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Abstract. Inhibitors of cyclin-dependent kinases (Cdks) have 
been reported to have activities in many types of cancer cells 
by inhibiting Cdk7 and Cdk9, which control transcription. 
SNS-032 is a potent and selective inhibitor of Cdk2, Cdk7 and 
Cdk9 and has emerged in clinical trials. Here, we examined the 
viability of MCF-7 and MDA-MB-435 breast cancer cells in 
the presence of SNS-032 and observed a dose-dependent inhi-
bition of cellular proliferation in both cell lines. SNS-032 had a 
direct apoptosis-inducing effect through both the extrinsic and 
intrinsic apoptotic pathways in breast cancer cells as shown 
by a dose-dependent increase in Annexin V-positive cells 
and terminal deoxynucleotidyl transferase-mediated dUTP 
nick-end labeling (TUNEL)-positive cells, as well as activation 
of caspase-8, -9 and poly(ADP-ribose) polymerase (PARP). At 
the molecular level, SNS-032 induced a marked dephosphory-
lation of serine 2 and 5 of RNA polymerase (RNA Pol) II 
and blocked RNA synthesis. Consistent with the inherently 
rapid turnover rates of their transcripts and proteins, the anti-
apoptotic proteins Mcl-1 and X-linked inhibitor of apoptosis 
protein (XIAP) were rapidly reduced on exposure to SNS-032. 
Our results also indicated that SNS-032 suppressed the growth 
of breast cancer xenografts in mice. These data demonstrate 
that the use of SNS-032 may be a rational and novel thera-

peutic strategy for human breast cancer and warrants further 
clinical investigation.

Introduction

Breast cancer is the most commonly diagnosed type of cancer 
and the second leading cause of cancer death in females world-
wide (1). Despite the fact that many tumors initially respond 
to chemotherapy, breast cancer cells can subsequently survive 
and gain resistance to the treatment (2,3). It is therefore impor-
tant to identify novel agents with improved pharmacological 
and toxicological profiles.

Cdks are a group of protein kinases first discovered for their 
role in regulating cell cycle. Cdks are activated by the forma-
tion of a complex with cyclin partners. Specific Cdks operate 
in distinct phases of the cell cycle (4,5). In addition to their cell 
cycle regulatory functions, Cdks, especially Cdk7 and Cdk9, 
play important roles in the regulation of RNA Pol II-mediated 
transcription. The general transcription factor II (TFIIH) 
complex containing Cdk7 and cyclin H first phosphorylates 
the serine-5 residue of carboxyl-terminal domain (CTD) of 
the large subunit of RNA Pol II and facilitates the initiation 
of transcription. Then the Cdk9-cyclin T complex forms the 
transcription elongation factor b (p-TEFb) and phosphorylates 
the 5, 6-dichlorobenzimidazone-1-b-D-ribofuranoside (DRB)-
sensitive inducing factor and the negative elongation factor, 
followed by serine-2 of the CTD to facilitate transcriptional 
elongation (6-9).

Cdks play a critical role in cancer progression, and 
misregulation of Cdks is one of the most frequent alterations 
in human cancer (4,5,10,11). For this reason, Cdks have been 
considered as very promising therapeutic targets in human 
malignancies. Over the past decade, the intensive search for 
pharmacological Cdk inhibitors has led to several clinical 
candidates, and the focus on transcriptional Cdks has under-
lined their antitumor activity (12). Flavopiridol, the first and 
currently most promising Cdk inhibitor in preclinical and 
clinical trials, has demonstrated marked antitumor activity in 
many types of cancer (13,14). Flavopiridol acts largely through 
inhibition of Cdk9. When RNA Pol II is repressed after Cdk9 
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inhibition, the result is a blockage of transcriptional elonga-
tion, which in turn causes decreases in the cellular levels of 
short-lived proteins including some antiapoptotic molecules 
such as Mcl-1 and XIAP, and thus promotes the induction of 
apoptosis (15,16).

SNS-032 is a novel Cdk inhibitor that has emerged in 
clinical trials. Originally selected as an inhibitor of Cdk2, 
SNS-032 was later found to be a potent inhibitor of Cdk9 
and Cdk7 (17). SNS-032 is more selective and less cytotoxic 
compared to flavopiridol, and in vitro studies have shown more 
potent inhibition of RNA synthesis and cell death induction by 
SNS-032 than by flavopiridol (18). In this study, we investigated 
the efficacy of SNS-032 against breast cancer cells. SNS-032 
suppressed the proliferation of MCF-7 and MDA-MB-435 
breast cancer cells as well as the growth of MDA-MB-435 
nude mouse xenografts. Such effects occurred through the 
suppression of RNA synthesis of antiapoptotic protein Mcl-1 
and XIAP, which in turn led to the reduction of the Mcl-1 and 
XIAP protein and the initiation of apoptosis. Thus, we provide 
in vitro and in vivo evidence for use of SNS-032 as a promising 
therapeutic agent for the treatment of breast cancer.

Materials and methods

Chemicals. SNS-032 was obtained from Selleck Chemicals. 
LLC (Houston, TX, USA), dissolved in dimethyl sulfoxide 
(DMSO) to give a stock solution of 10 mM and stored at -20˚C 
in small aliquots.

Cell culture. Human breast cancer cell lines MCF-7 and 
MDA-MB-435 were cultured as previously described (19).

Cell viability analysis. Cells were seeded in 96-well flat-bottom 
plates at a density of 1x104 cells per well and cultured in a 
humidified incubator for 24 h, followed by exposure to various 
concentrations of SNS-032 for additional 48 h. Cell viability 
was measured by using the MTS (3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tet-
razolium) assay to monitor cell proliferation, according to the 
manufacturer's recommendations. Briefly, 20 µl MTS solution 
(CellTiter 96Aqueous One Solution reagent, Promega, 
Madison, WI, USA) was added to each well and incubated for 
an additional 4 h at 37˚C. The absorbance was measured on a 
96-well plate reader at wavelength 490 nm (Bio-Tek Synergy 2, 
Winooski, VT, USA). Cell growth inhibition was determined 
using the following formula according to a previously 
published method: growth inhibition (%) = (1 - OD of treated 
cells/OD of control cells) x 100% (19). The half maximal 
inhibitory concentration (IC50) was calculated with Bliss 
software and the data were analyzed by SPSS. All experiments 
were performed three times from which mean values were 
calculated.

Annexin V-FITC (fluorescein isothiocyanate)/propidium 
iodide (PI) staining assay. Apoptosis was determined by 
flow cytometry using Annexin V-FITC Apoptosis Detection 
Kit II (BD Pharmingen, San Diego, CA, USA) according to 
the manufacturer's instructions. Cells (2x105 cells/well) were 
seeded in 60-mm plates and allowed to settle for 24 h before 
treatment with various concentrations (0, 200 and 400 nM) 

of SNS-032 for an additional 8 h. The cells were harvested 
by trypsinization, washed twice with cold phosphate-buffered 
saline (PBS), and then resuspended in 1X binding buffer at a 
concentration of 1x106 cells/ml. Following this, 100 µl of the 
sample solution was transferred to a 5-ml culture tube and 
incubated with 5 µl of FITC-conjugated Annexin V and 10 µl 
of PI for 15 min at room temperature in the dark. Subsequently, 
400 µl of binding buffer was added to each sample and the 
samples were analyzed using a flow cytometer (FACSCanto II, 
Becton-Dickinson, San José, CA, USA).

TUNEL assay. The TUNEL assay for in situ detection 
of apoptosis was performed by using the DeadEnd™ 
Fluorometric TUNEL System assay kit (Promega) according 
to the manufacturer's instructions. Cells were plated in 
24-well flat-bottom plates at a density of 1x105 cells per 
well, treated with 400 nM SNS-032 for 24 h. Following 
SNS-032 treatment, cells were fixed in 4% paraformaldehyde 
at 4˚C for 25 min. Fixed cells were then permeabilized in 
0.1% Triton X-100 and labeled with fluorescein-12-dUTP 
using terminal deoxynucleotidyl transferase. After rinsing 
with PBS, nuclei were counterstained with PI (1 µg/ml) for 
15 min. The localized green fluorescence of apoptotic cells 
was detected by fluorescence microscopy (Zeiss Axiovert 
100M, Carl Zeiss, Germany).

Caspase activity assay. Activity of caspase-8 and -9 was 
measured using a caspase colorimetric assay kit (Keygen 
Biotech, China), according to the manufacturer's protocol. 
Briefly, after treatment of SNS-032 at different concentrations 
(0, 200 and 400 nM) for 24 h, cells were harvested, washed 
with PBS and then resuspended in chilled lysis buffer. After 
incubation on ice for 40 min, cells were centrifuged for 1 min 
at 10,000 x g. The supernatant was collected in a fresh tube and 
protein concentration was determined by the Bradford protein 
assay kit (Keygen Biotech), according to the manufacturer's 
protocol. Subsequently, 150 µg of each protein sample was 
diluted with 50 µl lysis buffer and added to 50 ml of 2X reac-
tion buffer containing 10 mM dithiothreitol in a 96-well plate. 
Then, 5 µl of a colorigenic substrate, IETD-pNA (L-isoleucyl-
L-glutamyl-L-Threonyl-L-aspartic-p-nitroanilide acid amide) 
or LEHD-pNA (L-leucine-L-glutamyl-L-histidyl-L-aspartic-
p-nitroaniline acid amide), was added to each well, and the 
plate was incubated at 37˚C in the dark for 4 h. ODs were 
determined at 405 nm using a microplate reader (Bio-Tek 
Synergy 2).

Western blot analysis. After treatment with SNS-032 at 
different concentrations (0, 200 and 400 nM) for 24 h, cells 
in each dish, including dead cells floating in medium, were 
harvested and lysed in 1X sampling buffer. Protein concentra-
tions of the lysates were determined using the bicinchoninic 
acid protein assay kit (Pierce Biotech, Rockford, IL, USA). 
An aliquot of the denatured supernatant containing 30 µg of 
protein was subjected to sodium dodecyl sulphate polyacryl-
amide gel electrophoresis (SDS-PAGE), and then transferred 
to polyvinylidene fluoride (PVDF) membranes. After blocking 
with blocking buffer (Tris-buffered saline, i.e. TBS, containing 
5% non-fat milk) for 1 h at room temperature, the membranes 
were incubated overnight at 4˚C with the following specific 
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primary antibodies: mouse anti-human caspase-8, mouse anti-
human caspase-9, rabbit anti-human PARP, rabbit anti-human 
phospho-RNA Pol II (Ser2), rabbit anti-human phospho-RNA 
Pol II (Ser5), rabbit anti-human RNA Pol II, rabbit anti-human 
Cdk7, rabbit anti-human Cdk9, rabbit anti-human Mcl-1, rabbit 
anti-human XIAP, rabbit anti-human Bcl-2 (Cell Signaling 
Technology, Beverly, MA, USA); and mouse anti-human 
GAPDH (ProteinTech, Chicago, IL, USA). Further incuba-
tion with appropriate horseradish peroxidase-conjugated 
secondary antibodies, depending on the primary antibody 
used, was performed for 1 h at room temperature. Detection 
of staining signals was performed by using the enhanced 
chemiluminescence kit (Thermo Fisher Scientific, Rockford, 
IL, USA) with Kodak film.

Real-time PCR. Total RNA was extracted using the RNeasy 
kit (Qiagen, Crawley, UK). Each cDNA template was made 
from total RNA with reverse transcriptase kit according to the 
manufacturer's instructions (Invitrogen). Amplification reac-
tions were performed using SYBRW Premix Ex Taq™ (Takara 
Shuzo, Kyoto, Japan) in a 25 µl volume. The following cycling 
parameters were used: 30 sec at 95˚C for initial denaturing, 
5 sec at 95˚C for denaturing and 30 sec at 60˚C for annealing 
and extension for the total of 40 cycles. The fold change in 
mRNA was calculated by the 2-ΔΔCt method. All samples were 
normalized to 18S ribosomal RNA, an RNA Pol I transcript 
that is not modulated by inhibition of RNA Pol II. The primer 
sequences used were: XIAP-up: 5'-CCATATACCCGAGGAA 
CCCT-3'; XIAP-dn: 5'-TTTCCACCACAACAAAAGCA-3'; 
Mcl-1-up: 5'-AAAAGCAAGTGGCAAGAGGA-3'; Mcl-1-dn: 
5'-TTAATGAATTCGGCGGGTAA-3'; Bcl-2-up: 5'-AAG 
ATTGATGGGATCGTTGC-3'; Bcl-2-dn: 5'-TGTGCTTTGCA 
TTCTTGGAC-3'; 18S rRNA-up: 5'-GTAACCCGTTGAACCCC 
ATT-3'; 18S rRNA-dn: 5'-CCATCCAATCGGTAGTAGCG-3'.

Xenografted tumor model and antitumor effect of SNS-032 
in vivo. All animal care and experimental procedures were 
approved by the Institutional Animal Care and Use Committee 
of Guangzhou Medical University. Female BALB/c-nu mice 
(18-20 g) were purchased from the Experimental Animal 
Center of Guangzhou University of Chinese Medicine, and 
were housed in barrier facilities on a 12-h light/dark cycle. On 
day 0, human breast cancer MDA-MB-435 cells (5x106 cells in 
0.1 ml per mouse) were inoculated subcutaneously in the right 
mammary gland. On day 6, the formed tumors were measured, 
and the mice were randomly divided into a treatment group 
and a control group. The treatment group received an intraperi-
toneal (i.p.) dosage of 200 µl SNS-032 (15 mg/kg body weight) 
every 3 days, while animals in the vehicle-control group 
received i.p. 200 µl 0.5% DMSO solution per mouse. Tumors 
were measured every 3 days in blinded manner by measuring 
perpendicular diameters with a digital caliper. The tumor 
volumes (mm3) were calculated using the following formula: 
volume = width x width x length x π/6. Data were presented 
as the means ± standard deviation (SD) of six mice in each 
group. At the end-point of the experiment, all the animals were 
euthanized, and the tumors were dissected and weighed.

Statistical analysis. The data given in the text are expressed 
as means ± SD. Statistical significances of the differences in 

the effects between vehicle-treated mice and SNS-032-treated 
ones were analyzed by Student's t-test.

Results

Growth inhibition of human breast cancer cell lines induced 
by SNS-032. To investigate whether SNS-032 is able to 
inhibit the growth of human breast cancer cells, its effects 
on MCF-7 and MDA-MB-435 were examined using MTS 
assay. Upon treatment of SNS-032 for 48 h, cultured MCF-7 
and MDA-MB-435 exhibited markedly inhibited growth, as 
compared with vehicle-controlled cells in a dose-dependent 
manner (Fig. 1). Calculated IC50 values, i.e., concentrations 
of SNS-032 required for decreasing the growth rate of the 
cells by 50%, were 184.0 nM for MCF-7 and 133.6 nM for 
MDA-MB-435, respectively.

SNS-032 induces apoptosis in MCF-7 and MDA-MB-435 
cells. Apoptosis assays revealed that after treatment of 
SNS-032 for 8 h at 200 and 400 nM, respectively, numbers 
of apoptotic MCF-7 and MDA-MB-435 (Annexin V+/PI-), 
as revealed by Annexin-V binding, markedly increased in 
a dose-dependent manner (Fig. 2). When the TUNEL assay 
was performed to assess DNA fragmentation as a late event in 
the process of apoptosis of MCF-7 and MDA-MB-435 cells, 
a higher amount of TUNEL-positive cells were visualized in 
MCF-7 and MDA-MB-435 cells treated for 24 h with SNS-032 
at 400 nM, as compared to the control (Fig. 3). The results of 
two apoptosis assays, i.e., the Annexin V-binding and TUNEL 
assays, strongly suggested a pro-apoptotic effect of SNS-032 
on breast cancer cells.

Activation of both the extrinsic and intrinsic apoptotic 
pathways by SNS-032. Activation of effector caspases plays 
a central role in the execution of apoptosis. To further charac-
terize the cell apoptotic process in MCF-7 and MDA-MB-435 
cells, pro-apoptotic caspases, i.e., caspase-9 and -8, and the 
effector molecule PARP, were examined on SNS-032 treated 
or untreated MCF-7 and MDA-MB-435 cells, comparatively. 
Our results (Fig. 4A) showed that treatments with SNS-032 for 

Figure 1. Effect of SNS-032 on growth of breast cancer cell lines MCF-7 
and MDA-MB-435. Cells were seeded in 96-well plates and incubated with 
different concentrations of SNS-032 as noted for 48 h at 37˚C. Cell viabilities 
were determined by MTS assay. Data points are presented as means ± SD of 
triplicate experiments.
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Figure 2. Annexin V-FITC/PI staining of MCF-7 and MDA-MB-435 cells treated with SNS-032. Cells were exposed to different concentrations (0, 200 and 
400 nM) of SNS-032 for 8 h. Cells were collected and subjected to Annexin V-FITC/PI staining and analyzed by flow cytometry.

Figure 3. TUNEL assay of MCF-7 and MDA-MB-435 cells treated with SNS-032. Cells were treated with 400 nM SNS-032 as noted for 24 h and labeled with 
fluorescein-12-dUTP (green) and PI counterstaining (red).
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24 h dramatically increased activating cleavage of caspase-8 
dose-dependently in MCF-7 and MDA-MB-435 cells. 
Consistent with the results of western blot analysis, the enzy-
matic activity of caspase-8 showed a dose-dependent increase 
with SNS-032 treatment (Fig. 4B). Concurrently, cleavage of 
the caspase-9 precursor and increased caspase-9 activity were 
also detected (Fig. 4). Cleavage of PARP from 116 to 85 kDa 
was clearly demonstrated after SNS-032 treatment in MCF-7 
and MDA-MB-435 cells (Fig. 4A). Taken together, these data 
suggest that apoptosis induced by SNS-032 in breast cancer 
cells may involve both intrinsic and extrinsic apoptotic path-
ways.

SNS-032 downregulates antiapoptotic proteins Mcl-1 and 
XIAP by inhibiting their transcription. Because SNS-032 is a 
selective inhibitor of transcriptional Cdk7 and 9, consequently 
disabling RNA Pol II and gene transcription, we further 
examined its effect on the expression of antiapoptotic proteins 
Mcl-1, Bcl-2, and XIAP. As shown in Fig. 5, exposing MCF-7 
and MDA-MB-435 cells to SNS-032 led to a concentration-

dependent decrease in phosphorylated RNA Pol II at Ser2 and 
Ser5 but not total protein. The protein levels of Mcl-1 and XIAP 
were decreased concentration dependently, while there was no 
significant change in the Bcl-2 protein (Fig. 6A), consistent 
with a much longer protein half-life (18,20). RT-PCR revealed 
that SNS-032 decreased the mRNA levels of Mcl-1 and XIAP 
in MCF-7 and MDA-MB-435 cells (Fig. 6B). These results 
suggest that the loss of Mcl-1 and XIAP proteins correlates 
with their transcriptional inhibition due to the blocking of 
RNA Pol II phosphorylation by SNS-032.

Antitumor effect of SNS-032 on breast cancer xenografts 
in vivo. To evaluate the antitumor activity of SNS-032 against 
breast cancer in vivo, we next tested the therapeutic effect 
of SNS-032 on MDA-MB-435 xenografts in a nude mouse 
model. When the tumor volumes were assessed on day 6 
after inoculation, all the animals in each group were found 
to have developed spinal cord tumors (6/6, or 100%), with a 
mean volume (± SD) of ~30 mm3. The growth of the xenograft 
tumors were monitored following injection with SNS-032. A 

Figure 4. Activation of caspases and PARP in MCF and MDA-MB-435 cells by SNS-032. (A) Western blot analysis of caspases and PARP in MCF and 
MDA-MB-435 cells after SNS-032 treatment at different concentrations for 48 h using antibodies against caspase-8, -9 and PARP. GAPDH was used as an 
internal control. (B) Enzymatic activities of caspases in SNS-032 treated MCF and MDA-MB-435 cells, as assessed by colorimetric assay. The fold-increases 
in the activities of caspases-8 and -9 were determined by comparison with those of the vehicle-treated control cells. Results are presented as means ± SD. 
**p<0.01; significant differences compared with the control.
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Figure 5. SNS-032 inhibited phosphorylation of RNA Pol II in MCF and MDA-MB-435 cells. Western blot analysis of phospho-RNA Pol II (Ser2 or Ser5), 
total RNA Pol II, Cdk7 and Cdk9 in MCF and MDA-MB-435 cells after SNS-032 treatment. GAPDH was used as an internal control.

Figure 6. SNS-032 reduced the expression of antiapoptotic proteins by inhibiting transcription. (A) Western blot analysis of Mcl-1, Bcl-2 and XIAP in MCF 
and MDA-MB-435 cells after SNS-032 treatment. GAPDH was used as an internal control. (B) Real-time PCR quantification of Mcl-1, XIAP and Bcl-2 
mRNA expression levels in MCF and MDA-MB-435 cells after SNS-032 treatment. Mcl-1, XIAP and Bcl-2 expression levels are presented as the fold changes 
relative to those in vehicle-treated control cells and normalized to 18S ribosomal RNA. Error bars represent means ± SD of three independent experiments. 
***p<0.0001; significant differences compared with the control.
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marked inhibition of the growth of the xenografted tumors 
treated with SNS-032 was observed. After 30 days of drug 
administration (eight SNS-032 injections), the volume of 
the xenografted breast tumor was significantly inhibited by 
65.77% in SNS-032-treated nude mice (Fig. 7A).

To assess whether this SNS-032-induced tumor suppres-
sion resulted from apoptosis of the grafted cells, western 
blot analysis of PARP, Mcl-1 and XIAP was carried out. 
The results showed that injection of SNS-032 induced PARP 
cleavage in the xenografted breast cancer cells. In contrast, 
minimal PARP cleavage was detected in tumors excised from 
vehicle-treated controls. The levels of Mcl-1 and XIAP were 
significantly lower in tumor tissues from mice treated with 
SNS-032 than in control treatment (Fig. 7B), so SNS-032 may 
induce apoptosis and deplete antiapoptotic proteins Mcl-1 and 
XIAP in vivo.

To assess whether administration of SNS-032 induced 
apoptosis in normal breast tissues, western blot analysis of 
PARP was carried out using two representative tumor tissues 
from mice treated with SNS-032 and their paired adjacent 
non-tumor breast tissues. The results showed that SNS-032 
did not induce apoptosis in normal breast tissues (Fig. 7C). 

Meanwhile, no signs of adverse effects, such as discomfort, 
behavioural changes or weight loss (Fig. 7D), were observed 
in SNS-032-treated animals. These data strongly suggest that 
systemically delivered SNS-032 was able to inhibit the growth 
of established tumors in vivo.

Discussion

Despite great advances in screening techniques and therapy, 
breast cancer remains a major health problem worldwide, 
being the most common cancer and the second leading cause 
of cancer death among women (1). Typically, the treatment of 
breast cancer involves antihormonal therapy with the selective 
estrogen receptor (ER) modulator tamoxifen (21). However, 
~30% of ERα (+) tumors do not respond to tamoxifen or 
develop resistance in the course of the treatment (22,23). In 
addition, the clinical utility of ER modulators is often limited 
by side effects and is largely ineffective against ER-negative 
breast cancer (24,25). Therefore, there is an urgent need to 
explore novel agents that are relatively safe but can suppress 
growth of both ER-positive and ER-negative human breast 
cancers.

Figuere 7. In vivo antitumor effect of SNS-032 on xenografted MDA-MB-435 tumors in nude mice. Viable MDA-MB-435 cells (5x106 cells/mouse) were 
inoculated subcutaneously in the right mammary pads of female nude mice. After solid tumor formation, the mice received an i.p. injection of SNS-032 
(15 mg/kg) or vehicle (0.5% DMSO) every 3 days for approximately one month. (A) Time-response curve of the effect of SNS-032 on the growth of xenografted 
MDA-MB-435 tumor. (B) Western blot analysis was performed using antibodies against PARP, Mcl-1 and XIAP, with GAPDH used as a loading control, 
in two representative tumor tissues from mice of each group. (C) Western blot analysis of PARP was performed in two representative tumor tissues from 
mice treated with SNS-032 and their paired adjacent non-tumor breast tissues. (D) Time-response curve of the effect of SNS-032 on the body weight of the 
xenografted mice. Results are presented as means ± SD. **p<0.01, ***p<0.0001; compared with control.
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Cdks play a critical role in cancer progression making them 
very promising therapeutic targets in human malignancies. As 
the development of the pan Cdk inhibitor flavopiridol, more 
specific Cdk inhibitors have been developed with encouraging 
results (26-29). In this study, we present our findings on the 
Cdk inhibitor SNS-032 in breast cancer cells.

SNS-032 is a highly selective and potent inhibitor of 
Cdks 2, 7 and 9 (17). In addition to its potency and high 
selectivity, SNS-032 was selected for development based on 
its favorable characteristics including low protein binding in 
human serum (18) compared with the high degree of protein 
binding (92-95%) seen with flavopiridol (30). Despite prom-
ising in vitro activity initially, flavopiridol, the first pan-Cdk 
inhibitor to enter clinical trials, demonstrated no significant 
clinical activity in phase I/II studies in patients with solid or 
hematologic malignancies (31-33). Subsequent investigations 
revealed significant binding to human plasma proteins that 
altered free drug level, target cell exposure, and therefore ther-
apeutic activity (30,34). Subsequently, a pharmacokinetically 
derived schedule of flavopiridol administered as a 30-min 
intravenous bolus followed by 4-h continuous intravenous 
infusion that sustained half maximal inhibitory concentration 
level was active in refractory chronic lymphocytic leukemia 
(CLL) (35-37), which indicates high plasma protein binding 
may be a key reason for the previous lack of clinical activity of 
flavopiridol. In comparison with flavopiridol, SNS-032 exhib-
ited moderately low protein binding (63%) in human serum 
(18). Therefore, SNS-032 has biochemical and pharmacologic 
properties that differ from flavopiridol, which probably predict 
differing activities in the clinic.

A phase I trial of SNS-032 in advanced solid tumors 
including colon cancer, lung cancer, pancreatic cancer and 
breast cancer showed that this agent was well tolerated in a 
total of 21 patients enrolled in this study and oral administra-
tion may be feasible (38). In another phase I multicenter trial of 
SNS-032 in patients with advanced B-lymphoid malignancies, 
including CLL and multiple myeloma (MM), single-agent 
SNS-032 demonstrated mechanism-based target modulation 
as well as modest clinical activity in heavily pretreated patients 
with CLL and MM (39). In this study, we present our findings 
on SNS-032 in breast cancer cells.

As our data show, SNS-032 displayed potent cytocidal 
effect on MCF-7 and MDA-MB-435 breast cancer cells, 
with IC50 <200 nM. SNS-032, at nanomolar concentrations, 
induced significant apoptosis in MCF-7 and MDA-MB-435 
cells as evidenced by activation of caspases, PARP cleavage, 
Annexin V-positive binding and TUNEL-positive staining. Of 
the two breast cancer cell lines tested, MCF-7 is relatively well 
differentiated and estrogen-dependent, whereas MDA-MB-435 
is an invasive and estrogen-independent line. The equally, 
if not more, effective inhibition against MDA-MB-435 cells 
(IC50, 133.6 nM) by SNS-032 as compared with that against 
the ER-positive, less invasive and more differentiated MCF-7 
cells (IC50, 184.0 nM) warrants further exploration of the 
possibility to treat ER-negative breast cancer.

Cdk inhibitors that function as transcriptional repressors 
inhibit RNA Pol II activation by preventing its phosphoryla-
tion, the result is a blockage of gene transcription, which in 
turn causes downregulation of short-lived proteins including 
some antiapoptotic molecules such as Mcl-1 and XIAP (18). 

Mcl-1, an antiapoptotic member of the Bcl-2 family, is among 
the most frequently amplified genes in human cancer and is 
essential for the survival of carcinoma cells. Mcl-1 is thought 
to act by antagonizing pro-apoptotic proteins such as Bim (40). 
XIAP is a member of the IAP family and plays a key role in 
cell survival. As the most potent human IAP protein currently 
identified, XIAP blocks cell death by virtue of inhibition of 
distinct caspases (41). In this study, our results with breast 
cancer cells treated with SNS-032 showed a concentration-
dependent dephosphorylation of RNA Pol II at serine 5 and 2. 
In addition, inhibition of transcription substantially reduced 
Mcl-1 and XIAP expression, whereas the Bcl-2 protein level 
remained stable. The rate of decrease in the protein levels of 
Mcl-1 and XIAP was proportional to their half-lives, with Mcl-1 
being the most labile. There was no apparent decrease in Bcl-2 
protein level, consistent with a much longer protein half-life 
(18,20). When Mcl-1 and XIAP are diminished, the balance 
between the antiapoptotic and proapoptotic proteins will be 
altered, then irreversibly initiating apoptosis. Previous studies 
have shown that strategies reducing Mcl-1 or XIAP expression 
can sensitize breast cancer cells to other chemotherapeutic 
agents such as lapatinib, etoposide and doxorubicin (42,43). In 
this regard, our data that exposure of breast cancer cells to 
SNS-032 decreased Mcl-1 and XIAP expression suggest that 
SNS-032 might be also effective in enhancing the effects of 
chemotherapeutics and reducing resistance to conventional 
chemotherapy in breast cancer.

Consistent with our findings in vitro, SNS-032 significantly 
suppressed tumor growth in nude mice bearing MDA-MB-435 
tumors, and it was able to induce apoptosis and deplete anti-
apoptotic proteins Mcl-1 and XIAP in vivo. It should be noted 
that a smaller effect on PARP cleavage was observed in 
non-tumor breast tissues. Moreover, no signs of adverse effects, 
such as discomfort, behavioural changes or weight loss, were 
observed in SNS-032-treated mice. These results suggest that 
SNS-032 may be employed as a selective cytotoxic agent for 
the elimination of cancer cells.

In conclusion, the results of this study demonstrate that 
SNS-032 has significant antitumor activity against human 
breast cancer cells both in vitro and in vivo by inducing apop-
tosis through activation of both extrinsic and intrinsic apoptotic 
pathways. Dephosphorylation of RNA Pol II and inhibition of 
Mcl-1 and XIAP RNA synthesis would also contribute to the 
apoptotic response induced by SNS-032. Given that SNS-032 
has favorable characteristics including high Cdk inhibitory 
selectivity, low protein binding, relatively low toxicity in 
normal breast cells and significant antitumor activity in human 
breast cancer cells, it is thought that the use of SNS-032 might 
be a rational and novel therapeutic strategy for human breast 
cancer and warrants further clinical investigation.
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