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Published online: 28 July 2013

� Springer Science+Business Media New York 2013

Abstract Roscovitine and purvalanol are novel cyclin-

dependent kinase (CDK) inhibitors that prevent cell pro-

liferation and induce apoptotic cell death in various cancer

cell lines. Although a number of studies have demonstrated

the potential apoptotic role of roscovitine, there is limited

data about the therapeutic efficiency of purvalanol on

cancer cells. The natural polyamines (PAs) putrescine,

spermidine, and spermine have essential roles in the reg-

ulation of cell differentiation, growth, and proliferation,

and increased levels of these compounds have been asso-

ciated with cancer progression. Recently, depletion of

intracellular PA levels because of modulation of PA cata-

bolic enzymes was shown to be an indicator of the efficacy

of chemotherapeutic agents. In this study, our aim was to

investigate the potential role of PA catabolic enzymes in

CDK inhibitor-induced apoptosis in HCT 116 colon car-

cinoma cells. Exposure of cells to roscovitine or purvalanol

decreased cell viability in a dose- and time-dependent

manner. The selected concentrations of roscovitine and

purvalanol inhibited cell viability by 50 % compared with

control cells and induced apoptosis by activating the

mitochondria-mediated pathway in a caspase-dependent

manner. However, the apoptotic effect of purvalanol was

stronger than that of roscovitine in HCT 116 cells. In

addition, we found that CDK inhibitors decreased PA

levels and significantly upregulated expression of key PA

catabolic enzymes such as polyamine oxidase (PAO) and

spermine oxidase (SMO). MDL-72,527, a specific inhibitor

of PAO and SMO, decreased apoptotic potential of CDK

inhibitors on HCT 116 cells. Moreover, transient silencing

of PAO was also reduced prevented CDK inhibitor-induced

apoptosis in HCT 116 cells. We conclude that the PA

catabolic pathway, especially PAO, is a critical target for

understanding the molecular mechanism of CDK inhibitor-

induced apoptosis.

Keywords Colon cancer � Apoptosis � CDK

Inhibitors � Polyamine catabolism

Introduction

Cyclin-dependent kinases (CDKs) regulate the eukaryotic

cell cycle by binding specific cyclin targets and catalyzing

protein phosphorylation, which is essential in DNA syn-

thesis [1]. CDK-cyclin complex formation is involved in

cell growth, proliferation, and differentiation processes [2].

Therefore, complex formation during the cell cycle is a

critical target in therapeutic strategies aimed at preventing

cell proliferation and inducing apoptosis in cancer cells [3].

The novel CDK inhibitors roscovitine (CYC202 or seli-

ciclib) and purvalanol are strong inducers of apoptosis that

prevent binding of CDKs to their cyclin targets and cause

cell cycle arrest [4, 5]. Recent studies showed that rosco-

vitine and purvalanol induced apoptosis by causing cell

cycle arrest at the G1 and G2/M phases in prostate [6],

breast [7], lung [8], multiple myeloma [9], and colon

cancer [10] cell lines.

The natural polyamines (PAs) putrescine, spermidine,

and spermine are polycationic amine derivatives [11, 12]

that act as essential molecules in cellular processes such as

cell cycle regulation, cell proliferation and differentiation,

and tumor growth [13–15]. The role of PAs in the
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regulation of cell survival and apoptotic cell death is still

unclear. Because of their cationic properties, PAs are

implicated as protective substances against apoptosis, and

intracellular PA content was found to be elevated in

malignant cells [12]. Consistent with this finding, ornithine

decarboxylase (ODC), an enzyme of the PA biosynthetic

pathway, was found to be overexpressed in tumor tissues

[16, 17]. An activated PA catabolic pathway induces the

accumulation of toxic substances through the conversion of

PAs to oxidized derivatives, which might enhance the

potential of therapeutic drugs [18, 19]. The intracellular PA

pool is under the control of PA catabolic enzymes: sper-

midine/spermine N1-acetyltransferase (SSAT), spermine

oxidase (SMO), and N1-acetylpolyamine oxidase (PAO)

[19, 20]. Recent findings indicate that chemotherapeutic

drugs such as 5-fluorouracil or oxaliplatin might upregulate

expression of the SSAT gene in colorectal cancer cells

while inducing apoptosis [21]. Similarly, we previously

found that silencing of the SSAT gene might prevent CDK

inhibitor-induced apoptosis in CaCo-2 colon carcinoma

cells [22]. In addition, PA depletion is critical for the

apoptotic decision in HCT 116 colon carcinoma cells

treated with roscovitine [23]. A better understanding of the

molecular basis of the PA metabolic pathway, which plays

a critical role in programmed cell death, might lead to new

strategies for cancer therapy.

In the present study, we demonstrate that roscovitine or

purvalanol treatment causes a significant increase in

apoptotic cell populations by inducing cell cycle arrest and

activating the mitochondrial pathway in HCT 116 colon

carcinoma cells. Both CDK inhibitors decreased the

intracellular PA content by upregulating the expression of

SMO and PAO. Cells exposed to roscovitine or purvalanol

in the presence of MDL-72,527 (a specific inhibitor of

SMO and PAO, N,N0-bis(2,3-butadienyl)-1,4-butanedi-

amine dihydrochloride) or with transient silencing of the

PAO gene (using PAO siRNA) had lower levels of poly

(ADP-ribose) polymerase (PARP) cleavage than cells

exposed to the drug alone.

Materials and methods

Drugs, chemicals, and antibodies

Roscovitine was purchased from Sigma (St. Louis, MO,

USA), dissolved in DMSO to make a 10 mM stock solution,

and stored at -20 �C. Purvalanol was purchased from Tocris

Bioscience (Bristol, UK) and dissolved in DMSO at an initial

stock concentration of 10 mM. Z-VAD-FMK (general cas-

pase inhibitor) was purchased from BD Biosciences (San

Jose, CA, USA). MDL-72,527 (PAO/SMO inhibitor) and

putrescine, spermidine, and spermine standards (each

10 mM) were purchased from Sigma. N-acetylcysteine and

20,70-dichlorofluorescein (DCFH-DA) were purchased from

Calbiochem (San Diego, CA, USA).

Rabbit antibodies to CDK1 (1:1,000), CDK2 (1:1,000),

CDK4 (1:1,000), CDK7 (1:1,000), CDK9 (1:1,000), cyclin

A (1:1,000), cyclin B1 (1:2,000), cyclin D3 (1:2,000),

cyclin E (1:2,000), b-actin (1:2,000), p53 (1:1,000), p21

(1:1,000), retinoblastoma tumor suppressor protein (Rb)

(1:1,000), phospho-Rb (Ser795) (1:1,000), phospho-Rb

(Ser807/Ser811) (1:1,000), pro-caspase-3 (1:1,000), pro-

caspase-9 (1:1,000), cleaved caspase-7 (1:1,000), cleaved

caspase-9 (1:1,000), Puma (1:1,000), Noxa (1:1,000), and

COX IV (1:1,000) were purchased from Cell Signaling

Technology (Danvers, MA, USA). Mouse antibodies to

Bad (1:1,000), Bax (1:1,000), Bcl-2 (1:1,000), and PARP

(1:1,000) were purchased from BD Biosciences. Rabbit

antibodies to ODC, SSAT, and PAO (1:1,000) and PAO

siRNA were purchased from Santa Cruz Biotechnology

(Santa Cruz, CA, USA). Mouse antibody to cytochrome

c (1:1,000) was purchased from Biovision (Milpitas, CA,

USA). Rabbit antibody to SMO (1:1,000) was a gift from

Dr. Robert Casero (Johns Hopkins University, Baltimore,

MD, USA). Rabbit antibodies to ODC antizyme 1 (OAZ1)

and antizyme inhibitor 1 (AZI) were purchased from Ab-

cam (Cambridge, UK). Horseradish peroxidase-conjugated

secondary anti-rabbit and anti-mouse antibodies (1:5,000)

were from Cell Signaling Technology.

Cell culture

HCT 116 (CCL-247) colon carcinoma cells were purchased

from ATCC (Manassas, VA, USA). Cells were maintained

in McCoy’s medium (PAN Biotech, Aidenbach, Germany)

with 2 mM L-glutamine, 10 % fetal calf serum (PAN

Biotech), 1 % non-essential amino acids (Biological

Industries, Kibbutz Beit Haemek, Israel), 100 U/ml peni-

cillin, and 100 lg/ml streptomycin (Biological Industries)

and grown in the presence of 5 % CO2 in humidified air at

37 �C.

Cell viability assay

The effect of CDK inhibitors on cell viability was deter-

mined by a colorimetric MTT (3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide) assay (Roche, India-

napolis, IN, USA). HCT 116 cells were plated at a density

of 1 9 105 cells/well in 96-well plates, allowed to attach

overnight, and treated for 24 h with various concentrations

(0–75 lM) of roscovitine or purvalanol. After the 24 h

treatment, 20 ll of MTT (5 mg/ml) was added to the cul-

ture medium for 4 h. Following aspiration of medium,

200 ll of DMSO was added to dissolve the formazan

crystals. The absorbance of the suspension at 570 nm was
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measured with a microplate reader (Bio-Rad, Hercules,

CA, USA).

Cell proliferation assay

HCT 116 cells were seeded on 6-well plates (1 9 106 cells/

well) and treated with roscovitine (50 lM) or purvalanol

(30 lM) for 72 h. Every 24 h, cells were trypsinized and

stained with trypan blue, and viable and dead cells were

counted under a light microscope. Cell proliferation ratio in

control and CDK inhibitor-treated samples were evaluated

by plotting the number of cells against the time since ini-

tiation of treatment.

Apoptosis detection by ELISA

Amounts of cytoplasmic histone-associated DNA frag-

ments (mono- and oligonucleosomes) were determined

according to the instructions provided with the Cell Death

Detection ELISAPLUS assay (Roche, Indianapolis, IN,

USA). HCT 116 cells were seeded in 96-well plates at a

density of 1 9 105 cells/well, allowed to attach, and treated

with roscovitine (50 lM) or purvalanol (30 lM) for 24 h.

Cell lysates were placed in a streptavidin-coated micro-

plate. A mixture of anti-histone–biotin and anti-DNA–

peroxidase was added and incubated for 2 h at 15–25 �C.

After removal of unbound antibodies by a washing pro-

cedure, the amount of peroxidase was determined photo-

metrically at 405 nm with ABTS as a substrate.

DNA fragmentation analysis

Exponentially growing HCT 116 cells were seeded at a

density of 3 9 105 cells/well in 6-well plates in drug-free

medium. They were incubated overnight to allow attach-

ment to the plates and then treated with roscovitine

(50 lM) or purvalanol (30 lM) for 24 h. Cell lysates were

extracted with lysis buffer (10 mM Tris (pH 8.0), 20 mM

EDTA) for 1 h on ice. DNA fragments were separated by

phenol/chloroform extraction and centrifugation for 15 min

at 13,200 rpm. DNA was precipitated from supernatants

with 3 M sodium acetate and isopropanol at -20 �C

overnight. Pellets were recovered by centrifugation at

13,200 rpm for 10 min, air-dried, and then resuspended in

20 ll of TE buffer. Following electrophoresis on 2 %

agarose gel for 2 h, isolated DNA fragments were visual-

ized using a UV transilluminator.

Cell cycle analysis by propidium iodide staining

HCT 116 cells were seeded in 6-well plates at a density of

2 9 105 cells/well and then treated with roscovitine

(50 lM) or purvalanol (30 lM) for 24 h. Both floating and

adherent cells were collected and fixed with 70 % ethanol.

Following incubation on ice for 30 min, samples were

diluted with 19 PBS and then centrifuged at 1,200 rpm for

5 min. Pellets were resuspended in 19 PBS with RNase

(100 lg/ml) and propidium iodide (40 lg/ml). Samples

were kept at 37 �C for 30 min in the dark. The cell cycle

distribution was analyzed using a FACScan flow cytometer

(Becton–Dickinson, Oxford, England).

Detection of mitochondrial membrane potential (MMP)

HCT 116 cells were seeded on 12-well plates (1 9 105 cells/

well). Following a 2 h pretreatment with general caspase

inhibitor (10 lM Z-VAD-FMK), HCT 116 cells were treated

with CDK inhibitors for 24 h. The cells were washed once

with 19 PBS and then stained with a fluorescent probe, 3,30-
dihexyloxacarbocyanine iodide (DiOC6) (4 nM). MMP was

visualized under a fluorescence microscope (Olympus,

Japan) and measured with a Fluoroskan Ascent fluorometer

(Thermo Labsystems, Beverly, MA, USA) (excitation/

emission = 488/538 nm).

Immunoblot analysis

HCT 116 cells were treated with the appropriate concentra-

tions of each CDK inhibitor for 24 h. Cells were then washed

with ice-cold 19 PBS and lysed on ice in a solution con-

taining 20 mM Tris–HCl (pH 7.5), 150 mM NaCl, 0.5 %

Nonidet P-40 (v/v), 1 mM EDTA, 0.5 mM PMSF, 1 mM

DTT, and protease inhibitor cocktail (Complete, Roche,

Indianapolis, IN, USA). After cell lysis, cell debris was

removed by centrifugation for 15 min at 13,200 rpm, and

protein concentrations were determined by Bradford assay.

Total protein lysates (30 lg) were separated by 12 % SDS-

PAGE and transferred onto PVDF membranes (Roche). The

membranes were then blocked with 5 % milk blocking

solution in Tris-buffered saline (TBS) with Tween 20

(Sigma, St. Louis, MO, USA) and incubated with appropriate

primary antibodies and horseradish peroxidase-conjugated

secondary antibodies in antibody buffer containing 5 % (v/v)

milk blocking solution. Following a washing step with 19

TBS–Tween 20, proteins were analyzed using an enhanced

chemiluminescence detection system [24] and Lumi-Film

Chemiluminescent Detection Film (Complete, Roche).

Immunoblotting experiments were repeated at least twice

and the ImageJ software (Bethesda, MD, USA) was used to

measure band intensities. Band intensities are shown below

the western blot images.

Polyamine determination

Cellular PA content was determined by HPLC analysis

following a benzoylation procedure. HCT 116 cells
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(1.2 9 106) were seeded in 100 mm Petri dishes and

allowed to attach overnight. The cells were then treated

with the desired concentration of roscovitine or purvalanol

for 24 h. Following washing of cells with 19 PBS, cell

lysates were obtained by scraping. The scraped cell lysates

were transferred to a new microfuge tube and 50 % tri-

chloroacetic acid was added to each sample (1:10, v/v). All

samples were kept at -20 �C until the benzoylation pro-

cess. Following benzoylation, samples were immediately

run on the HPLC system (Agilent, Santa Clara, CA, USA)

using a UV detector set at 226 mV. Results were evaluated

against the internal standard 1,7-diaminoheptane and the

standard curve of putrescine, spermidine, and spermine

standards.

Determination of reactive oxygen species (ROS)

by DCFH-DA staining

HCT 116 cells were seeded in 96-well plates (1 9 104

cells/well). Following exposure of cells to roscovitine or

purvalanol for 24 h, media was carefully discarded and

cells were stained with DCFH-DA (0.5 lM). Drug-induced

ROS generation in treated samples and untreated control

samples was visualized using fluorescence microscopy

(2009).

Transient silencing of PAO

HCT 116 cells were placed in a 6-well plate. Cells were

transfected with PAO siRNA (1.25 lg) using a 1:3 ratio of

siRNA and RNAiFect transfection reagent (Qiagen GmbH,

Hilden, Germany), following the manufacturer’s protocol.

CDK inhibitors were added 48 h after transfection, and

cells were incubated for 24 h.

Statistical analysis

All samples were evaluated statistically using an Excel

calculation file. The MTT assay and cell death ELISA

results are shown as mean ± SD, and Student’s t test was

Fig. 1 Cytotoxic effect of CDK inhibitors (roscovitine and purval-

anol) in HCT 116 colon carcinoma cells. a The effect of CDK

inhibitors on cell viability was determined by the MTT cell viability

assay after roscovitine or purvalanol (0–75 lM) treatment for 24 h.

b HCT 116 cells were treated with 50 lM roscovitine or 30 lM

purvalanol for 72 h and cells were stained with trypan blue at

different time points; viable cells were counted under a light

microscope. The data shown represent the mean ± SD from two

experiments with three replicates. c Apoptotic cell death was

determined using the Cell Death Detection ELISAPLUS assay

following exposure of HCT 116 cells to roscovitine (50 lM) or

purvalanol (30 lM). Columns represent the mean ± SD from two

independent trials with at least two replicates. Statistical differences

were analyzed using an unpaired t test; *P \ 0.05. d HCT 116 cells

were treated with roscovitine (50 lM) or purvalanol (30 lM) for

24 h. DNA fragments were extracted and analyzed on 2 % agarose

gel
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Fig. 2 Effects of roscovitine or purvalanol on cell cycle progression.

a HCT 116 cells were treated with 50 lM roscovitine or 30 lM

purvalanol for 24 h, and then cells were harvested, fixed with ethanol,

and stained with propidium iodide. The cellular DNA contents were

detected by flow cytometric analysis to determine the cell cycle

distribution. Results shown are representative of three independent

experiments. The effect of roscovitine or purvalanol treatment on

gene expression profiles (b CDK; c cyclin; d p53, p21, and

retinoblastoma (Rb)) was shown by immunoblotting. b-actin was

used as a loading control
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used to assess differences between control and treatment

groups. Differences were regarded as statistically signifi-

cant at values of P \ 0.05.

Results

CDK inhibitors induce apoptosis by inhibiting cell

proliferation potential

To determine the cytotoxic effect of each CDK inhibitor on

HCT 116 colon carcinoma cells, we performed the MTT

cell viability assay after treatment of cells with various

concentrations (0–75 lM) of roscovitine or purvalanol for

24 h. According to the assay results, 50 lM roscovitine

and 30 lM purvalanol decreased HCT 116 cell viability by

50 % (Fig. 1a).

We determined the effect of CDK inhibitors on cell

proliferation using trypan blue staining. Exponentially

growing HCT 116 cells were treated with roscovitine

(50 lM) or purvalanol (30 lM) for 72 h, and viable cell

counts were obtained every 24 h. While control cells were

growing exponentially at every timepoint, treatment with

CDK inhibitors prevented cell proliferation throughout the

72 h period (Fig. 1b).

The induction of apoptosis by CDK inhibitors was

determined by a cell death ELISA assay. As shown in

Fig. 1c, apoptosis was 4- and 3.5-fold higher in cells

treated with 50 lM roscovitine or 30 lM purvalanol,

respectively, than in untreated control cells (P \ 0.05 and

P \ 0.001). Consistent with this observation, both CDK

inhibitors induced DNA fragmentation in HCT 116 cells

(Fig. 1d).

CDK inhibitors modulate cyclin expression profiles

but not CDK expression profiles

To evaluate the effect of CDK inhibitors on cell cycle reg-

ulation in HCT 116 cells, we performed cell cycle analysis by

flow cytometry. Each CDK inhibitor significantly induced

cell cycle arrest at the G1/S phase transition. The subG1

population was 23.4 and 35.6 % larger in samples treated

with roscovitine (50 lM) or purvalanol (30 lM), respec-

tively, than in untreated control samples (Fig. 2a).

To further evaluate the effect of CDK inhibitors on cell

cycle regulation in HCT 116 cells, we also determined the

expression levels of several CDKs and cyclin molecules

(Fig. 2b, c). The expression profiles of CDK 1, 2, 4, 7, and

9 were unchanged in roscovitine- and purvalanol-treated

cells compared with control samples (Fig. 2b). However,

both CDK inhibitors upregulated cyclin E (48 kDa), and

purvalanol treatment triggered cyclin B1 downregulation in

HCT 116 cells (Fig. 2c). Figure 2d shows that both CDK

inhibitors upregulated p53 without any significant change

in the expression of the p21 gene. Moreover, roscovitine

and purvalanol treatment downregulated expression of the

Rb gene and also suppressed the phosphorylation of Rb at

Ser795 and Ser807/Ser811 (Fig. 2d).

Roscovitine and purvalanol activate the mitochondrial

apoptotic pathway

To investigate the potential role of CDK inhibitors in cas-

pase-dependent apoptosis, we examined caspase-3, -7, and -

9 activation and PARP cleavage by immunoblotting fol-

lowing treatment of HCT 116 cells with CDK inhibitors

(Fig. 3a). Roscovitine and purvalanol induced activation of

caspase-3, -7, and -9. Exposure of cells to roscovitine or

purvalanol for 24 h triggered PARP cleavage in a dose-

dependent manner. Because mitochondria play a critical

role in regulation of the apoptotic machinery, we measured

MMP by cytochrome c release and DiOC6 staining

(Fig. 3b–f). Whereas cytochrome c was not detected in the

cytoplasm of control cells, exposure of cells to roscovitine

or purvalanol for 24 h induced release of cytochrome c from

the mitochondria to the cytosol. This result was confirmed

by the diminished amount of mitochondrial cytochrome

c observed in HCT 116 cells following drug treatment

(Fig. 3b). Moreover, cells cotreated with general caspase

inhibitor (Z-VAD-FMK) and CDK inhibitors had greater

Fig. 3 CDK inhibitors induce apoptosis by activating caspases and

modifying Bcl-2 family protein expression. a PARP cleavage and

caspase-3, -7, and -9 activation in roscovitine (50 lM) or purvalanol

(30 lM) treated HCT 116 cells were determined by immunoblotting.

b The cytochrome c release induced by CDK inhibitors was

determined by immunoblotting. Cytoplasmic and mitochondrial

proteins were extracted using a mitochondrial fractionation kit and

separated in a 12 % SDS-PAGE gel. COX IV was used as a loading

control for the mitochondrial fractions. c Following a 2 h pretreat-

ment of cells with general caspase inhibitor (10 lM Z-VAD-FMK),

HCT 116 cells were treated with each CDK inhibitor for 24 h.

Increases in cell viability following Z-VAD-FMK cotreatment were

determined by the MTT cell viability assay. Statistical differences

were analyzed using an unpaired t test; *P \ 0.05, **P \ 0.001.

d Disruption of MMP was visualized by fluorescence microscopy

(9200). e MMP loss was measured after DiOC6 staining using a

fluorometer (excitation = 485 nm, emission = 538 nm). Fluorome-

ter results were obtained from two different culture conditions with at

least four replicates. Statistical differences were analyzed using an

unpaired t test; *P \ 0.05, **P \ 0.001. Columns represent the

mean ± SD of five replicates from two different culture conditions.

f Cleavage of PARP was assessed by immunoblotting. Thirty

micrograms of total protein was loaded into each well. b-actin was

used as a loading control. g The effect of roscovitine (50 lM) or

purvalanol (30 lM) on Bcl-2 family protein expression in HCT 116

cells was determined by immunoblotting. Following CDK inhibitor

treatments, total proteins were isolated and separated in a 12 % SDS

gel, blotted on PVDF membranes, and incubated with antibodies to

Bad, Bax, Bcl-2, Bcl-xL, Noxa, and Puma. b-actin was used as a

loading control

b

1542 Apoptosis (2013) 18:1536–1547

123



viability than cells treated with CDK inhibitors alone

(presence of Z-VAD-FMK: P \ 0.001 vs. roscovitine, P \
0.001 vs. purvalanol) (Fig. 3c). Fluorescence microscopy

and fluorometry (Fig. 3d, e) showed that exposure of cells to

roscovitine (50 lM) or purvalanol (30 lM) for 24 h

decreased MMP by 50 % (P \ 0.001), and Z-VAD-FMK

Fig. 4 CDK inhibitors induce ROS generation. a HCT 116 cells were

seeded into a 96-well plate (1 9 104 cells/well) and treated with

roscovitine (50 lM) or purvalanol (30 lM) for 24 h. Following

DCFH-DA (1 lg/ml) staining for 30 min, ROS generation was

visualized by fluorescence microscopy (9200 magnification). b HCT

116 cells were cotreated with CDK inhibitors and various antioxidants

(5 lM NAC, 50 lM Trolox, 25 lM a-tocopherol). The MTT assay

was performed to determine cell viability. Columns represent the

mean ± SD from at least two experiments with four replicates.

Statistical differences were analyzed using an unpaired t test;

*P \ 0.05

Fig. 5 The role of PA metabolism in CDK inhibitor-induced

apoptotic cell death in HCT 116 cells. a The effect of roscovitine

or purvalanol on intracellular PA levels was analyzed by HPLC;

b gene expression profiles of PA biosynthetic and transport enzymes:

ODC, OAZ1, and AZI; c expression profiles of PA catabolic enzymes

(PAO, SSAT, SMO) in HCT 116 cells were determined by

immunoblotting following 24 h treatments with roscovitine (50 lM)

and purvalanol (30 lM). Statistical differences were analyzed using

an unpaired t test; *P \ 0.05, **P \ 0.001; NS, not significant
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cotreatment reduced the CDK inhibitor-induced MMP loss.

In addition, Z-VAD-FMK cotreatment prevented CDK

inhibitor-induced PARP cleavage (Fig. 3f).

To analyze the role of Bcl-2 family members in mito-

chondria-mediated apoptosis induced by treatment with

CDK inhibitors, the expression of anti- and pro-apoptotic

proteins was studied in HCT 116 cells by western blotting.

Although both roscovitine and purvalanol downregulated

Bcl-2 and Bcl-xL, they had no significant effect on Bad

expression. However, each CDK inhibitor upregulated

Bax, Noxa, and Puma expression levels (Fig. 3g). There-

fore, we conclude that both CDK inhibitors induced

mitochondria-mediated apoptosis by activating caspases

and modulating Bcl-2 family members.

CDK inhibitors induce generation of ROS

ROS generation is a critical factor in mitochondria-mediated

apoptosis. For this reason, we determined ROS generation

following drug treatment by DCFH-DA staining (Fig. 4a).

The results indicated that roscovitine and purvalanol trig-

gered generation of ROS in HCT 116 cells. We evaluated the

effect of antioxidant molecules such as Trolox, a-tocopherol,

and N-acetylcysteine (NAC) by determining the viability of

cells cotreated with an antioxidant and a CDK inhibitor

(50 lM roscovitine or 30 lM purvalanol). As shown in

Fig. 4b, the loss of cell viability was greater in cells treated

with roscovitine alone than in cells treated with the CDK

inhibitor and an antioxidant (P \ 0.05, P \ 0.001, and

P \ 0.05 for Trolox, a-tocopherol, and NAC, respectively).

Trolox and a-tocopherol but not the superoxide scavenger

NAC reduced purvalanol-induced cytotoxicity (P \ 0.001,

P \ 0.05, and P = 0.229, respectively) (Fig. 4b).

CDK inhibitors modulate PA metabolism

To examine the potential role of PAs in CDK inhibitor-

induced apoptosis, we first determined the cellular PA

content by HPLC (Fig. 5a). Exposure of cells to CDK

inhibitors depleted putrescine (P \ 0.05 for each inhibitor

vs. control), spermidine, and spermine levels (P \ 0.001

for each inhibitor vs. control).

To investigate the mechanism of PA depletion upon

treatment with CDK inhibitors, we also determined the

Fig. 6 Dose-dependent reversible effect of a PAO inhibitor (MDL-

72,527) on roscovitine- or purvalanol-induced cell death. a MTT cell

viability assay; b cell death ELISA; c immunoblotting was performed

to examine the reversible effect of MDL-72,527 on roscovitine- or

purvalanol-induced PARP cleavage and caspase-7 activation in HCT

116 cells. Columns represent the mean ± SD of at least two

experiments with four replicates. Statistical differences were analyzed

using an unpaired t test; *P \ 0.05, **P \ 0.001

1544 Apoptosis (2013) 18:1536–1547

123



expression profile of the biosynthetic enzyme ODC, and

AZI and OAZ1, which regulate ODC activity (Fig. 5b).

Although each CDK inhibitor upregulated AZI expression,

no significant effect was observed for ODC or OAZ1

(Fig. 5b).

Interestingly, the PA catabolic enzymes PAO, SSAT,

and SMO were found to be upregulated following exposure

of cells to purvalanol or roscovitine for 24 h (Fig. 5c).

Thus, we conclude that a major step in PA regulation in

CDK inhibitor-induced apoptotic cell death is activation of

catabolic enzymes. This finding was confirmed by the

presence of highly elevated ROS levels suggesting accu-

mulation of the byproducts of PA catabolism.

Inhibition of the PA catabolic pathway prevents CDK

inhibitor-induced apoptosis

To investigate the potential role of the PA catabolic path-

way in drug-induced apoptosis, we inhibited SMO

and PAO using a specific inhibitor of these enzymes,

MDL-72,527, and transiently silenced PAO gene expres-

sion by specific siRNA transfection. The loss of cell via-

bility was greater in cells treated with a CDK inhibitor

alone than in cells cotreated with purvalanol or roscovitine

and MDL-72,527 (P \ 0.001 and P \ 0.05, respectively)

(Fig. 6a). Moreover, cotreatment with MDL-72,527

(50 lM) reduced CDK inhibitor-induced apoptotic cell

death (Fig. 6b). These results were confirmed by the

decreased amounts of cleaved PARP (89 kDa) and cas-

pase-7 observed in cells cotreated with MDL-72,527

(Fig. 6c). Additionally, transient silencing of PAO gene

expression by PAO siRNA significantly reduced both the

cell viability loss (Fig. 7a) and the PAO upregulation

(Fig. 7b) induced by treatment with CDK inhibitors.

Moreover, CDK inhibitor-induced apoptotic cell death

because of PAO expression was reduced by PAO siRNA

(Fig. 7b).

Discussion

Aberrant cell cycle regulation is one of the remarkable

characteristics of cancer. New CDK inhibitors such as

roscovitine and purvalanol are important potential thera-

peutic agents because of their apoptotic potential against

malignant cells [25]. Recent studies have shown that ros-

covitine might induce apoptosis in MCF-7, HeLa, SW480,

SW1116, and SW837 cells by binding specific CDK targets

and preventing complex formation with cyclins [9, 25–28].

Roscovitine was shown to inhibit CDK1, CDK2, and

CDK5, and inhibition of these molecules led to induction

of cell cycle arrest at the G1/S or G2/M phase transition in

MCF-7 [29], lung cancer [8], HeLa [30], and HCT 116

colon cancer cells [10]. Purvalanol might act as an anti-

proliferative agent with apoptotic potential by inducing cell

cycle arrest in Chinese hamster lung fibroblast cell lines

and MCF-7 cells [9, 31]. Similarly, in this study we found

that roscovitine or purvalanol treatment caused a signifi-

cant decrease in cell proliferation and induced apoptosis in

HCT 116 colon carcinoma cells (Fig. 1c, d). We deter-

mined that cell cycle arrest at the G1/S phase transition was

induced by roscovitine (50 lM) or purvalanol (30 lM)

treatment. Although both of these treatments decreased cell

viability by 50 % compared with the control, the increase

in the subG1 population was greater in purvalanol-treated

HCT 116 cells than in roscovitine-treated cells (Fig. 2a).

As CDK inhibitors, roscovitine and purvalanol did not

significantly alter the expression profiles of CDKs but did

induce cyclin E upregulation. Purvalanol upregulated

cyclin B1 expression but roscovitine did not exert the same

effect in HCT 116 cells.

CDK inhibitors and other well-known chemotherapeutic

agents activate the mitochondria-mediated apoptotic

Fig. 7 Determination of CDK inhibitor-induced apoptosis in HCT

116 cells with transiently silenced PAO. Following transfection of

HCT 116 cells with PAO siRNA and incubation for 48 h, roscovitine

(50 lM) or purvalanol (30 lM) treatment was performed for 24 h.

a The increase in cell viability because of PAO silencing was

determined by the MTT cell viability assay. Columns represent the

mean ± SD of two independent experiments with at least four

replicates (*P \ 0.05). b Prevention of CDK inhibitor-induced

apoptotic cell death because of PAO silencing was determined by

assessing PARP cleavage, and PAO silencing was confirmed by

immunoblotting. Thirty micrograms of total protein was loaded into

each well. b-actin was used as a loading control
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pathway [32]. A number of reports have shown that ros-

covitine exerts its apoptotic function by activating caspases

and mitochondria-mediated apoptosis in breast [29], leu-

kemia [33], lung [8], and colon cancer cells [10]. Similarly,

we found that exposure of HCT 116 cells to roscovitine or

purvalanol for 24 h induced modulation of MMP, as indi-

cated by cytochrome c release (Fig. 3b). We also found

that roscovitine or purvalanol treatment resulted in cas-

pase-3, -7, and -9 activation and PARP cleavage, which are

key signatures of apoptotic induction (Fig. 3a). In addition,

the presence of a caspase inhibitor protected HCT 116 cells

against CDK inhibitor-induced cytotoxicity (Fig. 3c).

Moreover, addition of the caspase inhibitor (Z-VAD-FMK)

with roscovitine or purvalanol reduced MMP loss and

PARP cleavage (Fig. 3d–f). Therefore, we conclude that

the apoptotic induction was reversible following treatment

with CDK inhibitors for 24 h. We showed that roscovitine

or purvalanol treatment modulated expression of the Bcl-2

family members in HCT 116 cells (Fig. 3g). It was previ-

ously reported that both caspase activation and ROS gen-

eration are observed in drug-induced apoptotic induction

[34]. In this study, using DCFH-DA staining, we found that

the CDK inhibitors induced ROS generation. The presence

of ROS-scavenging agents (except the superoxide-scav-

enging agent NAC) reduced the cytotoxic effects of CDK

inhibitors in HCT 116 cells (Fig. 4a, b).

In the second part of this study, we investigated the

potential role of PAs in CDK inhibitor-induced apoptosis in

HCT 116 colon carcinoma cells. It is well documented that

intracellular PAs are essential for various cellular processes

such as growth, differentiation, and proliferation in all

organisms [12, 35]. Elevated PA levels may be a potential

biomarker for malignant disease [36]. Therefore, several

therapeutic strategies that target PA metabolism are being

investigated [37]. Despite the availability of PA analogues

and our knowledge about the interactions of classical che-

motherapeutic agents with PA metabolism [10, 38, 39], the

functional role of PAs in cell death has not yet been clarified.

We determined that HCT 116 cells exposed to roscovitine or

purvalanol had lower PA levels than untreated control cells

(Fig. 5a–c). Also, these CDK inhibitors activated PA cata-

bolic enzymes but had no significant effect on the biosyn-

thetic enzyme ODC. The drugs upregulated AZI expression

but did not affect OAZ1 expression. We conclude that while

the CDK inhibitors induced cell cycle arrest, they also

decreased the intracellular PA pool by increasing catabolic

activity without affecting intracellular PA biosynthesis

signaling. Therefore, these drugs act as PA analogues, which

successfully upregulate SSAT expression in cancer cells

[40, 41]. SSAT upregulation following drug treatment has

been demonstrated by DNA microarray screening of cells

[21]. Like SSAT, PAO is one of the key enzymes of the PA

catabolic pathway; this enzyme causes generation of H2O2

[18] and was upregulated by roscovitine treatment in HCT

116 cells. To clarify the potential role of PAO in CDK

inhibitor-induced apoptosis, we cotreated cells with MDL-

72,527 (a PAO/SMO inhibitor) and roscovitine or purvala-

nol for 24 h. Recent studies have shown that MDL-72,527

prevents apoptosis by blocking the acetylation of PAs and

decreasing H2O2 production [42]. MDL-72,527 might block

the agonistic toxic effect of SSAT in Chinese Hamster

Ovary (CHO) and non-small cell lung cancer cells [43, 44].

However, exposure of B cells to MDL-72,527 induced

apoptosis by increasing lysosomotropic effects [45]. Previ-

ous studies have indicated that the response to MDL-72,527

cotreatment is cell type specific; in our experimental system

MDL-72,527 (50 lM) had no cytotoxic effect on HCT 116

colon carcinoma cells (Fig. 6a). We found that inhibition of

PAO by MDL-72,527 (Fig. 6b, c) and transient silencing of

PAO by PAO siRNA abrogated CDK inhibitor-induced

apoptotic cell death (Fig. 7a). Therefore, we conclude that

CDK inhibitors as strong apoptotic inducers may decrease

PA levels by activating PA catabolism. However, any defect

of the PA catabolic pathway might be critical for the ther-

apeutic efficacy of CDK inhibitors.
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