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Abstract. Cyclin-dependent kinases (CDK) are considered 
to be potential targets of anticancer drugs that can interrupt 
the uncontrolled division of cancer cells. In this study, we 
selected two selective CDK inhibitors, AT7519 and SNS‑032, 
from current clinical trials and examined their anticancer and 
radiosensitizing effects in a cervical cancer model. SNS‑032 
was found to be more potent than AT7519, with a lower half 
maximal inhibitory concentration (IC50) value. Both AT7519 
and SNS‑032 induced the apoptosis, premature senescence and 
cytostasis of cervical cancer cells, which led to the attenuation 
of tumor growth in vivo. Moreover, using these CDK inhibitors 
together with radiation synergistically inhibited tumor growth 
in a human xenograft tumor model. The concomitant activation 
of the p53 tumor suppressor and the suppression of cell cycle 
checkpoint responses mediated by Chk1 led to the cytostasis 
of cervical cancer cells. Finally, AT7519 and SNS‑032 inhib-
ited cancer cell migration, invasion and angiogenesis in vitro, 
and suppressed lung metastases in a spontaneous metastasis 
model. On the whole, the findings of this study indicate that 

the utilization of AT7519 and SNS‑032 as part of an adjuvant 
treatment may help control cervical cancer progression.

Introduction

Cyclin-dependent kinases (CDKs) are present in all known 
eukaryotes, and their regulatory functions during the cell cycle 
are evolutionarily conserved. Cyclin-CDK complexes phos-
phorylate specific substrates, according to the requirements 
of a particular cell cycle phase. CDKs are regulated by cyclin 
binding, phosphorylation and the binding of CDK inhibitors (1). 
In addition to cell cycle regulation, CDKs are involved in tran-
scription, mRNA processing and cellular differentiation (2-4).

In a number of human cancer types, CDKs are overac-
tive and CDK-inhibiting proteins are non-functional  (5,6). 
Therefore, CDKs are considered potential targets for 
anticancer therapies, by interfering with CDK functions to 
selectively interrupt cell cycle regulation in cancer cells (7). 
Flavopiridol (alvocidib) was the first CDK inhibitor to be 
tested in clinical trials following its identification in a screen 
for anticancer agents in 1992. It competes for the ATP-binding 
site of CDKs (8). Although CDK inhibitors seem therapeuti-
cally promising, their side‑effects must be limited so that only 
cancer cells are affected. AT7519, a pyrazole 3‑carboxyamide 
compound, was developed by Astex and acts as an inhibitor of 
CDK1, CDK2, CDK4, CDK6 and CDK9. Santo et al showed 
demonstrated AT7519 exerts potent cytotoxic effects and 
induces the apoptosis of multiple myeloma cells; AT7519 was 
also found to be associated with the inhibition of in vivo tumor 
growth and prolonged survival (9). AT7519 has also been clini-
cally evaluated in a phase I study of patients with advanced 
refractory solid tumors or non-Hodgkin's lymphoma  (10), 
and in a phase II clinical trial (NCT01183949). SNS‑032 was 
developed by Bristol‑Myers Squibb; this compound exhibits 
potent and selective inhibitory activity against CDK2, CDK7, 
and CDK9. Chen et al demonstrated that SNS‑032 effectively 
killed chronic lymphocytic leukemia cells in vitro regard-
less of prognostic indicators and treatment history (11). Two 
phase I clinical studies of SNS‑032 have been reported (12,13); 
however, no further developments have been reported.
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CDKs are not only required for proper cell cycle progres-
sion, but are also involved in DNA damage repair, particularly 
in the repair pathway choice between homologous recombina-
tion (HR) and non-homologous end joining (NHEJ) (14). The 
phosphorylation of breast cancer 2 tumor suppressor (BRCA2) 
by CDK inhibits its interaction with RAD51 and regulates the 
HR pathway for double-strand DNA repair (15). In addition, 
eukaryotic cells have been shown to respond to DNA lesions 
via the activation of a complex signal transduction pathway, 
known as the DNA damage checkpoint, which delays cell 
cycle progression, while stimulating DNA repair (16). It has 
also been reported that CDK1 inhibition abrogates S‑phase 
cell cycle arrest and the inefficient phosphorylation of ataxia 
telangiectasia mutated (ATM)/ataxia telangiectasia and Rad3 
related (ATR) substrates, leading to the inhibition of BRCA1 
recruitment to the DNA damage foci  (17). Although the 
activation of DNA damage signals inhibits CDK complexes 
and prevents cell cycle progression, CDK activity is also 
required for checkpoint recovery through the activation of the 
Forkhead transcription factor FoxM1 (18,19). These studies 
suggest that the abrogation of HR repair and checkpoint 
control by targeting CDKs can cause cellular sensitization to 
DNA-damaging agents.

Therefore, in this study, we focused on the effects of CDK 
inhibitors against solid tumors, such as cervical cancer, that 
are prevalent in some developing countries (20). The most 
common cause of refractoriness in cervical cancer treatment 
is resistance to radiation, whereas the treatment outcomes of 
ovarian cancer are dependent on the success of cytoreductive 
surgery and chemotherapy. If a patient has a tumor refractory 
to radiation, salvage chemotherapy can only elicit a response 
in a few cases. Currently, the majority of ongoing clinical 
trials for cervical cancer treatments investigate agents that 
target refractory disease. Hence, we selected CDK inhibi-
tors as candidate target agents for refractory cervical cancer. 
In this study, we compared the anticancer effects of several 
CDK inhibitors currently undergoing clinical trials (data not 
shown). Among the inhibitors available, the two most potent 
candidates, AT7519 and SNS‑032, were selected and further 
characterized in terms of cytotoxicity, senescence, and metas-
tasis using cervical cancer cell lines and a human xenograft 
tumor model.

Materials and methods

Cells and reagents. The human cervical carcinoma cell lines, 
HeLa and ME‑180, were obtained from the Korean Cell Line 
Bank (Seoul, Korea). The HeLa and ME‑180 cells were main-
tained in Dulbecco's modified Easgle's medium (DMEM) 
and Roswell Park Memorial Institute (RPMI)‑1640 medium 
(Welgene Inc., Korea), supplemented with 10% fetal bovine 
serum (FBS) (Capricorn Scientific GmbH, Germany) and 
100 units of penicillin and streptomycin (Welgene). The cells 
were cultured in a humidified incubator containing 5% CO2 
at 37˚C. SNS‑032 and AT7519 were purchased from Selleck 
Chemicals (Houston, TX, USA).

Cell viability assay. The HeLa and ME‑180 cells (2-5x103 cells/
well) were plated in 96-well plates and allowed to attach for 
24 h prior to treatment. The cells were exposed to 0.001, 0.01, 

0.1, 0.5, 1, or 10 µM AT7519 and SNS‑032 for 48 h, and cell 
viability was measured using the resazurin reduction ratio (21). 
Resazurin solution was added to a final concentration of 
50 µM, followed by incubation for 2-4 h and spectroscopy at 
A600 (Epoch, BioTek Instruments, Inc, Winooski, VT, USA). 
IC50 values were calculated using the ED50 Plus v1.0 online 
(http://www.sciencegateway.org/protocols/cellbio/drug/data/
ed50v10.xls).

Senescence-associated (SA) β-galactosidase assay. The HeLa 
cells (1x104) were plated in 35-mm culture plates and treated 
with various concentrations of 0.05 or 0.1 µM of AT7519 and 
SNS‑032 for 3 days. The cells were fixed in 2% formalde-
hyde/0.2% glutaraldehyde for 15 min at room temperature, 
and SA β-galactosidase staining was performed as previously 
described (22).

Irradiation. Delivery of γ-radiation was achieved using a dual-
source 137Cs unit at a dose rate of 3.2 Gy/min with a GC-3000 
Elan irradiator (MDS Nordion, Ottawa, Canada).

Western blot analysis. The cells were lysed in radioim-
munoprecipitation assay (RIPA) buffer [50  mM Tris-Cl 
(pH 8.0), 150 mM NaCl, 0.1% SDS, 0.5% deoxycholic acid, 
1% NP-40] containing a protease inhibitor and a phosphatase 
inhibitor cocktail and briefly sonicated. The protein content 
was measured using the Coomassie (Bradford) Protein assay 
kit (Thermo Fisher Scientific, Rockford, IL, USA). A total 
of 10-40 µg of cell lysates were separated on 8, 10 12, or 
15% SDS‑polyacrylamide gels and transferred to nitrocellu-
lose membranes (Bio-Rad Laboratories, Inc., Hercules, CA, 
USA). The membranes were immunoblotted with antibodies 
against poly(ADP-ribose) polymerase (PARP)‑1 (#SC‑8007, 
1:2,000), p53 (#SC‑126, 1:2,000), Chk1 (#SC-8408, 1:2,000), 
cyclin A (#SC-239, 1:1,000), cyclin B1 (#SC-245, 1:1,000), 
cyclin D1 (#SC20044, 1:500), cyclin E (#SC-247, 1:500), β-actin 
(#SC-47778, 1:3,000) (all from Santa Cruz Biotechnology, 
Santa Cruz, CA, USA), caspase 3 (#9662, 1:1,000), cleaved 
caspase  3 (#4199, 1:1,000), phospho-p53 (ser15) (#9284, 
1:2,000), phospho-Chk1 (ser345) (#2341, 1:1,000), phospho-
Chk2 (thr68) (#2661, 1:2,000) (all from Cell Signaling 
Technology, Danvers, MA, USA), γ-H2AX (ser139) (#05-636, 
1:2,000), Chk2 (#07-057, 1:2,000), phospho-ATM (ser1981) 
(#05-740, 1:5,000) (Millipore, USA) and ATM (#1549‑1, 
1:2,000) (Epitomics, Burlingame, CA, USA). HRP-conjugated 
secondary antibodies were obtained from Enzo Life Sciences 
(Farmingdale, NY, USA; ADI-SAB‑100-J, ADI-SAB-300-J, 
1:20,000). Chemiluminescence was detected using enhanced 
chemiluminescence detection reagents (Western Bright™ 
ECL kit, Advansta CO, USA).

BrdU assay. The HeLa and ME‑180 cells (1x106 cells) were 
plated in 100-mm plates and exposed 1 µM of CDK inhibi-
tors for 16 h. For combination treatments with γ-irradiation, 
1 µM AT7519 and 1 µM SNS‑032 were added to the cells 1 h 
prior to irradiation, and the cells were further incubated for 
4 h following irradiation. BrdU was pulsed for 30 min before 
cells were harvested and fixed in 70% ethanol at -20˚C for 
16 h. The fixed cells were rinsed with phosphate-buffered 
saline (PBS) 3 times and incubated in 1.5 M HCl for 30 min 
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at room temperature. After rinsing with PBS, the cells were 
resuspended in 100 µl of 0.5% bovine serum albumin (BSA) 
in PBS and incubated for 10 min. Fluorescein isothiocyanate 
(FITC)-conjugated BrdU antibody (#11-5071-41, eBiosci-
ence/Thermo Fisher Scientific, Waltham, MA, USA) was 
added to cells, followed by 1 h of incubation prior to the 
analysis of the BrdU-positive cell profile using a flow cytom-
eter [BD FACSCalibur (SN. E97501075), BD Biosciences, 
San Jose, CA, USA].

Migration and invasion assays. Eight-micrometer pore size 
Transwell filters (Corning Inc., Corning, NY, USA) were placed 
into 24-well plates and the upper chambers were covered with 
Matrigel for the invasion assay (BD Biosciences). Following 
treatment with 0.5 µM AT7519 or 0.2 µM SNS‑032 for 24 h, 
HeLa (6x104 cells/well) and ME‑180 (1.5x105 cells/well) cells 
were suspended in 150 µl FBS‑free medium and seeded onto 
the filters. The lower chambers were filled with 500 µl medium 
containing 10 or 20% FBS. At 16-48 h after seeding, the cells 
were fixed with ice-cold methanol for 5 min, and stained with 
0.5% crystal violet (Sigma-Aldrich, St. Louis, MO, USA) in 
20% methanol for 10 min at room temperature. After washing 
with distilled water, the cells on the top side of the filter were 
removed with a cotton swab, then the number of migrated cells 
to the lower side were counted.

Tube formation assay. A total of 50,000 human umbilical 
vein endothelial cells (HUVECs; #C‑12203, Promo Cell, 
Heidelberg, Germany) were seeded into each well of a 24-well 
plate pre-coated with Matrigel; and added CDK inhibitors 
simultaneously. The cells were incubated overnight to allow 
the formation of tube-like structures. Endothelial cell tube 
formation was assessed using an IN Cell Analyzer imaging 
device (GE Healthcare Life Sciences, Pittsburgh, PA, USA). 
Tubular structures were quantified by counting the number of 
branches in each field 11 h after seeding.

Human xenograft tumor model. A total of 96 female BALB/c 
nude mice (5 weeks old, weighing 15 g) were purchased from 
Orient Bio Co. (Seongnam, Korea) and allowed to acclimate 
to the new environment for 1 week before use. The room 
temperature and relative humidity were maintained at 22±3˚C 
and 50±20%, respectively. The mice were allowed access to 
water and food (Purina) ad libitum. For tumor generation, 
exponentially growing 1x106 ME‑180 cells were injected 
subcutaneously into the right hind leg of each male BALB/c 
nude mouse. Tumor diameters were measured using a caliper, 
and tumor volumes were calculated with the following 
formula: V = 0.523xAxB2, where ‘A’ is the longest diameter 
and ‘B’ is the shortest diameter of the tumors. All animal 
experiments were conducted following a protocol approved 
by the Korea Institute of Radiological and Medical Sciences 
(KIRAMS) Animal Care and Use Committee (Reference 
no. KIRAMS 201400400). The weight of the mice upon sacri-
fice was 25 g.

Tumor growth delay. The tumor-bearing mice were randomly 
divided into 6 groups of 8 mice per group and treated as 
follows: i) Control; ii) irradiation; iii) AT7519; iv) irradiation 
and AT7519; v) SNS‑032; and vi) irradiation and SNS‑032. 

When the tumors were 6-7 mm in mean diameter, the mice 
were treated with AT7519 (15 mg/kg once a day for 5 days 
for a 2-week duration) or SNS‑032 (15 mg/kg injected intra-
peritoneally every 2 days for a 2-week duration). For the 
administration of radiation, the mice were lightly anesthetized 
with 5 mg/kg tiletamine/zolazepam (Virbac ZoletilTM 50; 
Virbac Lab., Carros, France), and the tumor-bearing legs were 
irradiated with a 60Co irradiator (Thermatron 780, Atomic 
Energy of Canada) at a dose rate of 1.3 Gy/min.

Assay of lung metastasis. The anti-metastatic potential in the 
3 experimental groups: [i) control; ii) AT7519; and iii) SNS‑032 
(16 mice per group)] was tested using the spontaneous lung 
metastasis model. Briefly, 1x106 ME‑180 cells per mouse were 
administered to the right thighs of 5-week-old male BALB/c 
nude mice. When the tumors reached a diameter of 6-7 mm, 
the mice were randomly assigned to one of the three groups. 
Mouse lungs were removed on days 45 and 60 following treat-
ment and fixed with Bouin's solution to count lung nodules 
under a polarizing light microscope with a 4X objective lens.

Statistical analyses. Data were analyzed using the Kruskal‑Wallis 
non-parametric statistical test followed by the Mann-Whitney 
U test using Bonferroni correction to adjust the probability. 
Statistical analyses were performed using IBM SPSS Statistics 
version 20.

Results

AT7519 and SNS‑032 inhibit cervical cancer cell growth 
via the induction of apoptosis, senescence, and cytostasis. 
To determine whether the CDK inhibitors, AT7519 and 
SNS‑032, exert anticancer effects, cell viability assays 
were performed in two cervical cancer cell lines, HeLa and 
ME‑180. As shown in Fig. 1A, cell growth was markedly 
inhibited in a dose‑dependent manner. AT7519 inhibited 
HeLa and ME‑180 cell growth with IC50 values of 0.352 
and 0.599  µM, respectively, whereas SNS‑032 inhibited 
HeLa and ME‑180 cell growth with IC50 values of 0.183 
and 0.206 µM, respectively. To determine the anticancer 
mechanisms of action of AT7519 and SNS‑032, we first 
analyzed the cell cycle following treatment with either 
AT7519 or SNS‑032. As shown in Fig. 1B, these CDK inhib-
itors dysregulated cell cycle progression and increased the 
sub‑G1 cell population, particularly in the HeLa cells. Thus, 
we next examined whether these drugs induced the apop-
tosis of cervical cancer cells. As shown Fig. 1C, the cleavage 
of PARP‑1 and caspase 3, classical markers of apoptosis, 
was increased following treatment with either AT7519 or 
SNS‑032, in a dose-dependent manner. The HeLa cells were 
more susceptible to apoptosis by these CDK inhibitors. As 
CDK inhibition disrupts cell cycle progression, we investi-
gated whether prolonged exposure to AT7519 or SNS‑032 
induces premature cellular senescence. The results of an SA 
β-galactosidase assay revealed that the numbers of senes-
cent cells increased 2.5- and 3.5‑fold following treatment 
with 0.05 or 0.1 µM AT7519, respectively, for 3 days. Similar 
to AT7519, the number of SA β-galactosidase-stained cells 
increased by 2.4- and 3.7‑fold following treatment with 
0.05 or 0.1 µM SNS‑032, respectively (Fig. 1D). SA β-gal 
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Figure 1. Anticancer effects of AT7519 and SNS‑032. (A) Viability of HeLa and ME‑180 cervical cancer cells following treatment with various concentra-
tions of AT7519 or SNS‑032 for 48 h. (B) Cell cycle analyses following treatment with 1 µM AT7519 or 1 µM SNS‑032. (C) Western blot analyses following 
treatment with the indicated doses of cyclin-dependent kinase (CDK) inhibitors for apoptosis markers, poly(ADP-ribose) polymerase 1 (PARP‑1), caspase 3, 
cleaved form of caspase 3 and β-actin.
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Figure 1. Continued. (D) Senescence-associated β-galactosidase staining following treatment with the indicated concentrations of CDK inhibitors. (E) BrdU 
incorporation assay of ME‑180 cells following treatment with 1 µM AT7519 or 1 µM SNS‑032. (F) Western blot analyses following treatment with 1 µM 
AT7519 or 1 µM SNS‑032 for cyclins.
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positivity was also increased in the ME‑180 cells following 
treatment with the CDK inhibitors. Finally, we measured the 
actively proliferating cell populations by BrdU incorporation 
assay. As shown in Fig. 1E, the population of BrdU-positive 
cells decreased from 18-4% following treatment with 1 µM 
AT7519 and to 3% with 1 µM SNS‑032, respectively. The 
inhibition of cellular proliferation was dependent on the 
dose of the inhibitor applied (data not shown). As cyclins are 
the crucial cofactors of CDKs and seem to be deregulated 
in various cases of cervical cancer, we examined the levels 
of several key cyclins by western blot analysis. The levels of 
all the cyclins, (namely cyclin D1, E, A and B1) investigated 
were decreased by AT7519 and SNS‑032 treatment (Fig. 1F). 
These results suggest that AT7519 and SNS‑032 inhibited 
the growth of cervical cancer cells by inducing cell cycle 
deregulation, apoptosis, cellular senescence and cytostasis.

AT7519 and SNS‑032 inhibit in vivo tumor growth and 
sensitize cervical cancer cells to radiation. To confirm the 
anticancer effects of these inhibitors in vivo and to examine 
their radiosensitizing effects, a human xenograft tumor was 
established. As shown in Fig. 2, the growth of subcutaneous 
ME‑180 xenograft tumors in the legs of BALB/c nude mice 
were examined following exposure to various CDK inhibi-
tors. The treatments commenced when the tumor volume 
reached 164‑180  mm3. The volume of the control tumors 
(CON) progressively increased after reaching 400-500 mm3. 
The irradiation of the tumors of mice treated with a single 
exposure of 9 Gy (RT) suppressed tumor growth. The growth 
of the tumors of the mice treated with AT7519 or SNS‑032 

was slower than that of tumors of the controls or the tumors 
from the mice treated only with irradiation. The growth of the 
tumors of the mice that were both irradiated and treated with 
AT7519 or SNS‑032 was significantly slower than that of the 
tumors of the mice treated with irradiation alone (P<0.05). 
Consequently, while the volume of the tumors of the untreated 
controls increased 2‑fold in approximately 5 days, the volume 
of the tumors from the mice treated with irradiation doubled in 
10 days. When irradiation was combined with treatment with 
AT7519 or SNS‑032, the tumor-doubling time was delayed to 
33 or 15 days, respectively.

AT7519 and SNS‑032 modulate DNA damage response 
signaling and sensitize cells to radiation in vitro. As AT7519 
and SNS‑032 were shown to sensitize ME‑180 xenograft 
tumors to radiation in vivo, we examined the mechanisms 
through which CDK inhibitors radiosensitize ME‑180 cells. 
We first assessed the activation of the DNA damage signaling 
pathway. The ME‑180 cells were treated with 1 µM AT7519 
or 1 µM SNS‑032 for 1 h, followed by γ-irradiation. We found 
that the levels of γ-H2AX, a DNA double-strand break marker, 
were slightly increased in the CDK inhibitor-treated cells than 
in the cells treated with radiation alone (Fig. 3A). Although 
the phosphorylation levels of ATM and Chk2 were similar, 
p53 was markedly activated 4 h following both irradiation and 
treatment with AT7519 or SNS‑032. In addition, AT7519 and 
SNS‑032 completely abolished Chk1 phosphorylation induced 
by IR. These results suggest that AT7519 and SNS0-032 
enhance cellular radiosensitivity via p53 activation and Chk1 
inhibition. To determine whether AT7519 or SNS‑032 accel-
erate apoptosis induced by radiation, the levels of apoptotic 
markers were examined by western blot analyses (Fig. 3B). The 
combination of AT7519 or SNS‑032 with radiation increased 
the population of apoptotic cells. We then assessed the effects 
of the combination of radiation and CDK inhibitor treatment 
on S‑phase cell cycle progression by BrdU incorporation assay 
(Fig. 3C). Although there was no inhibition of proliferation 
following treatment with radiation alone under our experi-
mental conditions, the combination of AT7519 or SNS‑032 
and IR significantly decreased the population of cells in the 
S phase by 50%.

AT7519 and SNS‑032 inhibit cell migration and invasion. To 
evaluate the effects of AT7519 and SNS‑032 on cancer metas-
tasis, we performed cell migration and invasion assays. For 
the migration assay, the HeLa and ME‑180 cells were seeded 
in Transwell® chambers and treated with 0.5 µM AT7519 or 
0.2 µM SNS‑032 for 24 h. Both AT7519 and SNS‑032 inhibited 
cervical cancer cell migration (Fig. 4A). The number of migra-
tory HeLa cells was significantly reduced following treatment 
with AT7519 and SNS‑032 to 0.38±0.08 and 0.393±0.059, 
respectively. The number of migratory ME‑180 cells were also 
reduced following treatment with AT7519 (0.220±0.045) and 
SNS‑032 (0.111±0.010). The inhibitory effects of AT7519 and 
SNS‑032 on cell invasion were also confirmed (Fig. 4B). The 
number of invasive HeLa cells was reduced following treat-
ment with 0.5 µM AT7519 (0.273±0.063) and 0.2 µM SNS‑032 
(0.334±0.045). The number of invasive ME‑180 cells was also 
reduced following treatment with AT7519 (0.087±0.063) and 
SNS‑032 (0.070±0.004).

Figure 2. AT7519 and SNS‑032 sensitize xenograft tumors to radiation in vivo. 
Tumor volume in mice with xenograft tumors was measured after treatment 
with a single dose of irradiation (9 Gy) in combination with (A) AT7519 or 
(B) SNS‑032 as described in the Materials and methods. *P<0.05.
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Figure 3. Cyclin-dependent kinase (CDK) inhibitors modulate DNA damage response signaling and sensitize cells to radiation in vitro. (A) Western blot 
analyses of ME‑180 cells following treatment with 5 Gy of IR alone or in combination with 1 µM AT7519 or 1 µM SNS‑032 for components of the DNA 
damage response signaling pathway. (B) Western blot analyses for apoptosis markers were performed 48 h after treatment as described in (A). (C) BrdU 
incorporation assay of ME‑180 cells was performed 4 h following irradiation in combination with CDK inhibitors. IR, 5 Gy of ionizing radiation.

Figure 4. AT7519 and SNS‑032 inhibit the migration and invasion of cervical cancer cells. (A) Migration assay and (B) invasion assay of cervical cancer cells 
were performed following treatment with AT7519 or SNS‑032 as described in the Materials and methods. **P<0.01.
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Anti-angiogenic effects of AT7519 and SNS‑032. As angio-
genesis accelerates tumor metastasis, the anti-angiogenic 
activities of the CDK inhibitors were measured. As shown in 
Fig. 5, HUVECs formed a well-organized tubular structure on 
Matrigel®, representing functional activity of endothelial cells. 
However, both AT7519 and SNS‑032 inhibited tube formation. 
Compared to 83.75±2.56 branch points in the control group, 
the number of branch points per field decreased to 28±3.56 
(P<0.001) and 20±3.58 (P<0.001) in the presence of AT7519 
and SNS‑032, respectively. From this result, CDK inhibi-
tors appeared to suppress tumor angiogenesis, in addition to 
suppressing the invasion and migration of cervical cancer 
cells.

Lung metastasis. To confirm the anti-metastatic activity of 
CDK inhibitors in vivo, a spontaneous lung metastasis model 
was employed using an ME‑180 xenograft tumor model. 
Forty-five days after treatment, the average number of lung 

nodules of the control group was 12.83±1.89. The number of 
lung nodules decreased to 7.75±0.94 in the AT7519 group and 
to 9.12±0.79 in the SNS‑032 group. The anti-metastatic effects 
were more prominent after 60 days. Compared to 15.5±0.99 in 
the control group, the number of lung nodules was 8.88±1.16 
(P<0.05) and 9.63±1.08 (P<0.05) in the AT7519 and SNS‑032 
groups, respectively (Fig. 6). These results confirm that both 
AT7519 and SNS‑032 were able to suppress tumor metastasis 
to the lungs in vivo.

Discussion

In this study, we demonstrated that the CDK inhibitors, 
AT7519 and SNS-032, suppressed the growth of cancer cells in 
a dose‑dependent manner (Fig. 1A). SNS‑032 was more potent 
than AT7519, with a lower IC50 value. The mechanisms of 
growth inhibition can be summarized as cell cycle dysregula-
tion, apoptosis, premature senescence and cytostasis. Although 
there was no a shift to a specific cell cycle phase, it seems 
likely that regulated cell cycle progression was inhibited by 
these CDK inhibitors (Fig. 1B). Quantitative measurements of 
the cleavage of PARP‑1 and caspase 3, and SA β-galactosidase 
staining revealed that AT7519 and SNS‑032 treatment induced 
the apoptosis and premature senescence of both HeLa and 
ME‑180 cells (Fig. 1C and D). Although AT7519 and SNS‑032 
induced the apoptosis of HeLa cells, apoptosis did not seem to 
be a major mechanism of action in the ME‑180 cells. However, 
there is a possibility that apoptosis could be induced in the 
ME‑180 cells at higher concentration. It has been reported that 
CDK inhibitors exert cytostatic effects at lower concentrations, 
but induce apoptosis at higher concentrations. However, their 
mechanistic actions have not yet been clarified. Roscovitine 
has been reported to induce apoptosis at moderate cytotoxic 
concentrations by decreasing mitochondria membrane poten-
tial (23) or by reducing the amounts of the caspase inhibitor, 
XIAP (24). In addition, we investigated other possible anti-
cancer mechanisms shown in Fig.1D-F rather than focusing 
on the apoptosis of HeLa cells. As CDKs are known to be 
master regulators of cell cycle progression, we hypothesized 
that cytostatic growth arrest may contribute to the anticancer 
effects of AT7519 and SNS‑032, as reported for other anti-
cancer agents (25). From the results of the BrdU incorporation 

Figure 5. Anti-angiogenic effects of AT7519 and SNS‑032. The numbers of 
branches in tube-like structures of human umbilical vein endothelial cells 
(HUVECs) was counted following treatment with 1 µM AT7519 or 1 µM 
SNS‑032. Representative images are shown in the bottom panel. **P<0.01.

Figure 6. AT7519 and SNS‑032 suppress lung metastasis in vivo. ME‑180-cell xenograft tumors in mouse thighs generated spontaneous lung metastasis at 45 
or 60 days after the grouping of the mice. Quantification of lung metastases in 6 groups was performed and analyzed statistically. *P<0.05.
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assay, in the ME‑180 cells treated with CDK inhibitors, the 
number of cells in the S phase decreased in a dose-dependent 
manner (Fig. 1E), suggesting that these CDK inhibitors exert 
cytostatic rather than cytotoxic effects on ME‑180 cells. The 
depletion of cyclin D1, E, A and B1 (Fig. 1F) may be one of 
the crucial mechanisms of action of AT7519 and SNS‑032, 
leading to cell cycle dysregulation and cytostasis. Growth 
arrest at various points of the cell cycle is known to eventually 
trigger cell death. Whether a drug is cytostatic or cytotoxic 
depends on the dose, the schedule of administration, the phase 
of the cell cycle during which the drug acts and in which 
the cell resides, and the cellular context (26). On the whole, 
it is suggested AT7519 and SNS‑032 exert anticancer effects 
through cell cycle deregulation, premature senescence and 
cytostasis in both cervical cancer cells.

We then examined the synergistic effects of radiation and 
CDK inhibitors in vivo on tumor growth rate using a human 
xenograft tumor model (Fig. 2). Hence, we suggest that CDK 
inhibitors may be beneficial additions to standard chemoradio-
therapy regimens for patients with cervical cancer. Initially, we 
hypothesized that the modulation of DNA double-strand break 
repair through the inhibition of HR and prolonged G(2)‑M 
arrest may be a major sensitizing mechanism of AT7519 and 
SNS‑032, as shown in other studies (27-29). However, although 
the γ-H2AX levels were slightly elevated, DNA damage was 
efficiently repaired in the ME‑180 cells following irradiation 
(Fig. 3A). By contrast, AT7519 or SNS‑032 treatment induced 
p53 activation and inhibited the phosphorylation of Chk1 at 
Ser345 following irradiation (Fig. 3A). From these results, it 
can be concluded that the DNA damage-independent activation 
of p53 and cell cycle checkpoint deregulation occurs through 
the inhibition of Chk1 and contributes to radiaosensitization.

Metastasis is the most life-threatening event in patients 
with cancer. We assessed the effects of AT7519 and SNS‑032 
on the aggressiveness of cervical cancer cells in terms of inva-
sion, angiogenesis and metastasis. The biological behavior 
of tumors is very important to consider during treatment, as 
although current modalities of cancer therapy have improved, 
they are insufficient to adequately treat aggressive tumors. 
The aggressiveness of tumors is usually defined by rapid 
invasion, accelerated angiogenesis and early metastasis. As 
shown in Fig. 4, CDK inhibitor treatment reduced the migra-
tion and invasion of HeLa and ME‑180 cells. Anti-angiogenic 
therapy has been extensively utilized since bevacizumab was 
introduced as a treatment for patients with recurrent cervical 
cancer during the GOG 240 trial (30,31). Both AT7519 and 
SNS‑032 inhibited tube formation in HUVECs, which repre-
sent functional endothelial cells (Fig. 5). This finding suggests 
that CDK inhibitors may be possible candidates for use in a 
combination regimen of chemotherapeutics and irradiation for 
patients with recurrent cervical cancer.

Overall survival is often determined by the presence of 
distant organ metastases, such as of the liver, lungs and brain. 
Li et al suggested that lymph node-only metastases are better 
than organ metastases in patients with cervical cancer (32). 
Therefore, we assessed the effects of AT7519 and SNS‑032 on 
organ metastases using a spontaneous metastasis model. The 
AT7519- and SNS‑032-treated groups exhibited a statistically 
significant decrease in lung metastases from xenografted 
cervical cancer cells (Fig.  6). These findings are well in 

agreement with the results of the in vitro experiments (Figs. 4 
and 5). Based on these findings, the CDK inhibitors, AT7519 and 
SNS‑032, can enhance the efficacy of a combination of chemo- 
and radiotherapies, thus impeding tumor cell progression for the 
treatment of advanced and metastatic cases of cervical cancer.
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