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Abstract. Roscovitine and purvalanol are purine derivative 
cyclin-dependent kinase (CDK) inhibitors that induce apop-
tosis in various types of cancer cells. However, their impact on 
the apoptotic cell death mechanism requires further elucida-
tion. Natural polyamines putrescine, spermidine and spermine 
play essential roles in the regulation of cell growth and prolif-
eration. Increased levels of polyamines in cells are considered 
to be involved in cancer progression. Intracellular polyamine 
levels are under the control of several catabolic enzymes, such 
as spermidine/spermine-N-acetyl transferase (SSAT), acetyl-
polyamine oxidase (APAO) and spermine oxidase (SMO), 
which could be altered by several therapeutic drugs. However, 
the possible role of polyamines in drug-induced apoptosis 
has yet to be clarified. In the present study, our aim was to 
determine the modulation of the polyamine catabolic pathway 
related to CDK inhibitor-induced apoptosis in Caco-2 cells. We 
found that roscovitine and purvalanol (each 20 µM) induced 
apoptosis by activating caspase-9 and -3, and inhibiting the 
mitochondrial membrane potential in Caco-2 cells. CDK 
inhibitors decreased the intracellular putrescine and spermine 
levels without affecting spermidine levels. Although both 
roscovitine and purvalanol induced SSAT expression, they did 
not exert a significant effect on the APAO expression profile. 
SSAT transient silencing prevented roscovitine-induced 
apoptosis compared to parental cells. Thus, we concluded that 
roscovitine and purvalanol significantly induce apoptosis in 
Caco-2 cells by modulating the polyamine catabolism, and that 
SSAT could be an important target in evaluating the potential 
role of polyamines in apoptotic cell death.

Introduction

Cyclin-dependent kinases (CDKs) play a pivotal role in the 
control of aberrant cell cycle and/or the proliferation mecha-
nism in malignant cells (1). Aberrations in the function of 
CDKs have also been found in Alzheimer's and Parkinson's 
diseases, illnesses caused by viral infections, ischemia or other 
proliferative disorders (2-4). Therefore, small-molecule inhibi-
tors have been designed to explore the molecular functions of 
CDKs within a thereapeutic framework.

Roscovitine (2-(1-ethyl-2-hydroxyethylamino)-6-ben-
zylamino-9-isopro-pylpurine) is a new generation reversible 
inhibitor of CDKs, such as Cdc2, Cdk2, Cdk5 and Cdk7, by 
behaving as a competitor for ATP binding (5-8). Roscovitine 
triggers cell cycle arrest at the G1 and G2/M phases (6) and 
leads to apoptotic induction which can be determined in 
each phase of the cell cycle (9). It has also been shown that 
following roscovitine treatment, DNA synthesis is inhibited 
and induces apoptosis by causing nucleolar fragmentation in 
various cancer cells. Due to these cell growth-inhibiting activi-
ties, roscovitine is being considered as a potential anticancer 
agent and a suitable candidate for combination treatment 
models (10-13). In vitro studies have revealed that roscovitine 
is a promising therapeutic agent by inducing apoptosis in 
prostate cancer (14), breast cancer (10,15) and leukemia cells 
(16). Roscovitine has also been presented as a sensitizing drug 
in combination with other conventional therapeutic options in 
the treatment of cancer (11,13).

Purvalanol was recently designed as a protein kinase 
inhibitor with high selectivity for Cdc2 and CDK2 through 
competitive inhibition of ATP binding resulting in G2/M cell 
cycle arrest (17). Recent studies have shown that purvalanol 
may increase drug-induced apoptosis by inhibiting formation  
of CDK2/cyclin B and CDK2/cyclin A, and CDK2/cyclin E 
and CDK5/p35 complexes (18-20). Purvalanol treatment also 
led to significant downregulation of anti-apoptotic molecules, 
such as survivin, Bcl-XL and Bcl-2 by globally inhibiting 
RNA synthesis (21,22). Purvalanol also induced the activation 
of caspase-dependent apoptosis by altering mitochondrial 
membrane functions in various cancer cell lines (23,24).

The natural polyamines (PAs) putrescine (Put), spermidine 
(Spd) and spermine (Spm) are ubiquitous polycationic amine 
derivatives found in all eukaryotic cells (25,26). PAs are consid-
ered essential elements for cell proliferation, differentiation 
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and growth in normal and cancer cells (27-29). Their cellular 
levels are referred to as critical regulators of cell cycle, 
survival and death mechanisms (30). PA metabolic regula-
tion is characterized by several enzyme activities. Ornithine 
decarboxylase (ODC) is a rate limiting enzyme which induces 
synthesis of Put from L-arginine (31). High accumulation of 
PAs in cells are regulated by PA catabolic pathway players, 
spermidine/spermine N1-acetyltransferase (SSAT), spermine 
oxidase (SMO) and polyamine oxidase (PAO). These enzymes 
induce excretion of acetylated PA derivatives or provide a 
back-conversion pathway by oxidizing several compounds 
in the cells (32). Previous reports have shown that PA deple-
tion by specific inhibitor DL-α-difluoromethylornithine 
(DFMO) treatment may increase the apoptotic efficiency of 
drugs (33). Therefore, PA metabolic pathway-targeted thera-
pies are gaining importance in the increase of combination 
therapy efficiency in clinics (34,35). However, the molecular 
mechanism involved in drug-induced apoptosis related to PA 
biosynthetic regulation has yet to be fully understood.

In the present study, we aimed to determine the potential 
role of CDK inhibitors, roscovitine and purvalanol, on the 
apoptotic cell death mechanism related to the PA catabolic 
pathway in Caco-2 colon carcinoma cells.

Materials and methods

Chemicals, antibodies and primers. Roscovitine (Sigma, 
St.  Louis, MO, USA) and purvalanol (Tocris Bioscience, 
Bristol, UK) were dissolved in DMSO to make a 10-mM stock 
solution and stored at -20˚C. Put, Spd and Spm standards were 
purchased from Sigma. 3,3-Dihexyloxacarbocyanine iodide 
(DiOC6) was purchased from Calbiochem (La Jolla, CA, USA). 
Caspase inhibitors (each 10-mM stock solution), z-DEVD-
FMK (caspase-3), z-LEHD-FMK (caspase-9), z-VAD-FMK 
(general caspase) and Z-FA-FMK (negative caspase) were 
purchased from BD Biosciences (San Jose, CA, USA).

β-actin (1:2,000), Bcl-XL (1:1,000), Bax (1:1,000), PUMA 
(1:1,000), Bim (1:1,000), PARP (1:1,000), cleaved PARP 
(1:1,000), cleaved caspase-3 (1:1,000) and pro-caspase-3 
(1:1,000) anti-rabbit antibodies were purchased from Cell 
Signaling Technology (CST; Danvers, MA, USA). ODC, SSAT 
and PAO anti-rabbit antibodies (1:2,000) were purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 
Horseradish peroxidase (HRP)-conjugated secondary anti-
rabbit and anti‑mouse antibodies (1:5,000) were from CST.

Cell culture. Caco-2 colon carcinoma cells (HTB-37) (ATCC) 
were maintained in minimal essential medium (PAN Biotech, 
Aidenbach, Germany) with 2 mM L-glutamine, 20% fetal 
calf serum (PAN Biotech), 1% non-essential amino acids 
(Biological Industries) and 100 units/100 mg/ml penicillin/
streptomycin (Biological Industries, Kibbutz Beit-Haemek, 
Israel) and grown in the presence of 5% CO2 in humidified 
air at 37˚C.

Cell viability assay. Cells were seeded in 96-well plates 
and co-treated with various concentrations of roscovitine 
or purvalanol (0-50 µM) for 24 h. The cytotoxic effect of 
CDK inhibitors on Caco-2 cells was determined by colori-
metric 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium 

bromide (MTT; Roche, Indianapolis, IN, USA) cell prolif-
eration assay, which is based on the conversion of MTT to 
MTT-formazan by mitochondrial enzymes. Absorbance was 
determined with a microplate reader at 570 nm (Bio-Rad, 
Hercules, CA, USA).

Apoptosis determination. Caco-2 cells (1x104) were seeded 
in 96-well plates, co-treated with 0-50 µM roscovitine and 
purvalanol for 24 h. Cytoplasmic histone-associated-DNA 
fragments (mono- and oligonucleosomes) were determined 
using Cell Death Detection ELISAPlus assay, according to 
the manufacturer's instructions (Roche). Briefly, cell lysates 
were placed in a streptavidin-coated microplate. A mixture of 
anti-histone-biotin and anti-DNA-POD was added and incu-
bated for 2 h at 15-25˚C. Following the removal of unbound 
antibodies by a washing procedure, POD was determined 
photometrically at 405 nm with ABTS as substrate. In order 
to determine the DNA fragments following drug treatment in 
colon carcinoma cells, total DNA content was isolated.

Mitochondrial membrane potential assay. Caco-2 cells 
(1x105) were seeded in 12-well plates, allowed to attach over-
night and treated with desired concentrations of roscovitine for 
24 h. Cells were washed once with 1X PBS and then stained 
with DiOC6 (Calbiochem) fluorescent probe. Mitochondrial 
membrane potential (MMP) loss was measured by Fluoroskan 
Ascent fluorometer (Thermo Labsystems, Beverly, MA, USA) 
(excitation/emission = 488 nm/525 nm).

Polyamine determination. PA content of the cells was 
determined by the benzoylation procedure using HPLC. 
Cells (0.6x106) were seeded in 6-well plates and allowed to 
attach overnight. Caco-2 cells were treated with roscovitine 
or purvalanol for 24 h and were then washed with 1X PBS. 
The scraped cell lysates were transferred into a new microfuge 
tube. Trichloroacetic acid (TCA; 50%) was added to each 
sample (1:10, v:v). All samples were kept at -20˚C until the 
benzoylation process. Following benzoylation, samples were 
immediately run on HPLC using UV detector on 226 mV. The 
data obtained were evaluated according to internal standards 
1,6‑diaminoheptane and the standard curves of Put, Spd and 
Spm.

Preparation of siRNA transfection. Caco-2 colon carcinoma 
cells were placed in a 6-well plate 24 h prior to transfection. 
Cells were transfected with different SSAT siRNA complexes 
that target SSAT-encoding genes SAT1 or SAT2 at two 
different mRNA binding sites (each 20 nM; Gene Globe, 
Qiagen, Heidelberg, Germany). The transfection ratio was 1:6 
and transfection was performed (RNAifect; Qiagen) according 
to the manufacturer's protocol. After 48 h of incubation, the 
silencing effect was analyzed with western blot analysis.

Immunoblot analysis. Caco-2 colon carcinoma cells were 
treated with the appropriate concentrations of drugs. The 
samples were initially washed with ice-cold 1X PBS and 
lysed on ice in a solution containing 20  mM Tris-HCl 
(pH 7.5), 150 mM NaCl, Nonidet P-40 0.5% (v/v), 1 mM 
EDTA, 0.5  mM PMSF, 1  mM DTT, protease inhibitor 
cocktail (Complete; Roche). Following cell lysis, cell debris 
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was removed by centrifugation for 15 min at 13,200 x g, and 
protein concentrations were determined with a Bradford 
protein assay. Total protein lysates (30 µg) were separated on 
a 12% SDS-PAGE and transferred onto PVDF membranes 
(Amersham Pharmacia Biotech, Little Chalfont, UK). The 
membranes were then blocked with 5% milk blocking solution 
in Tris buffer saline (TBS) Tween-20 (Sigma) and incubated 
with appropriate primary and HRP-conjugated secondary 
antibodies (CST) in antibody buffer containing 5% (v/v) 
milk blocking solution. After washing with TBS Tween-20, 
proteins were analyzed using an enhanced chemilumines-
cence detection system (ECL or ECL-Advance; Amersham 
Pharmacia Biotech) and exposed to Hyperfilm-ECL 
(Amersham Pharmacia Biotech).

Statistical analysis. All samples were evaluated statistically 
using an Excel calculation file. The MTT and cell death ELISA 
assay results are shown as the means ± standard deviation, and 
the Student's t-test was applied to evaluate the probability effi-
ciency. Differences were regarded as statistically significant 
at p<0.05.

Results

Roscovitine and purvalanol are potent apoptotic inducers. 
We used Caco-2 cells to investigate whether roscovitine or 
purvalanol decreases cell viability through the induction of 
apoptosis. To assess the cytotoxic effects of both CDK inhibi-
tors, Caco-2 cells were treated with roscovitine or purvalanol 
at various concentrations (0-50 µM) for 24 h and MTT cell 
viability assay was assessed. CDK inhibitors decreased cell 
viability in a dose-dependent manner. According to the MTT, 
roscovitine and purvalanol (each 20  µM) decreased cell 
viability by ~30% in Caco-2 cells (Fig. 1A). To confirm that 
the decrease in cell viability was indeed due to apoptosis, 
we performed the Cell Death ELISA Plus assay (Fig. 1B). 
Roscovitine or purvalanol treatment led to a significant 2-fold 
increase in apoptotic cell death in Caco-2 cells compared to 
the untreated samples.

In order to understand CDK inhibitor-induced apoptosis 
due to activation of caspases, cells were co-treated with 
several caspase inhibitors (each 2.5 µM) and purvalanol 
or roscovitine for 24 h; the MTT cell viability assay was 
then performed. Co-treatment with caspase inhibitors, 
z-VAD-FMK (pan-caspase inhibitor), z-LEHD-FMK 
(caspase-9 inhibitor), z-DEVD-FMK (caspase-3 inhibitor) 
significantly prevented roscovitine- or purvalanol-induced 
apoptosis, respectively (Fig. 2A). These observations were 
also confirmed by the determination of MMP loss by 
DiOC6 staining. As shown in Fig. 2B, when the cells were 
treated with roscovitine (20 µM) in the presence of each 
caspase inhibitor for 24 h, roscovitine-induced MMP loss 
was prevented. To assess whether drug-induced apoptosis is 
mediated by caspases, the proteolytic activation of caspase-3 
was also examined in Caco-2 cells. Both CDK inhibitors 
induced cleavage of pro-caspase-3 to the active form (p19/17) 
(Fig. 2C). Involvement of apoptosis was further confirmed by 
the detection of PARP degradation in Caco-2 cells compared 
to untreated samples. Furthermore, CDK inhibitors were able 
to alter Bcl-2 family members (Fig. 2D) which are critical in 

the apoptotic decision in the cells. Although roscovitine did 
not alter Bcl-XL and Puma expression profiles, the exposure 
of cells to roscovitine led to upregulation of Bax expression 
in Caco-2 cells. Purvalanol upregulated both anti-apoptotic 
Bcl-XL and pro-apopotic Bax and Puma protein expression 
profiles.

CDK inhibitors modulate polyamine metabolism in the 
drug-induced apoptotic mechanism. Since PAs are critical 
in cellular homeostasis and in conducting several signalling 
networks, including the apoptotic mechanism, we investigated 
whether modulation of the PA metabolic pathway impacts the 
drug-induced apoptotic mechanism. Initially, we determined 
the expression of the PA biosynthesis enzyme ODC and cata-
bolic enzymes SSAT and PAO in Caco-2 cells following CDK 
inhibitor treatment for 24 h. As shown in Fig. 3A, while both 
CDK inhibitors downregulated ODC gene expression, rosco-
vitine and purvalanol upregulated SSAT and PAO protein 
expression in Caco-2 cells.

Following drug treatments, total PA content of the Caco-2 
cells was decreased. The sharp decrease was observed in Spm 
levels following roscovitine or purvalanol treatments. Although 
roscovitine led to a significant decrease in Put and Spd levels 
in Caco-2 cells, purvalanol did not exert any significant effect 
compared to untreated samples (Fig. 3B).

Figure 1. Roscovitine and purvalanol decrease cell viability and induce apop-
tosis in Caco-2 cells. (A) Cells were treated with roscovitine and purvalanol 
(each 0-50 µM) for 24 h. Columns represent the means ± SD of two indepen-
dent trials with at least five replicates. (B) Apoptotic cell death of Caco-2 
cells was determined using the Cell Death Detection ELISA Plus assay fol-
lowing exposure of cells with CDK inhibitors (0-50 µM). Columns represent 
the means ± SD of two independent trials with at least two replicates.

  A

  B
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SSAT silencing attenuates the apoptotic effect of CDK inhibi-
tors. The efficiency of SSAT siRNAs on SSAT levels was 
assessed at 48 h by the treatment of four different siRNA 
duplexes targeting SAT1 and SAT2 mRNAs, which expressed 
the SSAT in the human genome. According to SSAT immu-

noblotting results, the transfection efficiency of SAT2 (2.6) 
was the most marked, compared to the other siRNA duplexes. 
SAT1 mRNA product was downregulated by SAT1.6 siRNA 
duplex (2.4 µg) and SAT2 mRNA was degraded by the treat-
ment of SAT2.7 (2.4 µg) following 48 h of treatment (Fig. 4A). 

Figure 3. CDK inhibitors alter the expression profiles of polyamine metabolic regulators. (A) Immunoblotting assay was employed to determine the modulation 
of biosynthetic and catabolic pathway key enzymes ODC, SSAT and PAO, following treatment with CDK inhibitors in Caco-2 cells. (B) Total polyamine 
content was determined following treatment with CDK inhibitors in Caco-2 cells by HPLC.

Figure 2. CDK inhibitors induce apoptosis by activating caspases in Caco-2 cells. (A) MTT cell viability assay was performed to evaluate the role of caspases 
in drug-induced apoptosis. Following 1 h prior to treatment with caspase-3 (Z-DEVD-FMK), caspase-9 (Z-LEHD-FMK), general caspase (Z-VAD-FMK) 
and negative caspase (Z-FA-FMK) inhibitors (2.5 µM each), Caco-2 cells were treated with CDK inhibitors roscovitine and purvalanol for 24 h. (B) The 
disruption of MMP was measured following DiOC6 staining using a fluorometer (Ex = 485 nm; Em = 538 nm). (C) Activation of caspase-3 and PARP cleavage 
due to apoptotic induction was determined by immunoblotting. Total protein (30 mg) was loaded into each well. β-actin was used as loading control. Columns 
represent the means ± SD of five replicates from two different culture conditions. (D) Immunoblotting assay was performed to evaluate the modulation of Bcl-2 
family members, such as Bcl-XL, Bax, Puma and Bim, following CDK inhibitor treatment in Caco-2 cells.

  B  A

  C   D

  A   B
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However, the treatment of SAT1.5 siRNA duplex targeting 
SAT1 mRNA was not efficient.

The potential role of SSAT in the drug-induced apoptosis 
mechanism was modelled by the treatment of roscovitine in 
SSAT-silenced Caco-2 cells (Fig. 4B). Although roscovitine 
treatment caused a significant 2-fold apoptosis induction 
compared to untreated samples, roscovitine did not induce 
apoptosis in SAT1.6 siRNA-transfected cells. According to 
the immunoblotting results, SAT2.7 siRNA treatment caused 
a significant downregulation of SSAT expression, and also had 
a smaller impact on roscovitine-induced apoptotic mechanism 
in Caco-2 cells.

Discussion

Genetic alterations in the regulation of the natural PAs Put, 
Spd and Spm which are essential for cell growth and differ-
entiation may induce cell cycle arrest and apoptosis in various 
cancer cell lines (36). Recent studies have indicated that 
chemotherapeutic agents, such as cisplatin, paclitaxel, doxoru-
bicin, 5-FU and oxaliplatin, may induce SSAT expression and 
decrease total PA content in cells (37,38). It has been shown 
that 5-FU and oxaliplatin upregulated SSAT expression in a 
panel of colon cancer cells; H630, HT-29, LoVo, HCT175 and 
HCT248 colorectal cancer cell lines. Only treatment with 
oxaliplatin exerted a significant effect on SSAT expression in 
RKO colorectal cancer cells (39). Moreover, aspirin, a non-
steroidal anti-inflammatory drug, decreases the intracellular 
PA content by inducing SSAT expression in Caco-2 cells (40). 
In the present study, we tested the potential role of SSAT, a PA 
catabolic pathway key enzyme, in the drug-induced apoptotic 
mechanism in Caco-2 colon cancer cells. To achieve this, cells 
were treated with CDK inhibitors roscovitine and purvalanol, 

which are strong apoptotic inducers (Fig. 1A and B). Although 
both CDK inhibitors lead to apoptotic cell death in various 
cancer cell types, their targets for apoptotic induction differs. 
Thus, in order to determine the chemotherapeutic potential of 
these CDK inhibitors, it is essential to investigate the molecular 
targets of these CDK inhibitors during apoptotic cell death. 
According to our previous results, roscovitine induced apop-
totic cell death modulated by the PA biosynthetic pathway, and 
depletion of PAs by a specific inhibitor of ODC increased the 
roscovitine-induced apoptosis in HCT116 colon carcinoma 
cells (41). Similar to previous results, we established that rosco-
vitine and purvalanol caspase-dependently induced apoptosis 
and altered the mitochondrial pathway in Caco-2 cells (Fig. 2). 
The co-treatment of caspase inhibitors prevented drug-induced 
cytotoxic effects within 24 h. Consistent with these findings, 
roscovitine was also shown as a caspase-3 activator in A4573, 
TC-71 Ewing's sarcoma family of tumour cells, and SK-N-SH 
neuroblastoma cells and the presence of Ac-DEVD-CHO 
(a specific caspase-3/-7 inhibitor) prevented roscovitine-induced 
apoptosis (42). Purvalanol and paclitaxel combined treatment 
leads to mitochondrial-dependent apoptotic cell death by acti-
vating caspase-3 and -9 in HeLa cells (22).

To understand the potential effects of these CDK inhibi-
tors on the PA metabolism, we determined the ODC, SSAT 
and PAO expression levels following drug treatment for 24 h. 
As shown in Fig. 3A, while both CDK inhibitors downregu-
lated ODC expression, they upregulated SSAT and PAO gene 
expression. Moreover, these alterations caused a significant 
decrease in Put and Spm levels, but no alteration was observed 
in the Spd content (Fig. 3B). In accordance with these results, 
PA biosynthesis was inhibited by ODC downregulation and 
catabolic enzymes were induced by the following treatment 
of cancer cells with PA analogs, such as PG11047 (37) and 
classical chemotherapeutic agents (43).

We also tested whether enhanced PA metabolism is critical 
in the apoptotic decision by transiently transfecting cells with 
SSAT-targeting siRNA complexes for 48  h. As shown in 
Fig. 4B, when the induction of SSAT is prevented, Caco-2 cells 
become more resistant to the apoptotic effects of roscovitine 
than parental controls. Similar to this finding, the silencing 
of both SMO and SSAT prevented BENSpm-induced growth 
inhibitory effect on MDA-MB-231 cells (44).

In summary, these findings show that SSAT is a significant 
target in the regulation of apoptosis induced by roscovitine. 
Therefore, the modulation of cellular targets related to PA 
metabolism may be critical in evaluating the efficiency of drugs 
in cancer cells. This study also underlines the potential thera-
peutic efficacy of new generation CDK inhibitors, roscovitine 
and purvalanol, in colon carcinoma. Although a number of 
studies have shown the molecular targets of roscovitine, purva-
lanol has yet to be thoroughly investigated. Therefore, this study 
is the first to show the therapeutic potential of purvalanol in 
colon carcinoma cells. Further studies are required to clarify the 
apoptotic cell death mechanism of purvalanol in colon cancer.
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Figure 4. Determination of roscovitine-induced apoptosis in transient 
silencing of SSAT in Caco-2 cells. (A) Following transfection of Caco-2 
cells with SSAT siRNA 1.6, 2.7 and their combination for 48 h, roscovitine 
treatment was performed for 24 h. SSAT silencing was confirmed by SSAT 
immunoblotting. Total protein (30 mg) was loaded into each well. β-actin 
was used as loading control. (B) CDK inhibitor-induced apoptosis was evalu-
ated in SSAT transiently silenced cells. Columns represent the means ± SD of 
two independent experiments with at least four replicates (*p<0.05).
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