction of Bcl-2 breaks the balance and allows Bim to

activate its downstream apoptotic effectors on the mito-

chondrial membrane. The activation of this mitochondrial

pathway will ultimately bring the cancer cell to die [33].

Further studies regarding the Cdc6 knockdown and its

biological effect would benefit us very much in under-

stating human Cdc6 function and cancer suppression.
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