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Abstract
Although Chk1 kinase inhibitors are currently under clinical investigation as effective cancer cell sensitizers to the cytotoxic
effects of numerous chemotherapeutics, there is still a considerable uncertainty regarding their role in modulation of
anticancer potential of platinum-based drugs. Here we newly demonstrate the ability of one of the most specific Chk1
inhibitors, SCH900776 (MK-8776), to enhance human colon cancer cell sensitivity to the cytotoxic effects of platinum(II)
cisplatin and platinum(IV)- LA-12 complexes. The combined treatment with SCH900776 and cisplatin or LA-12 results in
apparent increase in G1/S phase–related apoptosis, stimulation of mitotic slippage, and senescence of HCT116 cells. We
further show that the cancer cell response to the drug combinations is significantly affected by the p21, p53, and PTEN
status. Incontrast to theirwtcounterparts, thep53-orp21-deficientcells treatedwithSCH900776andcisplatinor LA-12enter
mitosis and become polyploid, and the senescence phenotype is strongly suppressed. While the cell death induced by
SCH900776 and cisplatin or LA-12 is significantly delayed in the absence of p53, the anticancer action of the drug
combinations is significantly accelerated in p21-deficient cells, which is associatedwith stimulation of apoptosis beyondG2/
Mcell cycle phase.We also show that cooperative killing action of the drug combinations inHCT116 cells is facilitated in the
absenceofPTEN.Our results indicate thatSCH900776mayactasan importantmodulatorof cytotoxic response triggeredby
platinum-based drugs in colon cancer cells.

Neoplasia (2017) 19, 830–841
Abbreviations: CDDP, cisplatin; Chk1, checkpoint kinase 1; Chk2, checkpoint kinase 2;
γ-H2AX, phosphorylated histoneH2AX at Ser 139; LA-12, (OC-6-43)-bis(acetato)(1-adamanty-
lamine)amminedichloroplatinum(IV); PARP, poly (ADP-ribose) polymerase; PBS,
phosphate-buffered saline; PTEN, phosphatase and tensin homolog; SEM, standard error of the
mean; siRNA, small interfering RNA.
Address all correspondence to: Alena Hyršlová Vaculová, Ph.D., Department of Cytokinetics,
Institute of Biophysics, Czech Academy of Sciences, v.v.i., Kralovopolska 135, CZ 61265, Brno,
Czech Republic.
E-mail: vaculova@ibp.cz
Received 8 June 2017; Revised 4 August 2017; Accepted 4 August 2017

© 2017 The Authors. Published by Elsevier Inc. on behalf of Neoplasia Press, Inc. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
1476-5586
http://dx.doi.org/10.1016/j.neo.2017.08.002
Introduction
Cisplatin is a highly active platinum(II) complex used for treatment of
a wide variety of human cancers. Unfortunately, its therapeutic
efficacy is often hampered due to intrinsic or acquired cancer cell
resistance or undesired side effects to the normal tissues. Although
great efforts have been made in last decades to characterize anticancer
potential of cisplatin, there are still many unresolved issues regarding
precise molecular mechanisms of its action and the crucial
determinants of the cell response to the drug [1]. Among other
targets, cisplatin is known to bind DNA and create inter- and
intrastrand cross-links, which block DNA replication and mobilize
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signaling pathways including those responsible for activation of
checkpoint kinase 1 (Chk1). However, the exact role of Chk1 and its
specific inhibition in the cytotoxic/cytostatic effects of cisplatin still
remain not fully explained.
Chk1, an evolutionary conserved serine/threonine kinase, is a key

component of DNA damage response, a network of processes crucial
for the preservation of genomic integrity and regulation of
tumorigenesis [2]. Following various types of DNA damage, Chk1
is mainly activated by ATR-mediated phosphorylation on serine-317
and serine-345, which is followed by autophosphorylation on
serine-296, a marker of its activity [3]. Chk1 then phosphorylates a
number of substrates such as p53, cell division control 25 (cdc25),
histone H3, or Rad 51, and is responsible for coordinating
pleiotropic cellular response including the cell cycle arrest or delay,
DNA replication and repair, cell death, senescence, homologous
recombination, and maintenance of somatic cell viability [4].
Small-molecule inhibitors of Chk1 kinase have been synthesized

and intensively investigated as single agents or in combination with
various DNA-damaging chemotherapeutic drugs and showed to
significantly enhance the chemosensitivity of numerous tumor
types [5–7]. One of the most specific Chk1 inhibitors,
SCH900776 (also known as MK-8776), a pyrazolo[1,5-a]pyrimi-
dine derivative, identified using high-content cell-based functional
screen for induction of H2AX phosphorylation (γ-H2AX) [8], is
currently profiled in phase II clinical trials. SCH900776 has been
shown to interact synergistically with DNA antimetabolite agents
such as hydroxyurea or gemcitabine in vitro and in vivo to induce
DNA damage and death of pancreatic and ovarian cancer cells [8].
It also significantly potentiated the cytotoxic response induced by
fludarabine, cytarabine, or gemcitabine in various tumor types
[9–14].
While many Chk1 inhibitors often mediate robust sensitization to

cytotoxic effects of antimetabolites in numerous cancer models, less is
known about their cooperative anticancer action with cisplatin, and
currently available studies report remarkably inconsistent results with
varying degrees of success. A significant UCN-01–mediated
enhancement of cisplatin cytotoxicity has been shown in Chinese
hamster ovary cells [15] or cisplatin-resistant HCT116 cell clones
[16] but not in MDA-MB-231 or MCF10A breast cancer cell lines
[10]. Potentiation of cisplatin cytotoxicity has been observed using
V158411 in p53 mutated HT-29 but not p53 wt HCT116 colon
[17] or in SKOV-3 ovarian [18] cancer cells, by LY2603618 in several
osteosarcoma cell lines [19], or by PF477736 in HT-29 cells [20].
AZD7762 enhanced the cytotoxic effects of cisplatin in p53-mutant
or -deficient head and neck squamous cell carcinoma [21] or clear cell
carcinoma of the ovary [22]. In contrast, AZD7762 did not affect the
clonogenic survival of cisplatin-treated HeLa cells, although it sensitized
them to gemcitabine [23]. Furthermore, no sensitization to cisplatin was
achieved with SCH900776 inMDA-MB-231 andMCF10A breast [10]
or OVCAR-8 and SKOV3 ovarian [24] cancer cells.
Compared to cisplatin, there are even fewer studies focused on the

role of Chk1 in the cytotoxic/cytostatic action of other
platinum-based drugs, including novel candidates with improved
anticancer properties. LA-12 represents a recently introduced
platinum(IV) complex [25] with favorable cytotoxic potential against
various cancer cell types including colon in vitro [26–30] and in vivo
[31]. LA-12 also exerted potent killing effects in cisplatin-resistant
cancer cell lines [32,33]. To date, no relevant study documents the
functional role of Chk1 in anticancer action of LA-12, and the effects
of Chk1 inhibitors on cancer cell response to LA-12 remain
completely unexplored. Therefore, further research is needed to
uncover whether and how the particular Chk1 inhibitors could
potentiate the cancer cell killing induced by standard-of-care or new
candidate platinum-based drugs, and to define the unique molecular
determinants of their action.

Herein, we newly demonstrate the ability of SCH900776 to
significantly enhance the human colon cancer cell sensitivity to the
cytotoxic effects of cisplatin or LA-12, and describe investigation of
the involved mechanisms especially at the level of cell cycle regulation,
DNA damage, cell death, and senescence. The particular attention is
paid to the role of p53, p21, and PTEN in cooperative anticancer
action of SCH900776 and cisplatin/LA-12.
Materials and Methods

Cell Culture and Treatments
Human colon adenocarcinoma cell lines HCT116 wt, p53−/−,

p21−/−, Chk2−/− (obtained from Prof. Bert Vogelstein, John Hopkins
University, Baltimore, MD) [34], HCT116 PTEN+/+, and PTEN−/−

(from Prof. Todd Waldman, Georgetown University School of
Medicine, Washington, DC) [35] were maintained in McCoy's 5A
medium (Gibco, Thermo Fisher Scientific, USA) supplemented with
penicillin (100 U/ml), streptomycin (0.1 mg/ml) (both Duchefa
Biochemie B. V., Haarlem, the Netherlands), and 10%
heat-inactivated fetal bovine serum (FBS, Gibco, Thermo Fisher
Scientific). The cells were cultivated in TPP (TPP Techno Plastic
Products AG, Trasadingen, Switzerland) cultivation dishes, flasks, or
plates in a humidified incubator at 37°C in atmosphere of 5% CO2 and
passaged twice a week after exposure to EDTA/PBS and trypsin solutions.
Numbers of cells were determined using aCASYModel TTCell Counter
and Analyzer (Roche Diagnostics GmbH, Germany).

Twenty-four hours after seeding, the cells were treated with the following
drugs as specified in figure legends: SCH900776 (synthesized as described in
[13]), LA-12 (OC-6-43)-bis(acetato)(1-adamantylamine) amine dichloro-
platinum(IV) (Platinum Pharmaceuticals, a.s., Brno, Czech Republic),
cisplatin cis-diamminedichloroplatinum(II) (Sigma-Aldrich, Prague, Czech
Republic), or pan-caspase inhibitor z-VAD-fmk (BD Bioscience Pharmin-
gen, SanDiego, CA). The stock solutions were diluted in dimethylsulfoxide
(DMSO, Sigma-Aldrich). Appropriate vehicles were always added to the
controls.

Cell Transfection and RNA Interference
The cells were seeded into McCoy's medium with 10% FBS, without

antibiotics, and incubated overnight. Before transfection, medium was
changed for Opti-MEM I Reduced Serum Medium (Gibco, Thermo
Fischer Scientific). The cell transfections were performed using
Lipofectamine 2000 Transfection Reagent or Lipofectamine RNAiMAX
Transfection Reagent (Invitrogen, Thermo Fisher Scientific) according to
the manufacturer's recommendations. The cells were transfected with
100 nM siRNA duplexes directed against Chk1 (sense: GAAGCAGUCG
CAGUGAAGA[dT][dT], anti-sense: UCUUCACUGCGACUG
CUUC[dT][dT]) [36] or control siRNA against GL2 luciferase (sense:
CGUACGCGGAAUACUUCGA[dT][dT], anti-sense: UCGAA
GUAUUCCGCGUACG[dT][dT]) [37], both from Sigma-Aldrich.
After 4 hours of incubation with transfection complexes, medium was
changed for McCoy's medium with 10% FBS and antibiotics.
Twenty-four hours after transfection, the cells were treated with the
drugs studied.
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Immunoblotting Analysis
The cells were harvested, whole cell lysates were prepared and

separated by SDS-PAGE, and Western blot analysis was performed as
described previously [27]. Immunodetection was carried out using
the following primary antibodies: monoclonal mouse anti-p53
(1:1000, #126), monoclonal mouse anti-Chk1(1:1000, #8408),
polyclonal rabbit anti-cyclin A (1:1000, #751), monoclonal mouse
anti-cyclin B1 (1:1000, #245), monoclonal mouse anti-cyclin D1
(1:1000, #20044), monoclonal mouse anti-PTEN (1:500, #7974),
polyclonal rabbit anti-p21 (1:1000, #397), polyclonal rabbit anti-p27
(1:1000, #528) (all from Santa Cruz Biotechnology), polyclonal
rabbit anti-phospho-p53 (Ser15) antibody (1:1000, #9284), mono-
clonal rabbit anti-phospho-Aurora A/B/C (Thr288/232/198) (1:500,
#2914), polyclonal rabbit anti-Aurora B (1:500, #3094), polyclonal
rabbit anti-phospho-Chk1 (Ser296) (1:500, #2349), monoclonal
mouse anti-Chk2 (1:1000, #3440), polyclonal rabbit anti-cleaved
caspase-3 (1:500, #9661), polyclonal rabbit anti-cleaved caspase-9
(1:500, #9505), monoclonal rabbit anti-phospho-H2AX (Ser139,
γ-H2AX) (1:500, #9718), polyclonal rabbit anti-phospho-histone
H3 (Ser10) (1:500, #9701), monoclonal rabbit anti-histone H3
(1:1000, #4499), polyclonal rabbit anti-cleaved PARP (1:1000,
#9541), monoclonal rabbit anti-survivin (1:1000, #2808), polyclonal
rabbit anti-phospho-Rb (Ser807/811) (1:1000, #9308) (all from Cell
Signaling Technology, Danvers, MA), and monoclonal rabbit
anti-Cdc25C (1:1000, #1302-1, Epitomics). The proteins were
recognized using horseradish peroxidase–labeled secondary antibod-
ies: anti-mouse IgG (1:3000, #NA931) and anti-rabbit IgG (1:3000,
#NA934) antibody (both from Amersham Biosciences, Bucks, UK).
Detection of the antibody complexes was performed with Immobilon
Western Chemiluminescent HRP Substrate (Millipore Corp.,
Darmstadt, Germany). An equal loading was verified by anti–β-actin
antibody (1:5000, #A5441, Sigma-Aldrich).

Annexin V/Propidium Iodide Assay
For detection of phosphatidyl serine externalization as a marker of

apoptosis, annexin V-FITC/PI assay was used as described previously
[27]. Fluorescence was then analyzed using flow cytometer (FACSVerse,
Becton Dickinson, USA) and BD FACSuite software version 1.0.5
(Becton Dickinson). The results were expressed as the percentage of
annexin V+/PI− (apoptotic), annexin V+/PI+ (secondary necrotic), or
annexin V−/PI+ plus annexin V+/PI+ (total dead) cells.

Cell Cycle Analysis
The cells were fixed in 70% ethanol, washed with PBS, and

resuspended in Vindelov solution [propidium iodide (20 μg/ml),
RNase A (DNase free, 5 U/ml, Sigma-Aldrich), 1 M Tris (pH 8.0),
0.1% Triton X-100, 20 mM NaCl, in MQ water] at 37°C for 30
minutes and analyzed by flow cytometry (FACSVerse; Becton
Dickinson) and ModFit LT version 3.1 software (Verity Software
House, Topsham, ME). The results were expressed as the percentage
of the cells in G1, S, and G2/M phases.

Active Caspase-3 Detection
The cells were harvested, washed in PBS, fixed, and stained using

FITC active caspase-3 apoptosis kit (#550480, BD Pharmingen)
according to the manufacturer's protocol. The percentage of cells with
cleaved caspase-3 was detected by flow cytometry (FACSVerse,
Becton Dickinson) and analyzed using BD FACSuite software version
1.0.5 (Becton Dickinson).
Simultaneous Detection of Active Caspase-3 and the Cell Cycle
Progression

The cells were harvested, washed in PBS, fixed, and stained using
FITC active caspase-3 apoptosis kit (#550480, BD Pharmingen)
according to the manufacturer's protocol. Subsequently, the cells were
washed and stained with Vindelov solution as described above and
analyzed by flow cytometry (FACSVerse, Becton Dickinson) and BD
FACSuite software version 1.0.5 (Becton Dickinson). Results were
expressed as percentage of cells with active caspase-3 related to
selected cell cycle phases.

Detection of Senescence-Associated β-Galactosidase (SA-β-gal)
Activity

The cells were stained for SA-β-gal activity using X-gal substrate
(5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside; #15243,
SERVA, Heidelberg, Germany) at pH 6.0 as previously described
[38]. The percentages of cells positive for SA-β-gal staining were
determined microscopically from at least total of 200 cells per sample.

Statistical Analysis
Data were expressed as means ± SEM of three independent

experiments and statistically analyzed by one-way ANOVA followed
by Fisher's Least Significant Difference (LSD) test using
STATISTICA 12 software (StatSoft, Inc., Tulsa, OK). For all flow
cytometry analyses, a minimum of 10 (annexin V/PI assay) or 20 (all
others) thousand events was collected per sample excluding doublets
and debris.

Results

SCH900776 or Chk1 siRNA Sensitizes Human Colon Cancer
Cells to LA-12/Cisplatin-Induced Apoptosis and DNA Damage

We newly showed that SCH900776 effectively stimulated
LA-12– or cisplatin-induced apoptosis of HCT116 human colon
adenocarcinoma cells, as demonstrated by significant increase in
phosphatidyl serine externalization (Figure 1A) and specific cleavage
of PARP and caspase-9 (Figure 1B) upon 48-hour treatment.
Pretreatment with a pan-caspase inhibitor z-VAD-fmk significantly
blocked these events (Figure 1, A and B). The combination of
SCH900776 and LA-12/cisplatin induced an enhanced
caspase-independent DNA damage detected by phosphorylation
(Ser139) of histone H2AX (γ-H2AX) as compared to the agents used
alone (Figure 1B, Supplementary Figure 1A). The drug combination–
induced potentiation of apoptosis and DNA damage was also apparent
upon 72-hour treatment (Supplementary Figure 1, B and C).

The concentration of SCH900776 used in the study was selected
based on our investigation of its time- and dose-dependent effects on
Chk1 phosphorylation (Ser296) and cell viability. The 3-μM dose of
SCH900776 effectively blocked the platinum drug–induced Chk1
phosphorylation during the whole course (2 days) of the HCT116
cell treatment, and when applied individually, it triggered neither
apoptosis nor DNA damage (γ-H2AX) (Figure 1, A and B, and not
shown). Following the combined treatment (48 hours) with
SCH900776 and LA-12/cisplatin, a decrease in total Chk1 protein
level in HCT116 cells was observed (Figure 1B).

Similarly to the effects of SCH900776, a specific siRNA-based
silencing of Chk1 resulted in a significant stimulation of the cytotoxic
response induced by LA-12/cisplatin in HCT116 cells. This was
demonstrated by enhanced cleavage of PARP and caspase-9 and -3
(Figure 1, C and D) and phosphorylation of H2AX (Figure 1C) in



Figure 1. SCH900776 or Chk1 siRNA mediated sensitization of HCT116 cells to LA-12/cisplatin-induced apoptosis. (A) Percentage of
annexin V+/PI− (flow cytometry) HCT116 wt cells and (B) cleavage (cl.) of PARP, caspase-9, level of phosphorylated (Ser139) H2AX
(γ-H2AX), phosphorylated (Ser296), and total Chk1 (Western blotting) following pretreatment (2 hours) with SCH900776 (SCH, 3 μM) and
subsequent treatment (48 hours) with LA-12 (0.75 μM) or cisplatin (CDDP, 20 μM) in the absence (DMSO) or presence of z-VAD-fmk
(10 μM). (C) Cleavage of PARP, caspase-9, caspase-3, level of γ-H2AX and Chk1 (Western blotting), and (D) cleavage of caspase-3 (flow
cytometry) in HCT116 wt cells transfected (24 hours) with control or Chk1 siRNA, pretreated (2 hours) with SCH900776 (SCH, 3 μM) and
subsequently treated (48 hours) with LA-12 (0.75 μM) or cisplatin (CDDP, 20 μM). Results are means ± SEM or representatives of three
independent experiments. Statistical significance: P b .05, * versus control, ‡ versus SCH,Ο versus LA-12 or CDDP and Δ for with versus
without z-VAD-fmk or control versus Chk1 siRNA.
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LA-12/cisplatin-treated (48 hours) HCT116 cells transfected with
Chk1 siRNA compared to their control siRNA-transfected counter-
parts. The Chk1 siRNA-mediated enhancement of LA-12/
cisplatin-induced apoptosis in HCT116 cells was further apparent
upon 72-hour treatment (Supplementary Figure 2, A and B).
In order to examine the potential involvement of Chk2 in the

above-mentioned effects of SCH900776, we performed analogous
experiments also in the absence of this kinase. As in the case of
HCT116 wt cells, a significant stimulation of the cytotoxic response
induced by the combination of SCH900776 and LA-12/cisplatin was
observed in their Chk2-deficient counterparts, which was demon-
strated by enhancement of phosphatidyl serine externalization
(Supplementary Figure 3A), cleavage of PARP and caspase-9, and
phosphorylation of H2AX (Supplementary Figure 3B). In addition,
siRNA-mediated silencing of Chk1 in Chk2-deficient HCT116 cells
augmented their cytotoxic response to LA-12/cisplatin to a similar
extent as compared to their Chk1 siRNA-transfected HCT116 wt
counterparts (Supplementary Figure 3, C and D).
The ability of SCH900776 to stimulate apoptosis (phosphatidyl

serine externalization, PARP, and caspase-9 cleavage) and DNA
damage (γ-H2AX) induced by LA-12 or cisplatin was also
demonstrated in other human colon adenocarcinoma cell lines
HT-29 (Supplementary Figure 4, A and B) and RKO (Supplemen-
tary Figure 4, C and D).

SCH900776-Mediated Enhancement of LA-12/Cisplatin-Induced
Cytotoxicity Is Accelerated in the Absence of p21

The treatment of HCT116 wt cells with LA-12/cisplatin or
their combinations with SCH900776 resulted in apparent upregu-
lation of p53 level and its augmented phosphorylation at Ser15,
which was further enhanced in the absence of p21. In HCT116 wt
cells, a strong p53-dependent upregulation of p21 level was also
detected (Figure 2, A and B). Therefore, the role of p53 and p21 in
the cooperative cytotoxic effects of SCH900776 and LA-12/cisplatin
was further examined. In the absence of p53, a partial suppression of
PARP (Figure 2A) and caspase-3 (Supplementary Figure 5A) cleavage
and a significant decrease in the percentage of the drug combination–
treated HCT116 cells in annexin V+/PI− (apoptotic) subpopulation
(Figure 2C) were observed compared to the wt counterparts. On the
other hand, in the absence of p21, apoptosis induced by combination
of SCH900776 and LA-12/cisplatin was remarkably accelerated, as
documented by a significant increase in the percentage of the drug



Figure 2. The role of p53 and p21 in SCH900776-mediated sensitization of HCT116 cells to LA-12/cisplatin-induced cytotoxicity. (A, B) Total and
phosphorylated (Ser15) p53, total p21, cleaved PARP, γ-H2AX, phosphorylated (Ser296), and total Chk1 level (Western blotting) in wt versus
p53−/− or wt versus p21−/− HCT116 cells pretreated (2 hours) with SCH900776 (SCH, 3 μM) and subsequently treated (48 hours) with LA-12
(0.75 μM) or cisplatin (CDDP, 20 μM). (C) Percentage of annexin V+/PI− or (D) annexin V+/PI+ (flow cytometry) wt, p53−/−, and p21−/− HCT116
cells treated as in A and B. Results are means ± SEM or representatives of three independent experiments. Statistical significance: P b .05,
* versus control, ‡ versus SCH, Ο versus LA-12 or CDDP and Δ for wt versus p21−/− or wt versus p53−/− cells.

834 Anticancer action of SCH900776 and platinum-based drugs Herůdková et al. Neoplasia Vol. 19, No. 10, 2017
combination–treated p21−/− versus wt cells in annexin V+/PI+

(secondary necrotic) subpopulation (Figure 2D). An apparent
increase in caspase-3 cleavage (Supplementary Figure 5B) and
phosphorylation of H2AX (Figure 2B) was also detected in
HCT116 p21−/− versus wt cells treated with the SCH900776 and
LA-12/cisplatin. The drug combination–induced stimulation of
apoptosis but not DNA damage in p21−/− cells was largely caspase
dependent, as confirmed by z-VAD-fmk (Supplementary Figure 6,A-C).

Loss of p21 Stimulates SCH900776- and LA-12/Cisplatin
Combination-Induced Apoptosis Beyond G2 Cell Cycle Phase

To uncover the relationship between apoptosis induction and
the cell cycle position in HCT116 cells treated with SCH900776 and
LA-12/cisplatin, a simultaneous flow cytometry analysis of caspase-3
cleavage and DNA content was performed. While apoptosis in
HCT116 wt cells induced by the examined doses of LA-12/cisplatin
occurred predominantly in G1 phase, the combined treatment with
SCH900776 apparently increased caspase-3 cleavage in G1 and
especially S phase, with lower effects in the subsequent cell cycle
phases (Figure 3). The ablation of p21 in the cells treated with
individual platinum drugs resulted in increased frequency of G1 and S
phase–related apoptosis. Importantly, following their combined
treatment with SCH900776 and LA-12/cisplatin, further increase
in caspase-3 cleavage was detected during the whole course of the cell
cycle progression including G2/M (Figure 3). In p53−/− cells, less
apparent drug combination–induced changes in particular cell cycle
phase–related apoptosis were detected compared to wt or p21−/− cells
(Supplementary Figure 7).

While only a slight (less than 5%) increase in polyploidy was observed
in SCH900776- and LA-12/cisplatin-treated HCT116 wt cells, a
significant drug combination–induced increase of this parameter (about
10%-15% polyploid cells, depending on the platinum drug and the time
of the treatment) was detected in their p21−/− or p53−/− counterparts
(Supplementary Figure 8, A-D). Within these polyploid populations,
only a minor part of the cells was apoptotic, i.e., positive for caspase-3
cleavage (Supplementary Figure 8, A-D).

Combination of SCH900776 and LA-12/Cisplatin Induces p21-
and p53-Dependent Alterations of the Cell Cycle Progression

The cell cycle analysis of HCT116 wt, p21−/−, and p53−/− cells
revealed that, compared to appropriate controls, treatment (48 or 72
hours) with both LA-12 or cisplatin induced a significant increase in
their percentage in G2/M phase, associated with decrease in G1 phase
(Figure 4, A-D, Supplementary Figure 9, A and B). A significant
LA-12/cisplatin-induced decrease in percentage of wt cells in S phase
was observed upon 48-hour treatment, and these trends were still



Figure 3. The relationship between cycle progression and apoptosis
induced by combination of SCH900776 and LA-12/cisplatin in HCT116
cells. (A) Percentage of wt and p21−/− HCT116 cells with caspase-3
cleavage related to the cell cycle progression (propidium iodide, flow
cytometry) following their pretreatment (2 hours) with SCH900776
(SCH, 3 μM) and subsequent treatment (48 hours)with LA-12 (0.75 μM)
or cisplatin (CDDP, 20μM).Results aremeans±SEMor representative
of three independent experiments. Statistical significance: P b .05,
* versus control, ‡ versus SCH and Ο versus LA-12 or CDDP.
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present until 72 hours (Figure 4, A and B). This was accompanied by
a dramatic suppression of DNA synthesis, as demonstrated by flow
cytometric detection of decreased incorporation of modified
thymidine analogue EdU (Supplementary Figure 10, A and B).
SCH900776 alone essentially did not affect the cell cycle distribution
in HCT116 wt, p21−/−, or p53−/− cells in the time intervals studied
(Figure 4, A-D, Supplementary Figure 9, A and B). However, it was
responsible for significant suppression of cisplatin- (48 hours) or LA-12–
(72 hours) induced increase of percentage of G2/M phase wt cells and a
slight increase in S phase (Figure 4, A and B), preceded (48 hours) by a
suppression of DNA synthesis (Supplementary Figure 10, A and B).
Similar changes in G2/M or S phase distribution were also confirmed
following siRNA-mediated silencing of Chk1 and subsequent treatment
of HCT116 wt cells with LA-12 or cisplatin (data not shown). The
above-mentioned changes in the cell cycle distribution were further much
more pronounced in p21−/− cells, where a strong decrease in percentage of
the cells in G2/M phase and a dramatic increase in S phase were detected
following the combined SCH900776 and LA-12/cisplatin treatment
(especially 72 hours) compared to the individual drugs (Figure 4, C and
D). The transient changes in G2/M phase representation were also
apparent in p53−/− cells treated with combination of SCH900776 and
LA-12/cisplatin compared to individual platinum drugs (Supplementary
Figure 9, A and B).

The alterations of the cell cycle progression induced by
SCH900776 and LA-12/cisplatin were further correlated with the
expression of the relevant regulatory proteins. In addition to the already
described changes of the level of p53 and p21 (Figure 2, A and B), the wt
cells treated (48 hours) with the drug combination largely showed a slight
increase in cyclin D1 and p27 level compared to individual platinum
drugs, and a dramatic loss of phosphorylated Rb protein, cyclin A,
cdc25C, cyclin B1, and survivin (Figure 5). An apparent decrease in cyclin
B1 and survivin level was already detected following 24-hour treatment
with combination of SCH900776 and LA-12/cisplatin (Supplementary
Figure 11). In the wt cells treated with the individual platinum drugs or
their combination with SCH900776, loss of phosphorylated (Ser10) but
not total histone H3 was detected (Figure 5). The described loss of
phosphorylated H3 was already apparent after 8 and 24 (cisplatin) or 24
(LA-12) hours of the treatments (Supplementary Figure 11). The
incubation (48 hours) with the platinum drugs also resulted in loss of
phosphorylated Aurora A/B/C (Thr288/232/198) level, which was
accompanied by decrease in total Aurora B levels upon combined
treatments (Figure 5).

Compared to HCT116 wt cells, their p21−/− and p53−/− counterparts
treated with the combination of SCH900776 and LA-12/cisplatin
showed a reduced cyclin D1 and p27 level and a weaker loss of
phosphorylated Rb protein, cyclin A, cdc25C, cyclin B1, or survivin level
(Figure 5). The p53−/− or p21−/− cells treated with the individual
platinum drugs or their combination with SCH900776 also mostly did
not show the loss of phosphorylated histoneH3 (Ser10) and Aurora A/B/
C (Thr288/232/198) level observed in their wt counterparts (Figure 5).
Very similar trends in phosphorylation of histone H3 induced by
SCH900776 and LA-12/cisplatin were also confirmed by flow cytometry
analysis in wt versus p21−/− or p53−/− cells (Supplementary Figure 12). As
in the case of wt cells, the level of total histone H3 remained unchanged
following all types of treatment in p21−/− and p53−/− lines. Less dramatic
drug combination– versus single agent–induced decrease of total Aurora
B level wasmostly detected in p21−/− and p53−/− cells compared to the wt
cell line (Figure 5).

SCH900776 Triggers p53/p21-Dependent Modulations of LA-
12/Cisplatin-Induced Cellular Senescence

We demonstrated that prolonged treatment with LA-12 or
cisplatin (72-hour incubation with the drugs and subsequent 72-hour



Figure 4. The cell cycle phase distribution in wt and p21−/− HCT116 cells treated with SCH900776 and LA-12/cisplatin. Percentage of wt
(A and B) and p21−/− (C and D) HCT116 cells in individual cell cycle phases (flow cytometry) following their pretreatment (2 hours) with
SCH900776 (SCH, 3 μM) and subsequent 48-hour (A and C) or 72-hour (B and D) treatment with LA-12 (0.75 μM) or cisplatin (CDDP,
20 μM). Results are means ± SEM of three independent experiments. Statistical significance: P b .05, * versus control, ‡ versus SCH and
Ο versus LA-12 or CDDP.
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cultivation in drug-free medium) induced a strong increase in
percentage of HCT116 wt cells with senescence-like phenotype,
manifested by a significant increase in β-galactosidase activity and
enlarged, flattened cell morphology (Figure 6A, Supplementary
Figure 13A), which was associated with increase in p53, p21, cyclin
D1 level, and loss of phosphorylated Rb, cyclin B1, or survivin level
compared to control (Figure 6B). The platinum drug–induced
β-galactosidase activity in wt cells was slightly enhanced by
SCH900776 (Figure 6A, Supplementary Figure 13A), while we
could not observe any respective differences in the level of the
above-mentioned proteins (Figure 6B). Compared to their wt
counterparts, the platinum drug–induced senescence-associated
β-galactosidase activity was significantly lower in p53−/− and p21−/−

cells and further significantly suppressed by SCH900776 (Supple-
mentary Figure 13, A and B).

PTEN Deficiency Facilitates SCH900776-Mediated Enhancement
of LA-12/Cisplatin-Induced Apoptosis

Combined treatment of HCT116 PTEN+/+ cells with
SCH900776 and LA-12/cisplatin induced a remarkable decrease in
PTEN level compared to the action of individual drugs (Figure 7A).
We further showed that HCT116 PTEN−/− cells were more sensitive
to the killing effects of LA-12/cisplatin alone or their combination
with SCH900776, as demonstrated by enhanced PARP cleavage
(Figure 7A) and phosphatidyl serine externalization (Figure 7B,
Supplementary Figure 14) compared to their PTEN+/+ counterparts. No
apparent differences in the level of total/phosphorylatedp53, p21, orγ-H2AX
induced by platinum drugs or their combination with SCH900776 were
detected between PTEN+/+ and PTEN−/− cells (Figure 7A).

Discussion
Although Chk1 kinase inhibitors are currently under clinical
investigation as effective sensitizers of numerous cancer cell types to
the cytotoxic effects of various chemotherapeutics, there is still a
considerable uncertainty over their role in modulation of anticancer
potential of platinum-based drugs. While some studies reported
enhancement of cisplatin toxicity mediated by various Chk1
inhibitors [15–22], others found no therapeutic benefit associated
with their combined treatment [10,23,24]. Here we newly
demonstrate the potent ability of one of the most specific Chk1
inhibitors, SCH900776, to enhance the human colon cancer cell
sensitivity to the cytotoxic effects of platinum-based drugs cisplatin or
LA-12. So far, only a few studies investigating combined cytotoxic
action of cisplatin and SCH900776 have been reported, and in
contrast to our observations, they showed no further sensitization in
breast [10] or ovarian [24] cancer cells. To our best knowledge, we
also provide the first demonstration of cooperative anticancer effects
of LA-12 and SCH900776.

Similarly to pharmacological inhibition by SCH900776, we clearly
confirmed that specific siRNA-mediated depletion of Chk1 rendered



Figure 5. The levels of selected cell cycle regulatory proteins in wt, p21−/−, and p53−/− HCT116 cells treated with SCH900776 and LA-12/
cisplatin. The total level of cyclin D1, p27, phosphorylated (Ser 807/811) Rb, cyclin A, cdc25C, cyclin B1, survivin, phosphorylated (Ser10)
and total histone 3 (H3), phosphorylated Aurora A/B/C (Thr288/232/198), and Aurora B (Western blotting) in wt, p21−/−, and p53−/−

HCT116 cells following their pretreatment (2 hours) with SCH900776 (SCH, 3 μM) and subsequent treatment (48 hours) with LA-12
(0.75 μM) or cisplatin (CDDP, 20 μM). Results are representatives of three independent experiments.
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the HCT116 cells more sensitive to platinum drug–induced cell
death. In agreement with our findings, previous reports also showed
the sensitization to cisplatin-induced toxicity mediated by Chk1
knockdown in SKOV3, RMG-I and KK ovarian [22,39], and
HCT116 colon [40] cancer cells. In contrast, no such effects were
observed in cisplatin-resistant HCT116 clones [16], Hela cervical
[23], HN31 head and neck [21], or OVCAR-8 ovarian [24] cancer
cells. The contradictory information calls for more detailed defining
Figure 6. Senescence-associated changes in HCT116 wt cells treated
cells with β-galactosidase activity after pretreatment (2 hours) with S
LA-12 (0.75 μM) or cisplatin (CDDP, 20 μM) followed by 72-hour cul
phosphorylated (Ser807/811) Rb, cyclin B1, and survivin (Western blo
or representatives of three independent experiments. Statistical signif
or CDDP.
of the main determinants of response to cisplatin-induced damage in
cells with abrogated function of Chk1. Concerning LA-12, according
to our knowledge, we provide the first demonstration of Chk1
siRNA-mediated stimulation of LA-12–induced apoptosis in human
cancer cells.

Although many Chk1 inhibitors effectively block Chk1, they may
also exert varying degrees of activity against Chk2 [41]. As
SCH900776 was shown to be much more selective for Chk1
with SCH900776 and LA-12/cisplatin. (A) Percentage of HCT116 wt
CH900776 (SCH, 3 μM) and subsequent treatment (72 hours) with
tivation in drug-free medium. (B) The level of p53, p21, cyclin D1,
tting) in HCT116 wt cells treated as in A. Results are means ± SEM
icance: P b .05, * versus control, ‡ versus SCH and Ο versus LA-12



Figure 7. Role of PTEN in SCH900776-mediated sensitization of HCT116 cells to LA-12/cisplatin-induced apoptosis. (A) The level of PTEN,
cleaved PARP, phosphorylated (Ser15) and total p53, p21, γ-H2AX, and phosphorylated (Ser296) and total Chk1 (Western blotting) in
PTEN+/+ and PTEN−/− HCT116 cells following their pretreatment (2 hours) with SCH900776 (SCH, 3 μM) and subsequent treatment (48
hours) with LA-12 (0.75 μM) or cisplatin (CDDP, 20 μM). (B) Percentage of annexin V+/PI− PTEN+/+ and PTEN−/− HCT116 cells treated as
in A. Results are means ± SEM or representatives of three independent experiments. Statistical significance: P b .05, * versus control,
‡ versus SCH, Ο versus LA-12 or CDDP and Δ for PTEN+/+ versus PTEN −/− cells.
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compared to Chk2 [8], we hypothesized that it would not
substantially interfere with the Chk2 activity and its potential
involvement in platinum drug–induced cell death. In support of this,
we observed that the Chk2 status did not affect the ability of
SCH900776 to increase LA-12–induced HCT116 cell killing. This is
in agreement with Guzi et al. who reported that knockdown of Chk2
did not contribute to cell death and DNA damage induced by
ablation of Chk1 function during antimetabolite exposure [8]. We
further demonstrated that silencing of Chk2 resulted in slight
decrease in SCH900776 and cisplatin combination-induced
HCT116 cell death. However, as the similar effect was also apparent
in Chk2−/− cells treated with cisplatin alone, it did not seem to be
related to the action of SCH900776. Our results correspond to those
obtained by Pabla et al. who showed that Chk2−/− HCT116 cells
were less sensitive to cisplatin-induced apoptosis then their wt
counterparts [42]. Therefore, we concluded that it is rather Chk1
than Chk2 that is involved in SCH900776-mediated stimulation of
cisplatin/LA-12–induced cytotoxicity.

It has been shown that Chk1 inhibitor-mediated potentiation of
anticancer effects of some chemotherapeutic drugs including cisplatin
occurs preferentially in p53-mutated or -deficient background
[13,17,21,43], but other studies contradicted this paradigm
[44,45]. Although we demonstrated the ability of SCH900776 to
enhance cisplatin/LA-12–induced cell death in colon cancer cells
expressing wt (HCT116, RKO) or mutated (HT-29) p53 and also in
those lacking this protein, our results clearly show that the presence of
functional p53 may significantly facilitate the drug combination–
induced cytotoxicity. It seems that in order to understand the
differences in results reporting the anticancer activity of Chk1
inhibitors in relation to p53 status, one should also consider
additional factors such as distinct p53 mutations and their functional
consequences, selectivity of inhibitor or the type of the chemother-
apeutic agent and resulting DNA damage, and possible defects in
downstream p53 signaling.

Compared to p53, much less is known about the role of its
transcriptional target p21 in modulation of cytotoxic effects of
chemotherapeutic drugs in cancer cells with abrogated Chk1
function. Loss of p21 enhanced the excess of thymidine-induced
killing in Chk1-depleted HCT116 cells, showing that Chk1 and p21
cooperate to prevent cancer cell death induced by DNA damage [46].
The protective role of p21 from the lethal effects of the combination of
AZD7762 and irinotecan was also demonstrated in normal epithelial cells
and colorectal tumors [47]. A siRNA-mediated silencing of Chk1 in
HCT116 p21−/− cells caused a greater sensitization to cisplatin toxicity
compared to parental cell linewith thewt protein [40]. In support of these
results, we newly demonstrated that apoptosis induced by combination of
SCH900776 and LA-12/cisplatin was significantly accelerated in
HCT116 p21−/− cells compared to their wt counterparts. Our findings
suggest that p21 status is an important determinant of cancer cell response
to combined action of platinum-based drugs and Chk1 inhibitors.

One of the most prominent cell responses to cisplatin treatment is
arrest or delay in S and G2 phase of the cell cycle, which can be
mediated by Chk1 kinase activated by the drug [48]. Inhibition of
this kinase may then enable the cells to proceed through the cell cycle
despite the presence of unrepaired damaged DNA, with fatal
consequences [49]. UCN-01 abrogated cisplatin-induced G2 arrest
followed by enhanced killing of cisplatin-resistant HCT116 clones or
CHO cells [15,16]. Combined treatment of AZD7762 and cisplatin
abrogated G1 and S phase arrest, followed by clear cell carcinoma cell
death [22]. We demonstrated that HCT116 wt cells treated with the
combination of SCH900776 and LA-12/cisplatin showed a
remarkable loss of important G2/M regulators cyclin A, B1,
Cdc25C, survivin, or Aurora B, and undetectable H3 (Ser10)
phosphorylation, whereas the observed changes in pRb, p53, and p21
levels accounted for G1 arrest. This indicates that the cells might have
undergone mitotic slippage, a premature exit from M to G1 phase
without cell division [50]. Our results showing a relatively high
percentage of drug combination–treated cells with 4 NDNA content,
while preferentially displaying G1 markers, are supportive to this
hypothesis [51].

In contrast to their wt counterparts, p53−/− or p21−/− cells treated
with SCH900776 and platinum drugs did not so dramatically
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suppress the crucial mitotic regulators, which indicates their mitotic
entry and progression, further supported by their relatively high pH3
(Ser10) level. A significant increase in the histone H3 phosphoryla-
tion associated with enhanced apoptosis was observed in p53 null and
p53 null/p21 knockdown HCT116 cells treated with the combina-
tion of AZD7762 and irinotecan compared to the similarly treated
parental cells [47]. An increase in number of mitotic HCT116 p53−/−

cells was also demonstrated upon their combined treatment with
Chk1 inhibitor Chir-124 and irradiation, whereas no such effect was
apparent in their wt counterparts [52]. Overriding Chk1-mediated
G2 arrest resulted in premature mitotic entry and mitotic cell death in
H2O2-treated HCT116 cells deficient for p53/p21 [50]. Importantly,
we newly showed that loss of p21 in p53 wt cells stimulated
SCH900776- and LA-12/cisplatin combination-induced apoptosis in
G2/M cell cycle phase, which was not so evident in wt or p53−/− cells.
The combined treatment with SCH900776 and platinum drugs

also resulted in an enhanced fraction of polyploid p21−/− and p53−/−

cells, while the wt cells remained mostly unaffected. Similarly, an
increase in polyploidy was also demonstrated in HCT116 p21−/− and
p53−/− but not wt cells treated with Chir-214 and irradiation [52] or
in p53-mutant or -deficient HNSCC cells exposed to cisplatin and
AZD7762 [21]. Finally, in the absence of p53 and especially p21, the
ability of platinum drugs to induce senescence-associated phenotype
was significantly diminished, and co-treatment with SCH900776
further supported this effect. The senescence-like response induced by
chemotherapeutic drugs has been previously reported as strongly
decreased but not abolished in p53- or p21-deficient HCT116 colon
carcinoma cell lines [53], and the link between senescence and Chk1
signaling has also been suggested in this cancer cell type [50], further
supporting our results.
We and others previously demonstrated that the cancer cell

sensitivity to the cytotoxic effects of LA-12 or cisplatin could be
affected by PTEN status [27,54]. Importantly, PTEN is known to
play a unique role in DNA damage response and cell cycle regulation
and can also functionally interact with Chk1 pathway [55]. Depletion
of Chk1 resulted in decreased PTEN level in hydroxyurea-treated
human osteosarcoma U2OS cells [56]. We also observed that the
combined treatment with SCH900776 and LA-12/cisplatin induced
a loss in PTEN level in HCT116 cells compared to the action of
individual drugs. Moreover, we showed that the cooperative killing
action of SCH900776 and LA-12/cisplatin is facilitated in the
absence of PTEN.
Taken together, we newly demonstrated that SCH900776 can

significantly affect the platinum drug–induced cytotoxicity in human
colon cancer cells, and their p53 or p21 status further decides about
the preferential type and kinetics of the cell response. In HCT116 wt
cells, the combined treatment with SCH900776 and cisplatin/LA-12
resulted in stimulation of mitotic slippage, senescence, or apparent
G1/S phase–related apoptosis. However, in the absence of p53 or
p21, the cells treated with SCH900776 and LA-12/cisplatin entered
mitosis and became polyploid, and the senescence phenotype was
strongly suppressed. While the cell death induced by SCH900776
and cisplatin or LA-12 was significantly delayed in the absence of p53,
the anticancer action of the drug combinations was significantly
accelerated in p21-deficient cells that underwent apoptosis during the
whole cell cycle progression including G2/M phase. We also showed
that cooperative killing action of the drug combinations in HCT116
cells was facilitated in the absence of PTEN. Further investigation of
the anticancer effects of clinical candidate SCH900776 or other Chk1
inhibitors in combination with conventionally used or novel
platinum-based drugs, both in vitro and in vivo cancer models, is
needed to further confirm whether this approach can be generally
applicable to improve the treatment outcomes, and to determine the
useful biomarkers of cancer cell response to the combined action of
the drugs.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neo.2017.08.002.
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