Erbayraktar et al. Cancer Cell Int (2016) 16:88
DOI 10.1186/512935-016-0364-8

Cell division cycle 7-kinase inhibitor

Cancer Cell International

@ CrossMark

PHA-767491 hydrochloride suppresses
glioblastoma growth and invasiveness

Zubeyde Erbayraktar'", Begum Alural**", Resat Serhat Erbayraktar* and Erdogan Pekcan Erkan®”

Abstract

Background: Genomic instability is a hallmark of cancer cells, and this cellular phenomenon can emerge as a result
of replicative stress. It is possible to take advantage of replicative stress, and enhance it in a targeted way to fight
cancer cells. One of such strategies involves targeting the cell division cycle 7-related protein kinase (CDC?), a protein
with key roles in regulation of initiation of DNA replication. CDC7 overexpression is present in different cancers, and
small molecule inhibitors of the CDC7 have well-documented anti-tumor effects. Here, we aimed to test the potential
of CDC7 inhibition as a new strategy for glioblastoma treatment.

Methods: PHA-767491 hydrochloride was used as the CDC7 inhibitor. Two glioblastoma cell lines (U87-MG and
U251-MG) and a control cell line (3T3) were used to characterize the effects of CDC7 inhibition. The effect of CDC7
inhibition on cell viability, cell proliferation, apoptosis, migration, and invasion were analyzed. In addition, real-time
PCR arrays were used to identify the differentially expressed genes in response to CDC7 inhibition.

Results: Our results showed that CDC7 inhibition reduces glioblastoma cell viability, suppresses cell proliferation, and
triggers apoptosis in glioblastoma cell lines. In addition, we determined that CDC7 inhibition also suppresses glio-
blastoma cell migration and invasion. To identify molecular targets of CDC7 inhibition, we used real-time PCR arrays,

which showed dysregulation of several mMRNAs and miRNAs.

Conclusions: Taken together, our findings suggest that CDC7 inhibition is a promising strategy for treatment of

glioblastoma.
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Background

Glioblastoma is the most common malignant primary
brain tumor. At the molecular level, glioblastoma is char-
acterized by unique genomic alterations, which are used
to define four molecular subtypes [1]. The existence of
distinct tumor subtypes creates a structural complexity,
together with inherent resistance, limits the efficacy of
available treatment strategies. These findings highlight
the unmet need to develop novel therapeutic strategies
for glioblastoma.
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Conventional treatment strategies aim to inhibit cell cycle
progression to attenuate tumor growth. An alternative
approach involves enhancing replicative stress in a targeted
manner, which can be exploited for therapeutic purposes
[2]. One of the direct ways to accomplish this goal is to
target cell division cycle 7-related protein kinase (CDC7).
CDC7 is a serine/threonine kinase that phosphorylates
minichromosome maintenance protein 2 (MCM?2) of the
eukaryotic pre-replication complex [3], and this step is
required for initiation of DNA replication [4, 5]. Moreover,
CDC?7 overexpression is present in different cancer types
[6-10]. Based on these findings, targeting CDC7 kinase was
suggested as a new approach for cancer therapy [11].

Small molecule inhibitors of CDC7 were shown to have
anti-tumor activity in different cancer types [12-14].
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PHA-767491 hydrochloride is one of the first-genera-
tion CDC7 inhibitors, and its anti-tumor activity is well
characterized. Here, we report that CDC7 inhibition by
PHA-767491 hydrochloride inhibits cell proliferation and
induces apoptosis in glioblastoma cells. In addition, we
found that CDC7 inhibition suppresses glioblastoma cell
migration and invasion. By using real-time PCR arrays,
we found that CDC?7 inhibition alters the expression
of several mRNAs and miRNAs in glioblastoma cells.
In particular, CDC7 inhibition results in a significant
decrease in cathepsin S mRNA and protein expression.
Overall, our results indicate that CDC7 inhibition sup-
presses glioblastoma growth and invasiveness.

Methods

Cell culture

U87-MG, U251-MG, and 3T3 cells were obtained from
American Tissue Culture Collection (ATCC). All cell
lines were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 2% L-glutamine, and 1% penicillin—strep-
tomycin. Cells were maintained at 37 °C and in 5% CO,
atmosphere.

CDC7 inhibitor

PHA-767491 hydrochloride (Sigma-Aldrich, Germany)
was used as the CDC?7 inhibitor. Lyophilized PHA-
767491 hydrochloride was dissolved in nuclease-free
water to achieve a final concentration of 5 mM, and ali-
quoted in 100 pl volume. Aliquots were stored at —20 °C,
and a fresh aliquot was used for each experiment.

Cell viability assay

5x10% U87-MG and U251-MG cells were seeded in a
96-well plate 24 h before treatment. Next day, cells were
treated with inhibitor (10 uM final concentration), sol-
vent control (water), or left untreated. Seventy-two hours
after treatment, 10 pl of PrestoBlue cell viability reagent
(Invitrogen, Thermo Fisher Scientific, USA) was added
onto the cells to assess cell viability. Relative cell viability
was calculated by setting the viability of solvent control
as 100%. Experiments were repeated at least three times.

Cell proliferation assay

For synchronization, U87-MG and U251-MG cells were
maintained in culture medium supplemented with 1%
FBS for 24 h. Then, 1 x 10* U87-MG and U251-MG
cells were seeded in a 96-well plate. Next day, cells were
treated with inhibitor (2.5 or 10 uM final concentration),
solvent control (water), or left untreated. Seventy-two
hours after treatment, bromodeoxyuridine (BrdU) cell
proliferation ELISA kit (Cell Signaling, #5492) was used
according to the manufacturer’s instructions. Rate of
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proliferation in cells treated with solvent control was set
as 100% to calculate relative cell proliferation rate.

Detection of cell death

U87-MG and U251-MG cells (5 x 10 cells/well) were
seeded in a 96-well plate. Next day, cells were treated
with inhibitor [(2.5 or 10 uM final concentration), sol-
vent control (water), or left untreated. Twenty-four hours
after treatment, cells were lysed, and cell death detection
ELISA™™ kit (Roche, #11774425001) was used according
to the manufacturer’s instructions. Relative level of DNA
fragmentation (indicator of apoptosis) was calculated
according to the following formula:

Relative DNA fragmentation

= Absorbance[cpcri] / Absorbancegolyent control]

Immunoblotting

To analyze total MCM2 and p-MCM2 (S40 + S41) pro-
tein levels, U87-MG and U251-MG cells were treated with
PHA-767491 hydrochloride (10 uM final concentration)
for 12 h. To analyze CTSS protein expression, U87-MG
and U251-MG cells were treated with CDC7 inhibitor
(2.5 uM final concentration), and cells were harvested at
three different time points (24, 48, and 72 h). Afterwards,
cells were lysed in a cocktail (RIPA buffer supplemented
with protease and phosphatase inhibitors). Equal amount
(50 pg) of protein samples were separated on 4—10% Tris—
Cl polyacrylamide gel, and proteins were transferred to
polyvinylidene difluoride (PVDF) membranes. The follow-
ing antibodies were used in Western blotting experiments:
p-MCM2 (S40/S41) antibody (1:2000, abcam, ab70371);
MCM2 antibody (1:1000, abcam, ab108935); cathepsin-
S (1:1000, abcam, ab134157) and beta-actin antibody
(1:10,000, abcam, ab8227). After incubation with primary
antibodies, membranes were subsequently incubated with
HRP-labeled goat-anti-rabbit immunoglobulins (Santa
Cruz). SuperSignal West Pico Chemiluminescent Sub-
strate (Thermo Scientific) was used for protein detection.

RNA isolation

miRNeasy kit (#217004; Qiagen GmbH, Hilden, Ger-
many) was used according to the manufacturer’s proto-
col to isolate total RNA from glioblastoma cells. RNA
samples were eluted in nuclease-free water, and stored at
—80 °C until further analysis.

Reverse-transcription

RevertAid First Strand ¢cDNA Synthesis Kit (#K1622;
Thermo Scientific Fisher) was used to reverse-transcribe
RNA samples for mRNA expression analysis. miScript
RT II kit (Qiagen GmbH, Hilden, Germany) was used to
reverse-transcribe RNA samples for miRNA expression
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analysis. Equal amount (1 pg) of RNA samples were used
for reverse transcription. cDNA samples were diluted
with nuclease-free water, and stored at —20 °C until
analysis.

Real-time PCR

All real-time PCR experiments were performed on a
LightCycler 480 instrument (Roche). In each experiment,
three technical replicates per sample and a no-template
control (NTC) were used. The following primer sequences
were used: CTSS-F: GCCTGATTCTGTGGACTGG,
CTSS-R:GATGTACTGGAAAGCCGTTGT; GAPDH-F:G
CAAATTCCATGGCACCGT; GAPDH-R: TCGCCCCAC
TTGATTTTGG. GAPDH was used as a housekeeping
gene to normalize mRNA expression. Relative mRNA
expression was calculated by using the formula 2744 [15],

Migration assay

U87-MG and U251-MG cells were seeded at a density
of 2.5 x 10°cells/well in 6-well plates, and incubated
in DMEM supplemented with 10% FBS for 24 h. A con-
fluent monolayer of each well was scratched with a
200 pl pipette tip, and cells were washed twice with 1x
PBS. Then, fresh growth medium containing 10% FBS,
with or without CDC?7 inhibitor (final concentration:
2.5 or 10 uM) was added onto the cells. For each well,
the wound area was marked, and images were acquired
immediately after the scratch (0 h), and at 48 h on a
phase-contrast inverted microscope (Olympus, CKX41;
magnification: 10x). At each time point, the same
wounded area was selected for image acquisition. The
number of migrated cells was counted on Image] v.1.42
software as described previously [16]. All experiments
were performed in triplicate, and each experiment was
repeated at least three times.

Invasion assay

Cell invasion experiments were performed using 24-well
invasion chambers (pore size: 8 um, 24 well; Greiner)
coated with 250 pg/ml Matrigel (#356234; BD Biosci-
ence). U87-MG and U251-MG cells (2 x 10%/well) were
plated in medium without FBS, and 10% FBS in the bot-
tom chamber served as chemoattractant. Twenty-four
hours after seeding, cells were stained with Diff-Quick
Staining Set (#NC0674866; Siemens) and cells that did
not cross the transfilter were removed with cotton swabs.
Invaded cells were visualized by phase-contrast micros-
copy, and counted on Image J v.1.42 software.

Real-time PCR arrays

Human Cancer Drug Targets PCR Array (PAHS-
507ZF-12; Qiagen GmbH, Hilden, Germany) and Brain
Cancer miRNA PCR Array (MIHS-108Z; Qiagen GmbH,
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Hilden, Germany) were used to analyze the changes in
cellular mRNA and miRNA expression profiles upon
CDC?7 inhibitor treatment. Twenty-four hours before
treatment, 1 x 10° U87-MG cells were seeded in 6-well
plates. Next day, cells were treated with inhibitor (final
concentration: 2.5 uM) or solvent control (water). Total
RNA isolation was performed as described previously.
miScript RT II kit (Qiagen GmbH, Hilden, Germany) and
RT2 First Strandt kit (Qiagen GmbH, Hilden, Germany)
were used for reverse-transcription reactions. Input RNA
amount was 400 ng for Human Cancer Drug Targets PCR
array, and 500 ng for Brain Cancer miRNA PCR Array.

Three biological replicates were used for each real-time
PCR experiment. All real-time PCR experiments were
performed on a LightCycler 480 instrument (Roche). A
cut-off value of 1.5-fold was used to identify the signifi-
cant hits.

Statistical analysis

All statistical analyses were performed on GraphPad
Prism v.6.0 for Mac OS X (GraphPad Software, La Jolla,
California, USA). Independent samples ¢ test was used
to analyze the differences between groups. P < 0.05 were
considered as statistically significant.

Results

CDC7 inhibition decreases glioblastoma cell viability in a
time- and dose-dependent fashion

Inhibition of MCM2 phosphorylation at CDC7-depend-
ent site Ser40/41 is a pharmacodynamic parameter of
CDC?7 inhibition [12]. To confirm this finding, we treated
U87-MG and U251-MG cells with PHA-767491 hydro-
chloride (10 pM final concentration) for 12 h, and ana-
lyzed total MCM2 and phospho-MCM2 (S40 + S41)
protein expression. Our results indicate that PHA-
767491 hydrochloride treatment leads to significant
reduction in p-MCM2 (S40 + S41) expression both cell
lines (Fig. 1a, b).

Next, we aimed to determine the half maximal inhibi-
tor concentration (IC,) of PHA-767491 hydrochloride.
To do this, we treated U87-MG and U251-MG cells with
different concentrations of PHA-767491 (0-10 uM) for
72 h, and analyzed cell viability. For both cell lines, the
ICy, concentration was approximately 2.5 uM (Fig. 1c).

After determining the IC,, value, we aimed to analyze
how glioblastoma cell viability changes in response to
CDC?7 inhibition. We treated U87-MG and U251-MG
cells with different concentrations of CDC?7 inhibitor
(2.5 and 10 puM final concentration), and determined
that treatment with 2.5 pM PHA-767491 hydrochlo-
ride decreased cell viability by approximately 45% in
both cell lines (Fig. 1d). Similarly, treatment with 10 uM
PHA-767491 hydrochloride decreased cell viability
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Fig. 1 CDC7 inhibition decreases glioblastoma cell viability in a time- and dose-dependent fashion. a Protein levels of total MCM2 and p-MCM2
(S40 + S41) were analyzed with immunoblotting to confirm pharmacodynamic efficacy of CDC7 inhibition. Treatment with CDC7 inhibitor (10 uM)
leads to a significant reduction in p-MCM2 (540 + S41) expression in U87-MG and U251-MG cell lines. b Image)J software was used to quantify the
signal intensities in immunoblots. € U87-MG and U251-MG cells were treated with different concentrations of CDC7 inhibitor (0-10 uM) for 72 h to
determine the IC50 value. d U87-MG and U251-MG cells were treated with CDC7 inhibitor (2.5 uM) for 24, 48, and 72 h, and PrestoBlue cell viability
reagent (Thermo Fisher Scientific, #A13261) was used to assess cell viability. @ Under similar experimental conditions, U87-MG and U251-MG cells
were treated with CDC7 inhibitor (10 uM) for 24, 48, and 72 h, and cell viability was assessed as described previously. Data represent mean £SEM. of
three independent experiments. [*P < 0.05, **P < 0.01 and ***P < 0.001 for treated cells vs control]

by approximately 75% in U87-MG cells, and 70% in
U251-MG cells (Fig. 1e).

To explore the effects of CDC?7 inhibition on non-tum-
origenic cells, we used non-transformed 3T3 cells as con-
trol cell line. Treatment with PHA-767491 hydrochloride
resulted in a modest decrease in cell viability (Additional
file 1: Fig. S1a). On the other hand, we determined sig-
nificant decrease in cell proliferation (Additional file 1:
Fig. S1b). Contrary to glioblastoma cells, CDC?7 inhibition
did not cause a significant increase in the level of DNA
fragmentation in 3T3 cells (Additional file 1: Fig. Slc).
Overall, these findings indicate that PHA-767491 hydro-
chloride effectively decreases cell viability in glioblastoma
cells in a time-dependent fashion, and CDC7 inhibition
exerts limited effects on non-tumorigenic cells.

CDC7 inhibition inhibits glioblastoma cell proliferation,
and induces apoptosis

PHA-767491 hydrochloride is able to induce apoptotic
cell death [12], independent of p53 status of tumor cells.
Our next question was to determine whether CDC7
inhibition would also induce apoptosis in glioblastoma
cells. We found that CDC7 inhibitor treatment for 24 h
results in a significant increase in DNA fragmentation in

both U87-MG cells (3.54-fold compared to control) and
U251-MG cells (1.31-fold compared to control) (Fig. 2a).
Under similar experimental conditions, we performed
Annexin V staining, which also confirmed that CDC7
inhibition induces apoptosis in both cell lines (Fig. 2b).

Another consequence of CDC?7 inhibition is suppres-
sion of cell proliferation, which is demonstrated in mul-
tiple cell lines [12]. To determine if CDC?7 inhibition also
suppresses cell proliferation in glioblastoma cells, we
used a chemiluminescent bromodeoxyuridine (BrdU)
incorporation assay. Treatment with 2.5 pM of PHA-
767491 hydrochloride resulted in approximately 20%
decrease in cell proliferation in both cell lines (Fig. 3).
Similarly, treatment with 10 pM of PHA-767491 hydro-
chloride resulted in 96% decrease in cell proliferation
in U87-MG cells, and 83% decrease in cell proliferation
in U251-MG cells (Fig. 3). Taken together, these results
demonstrate that CDC7 inhibition suppresses glioblas-
toma cell proliferation, and induces apoptosis.

CDC7 inhibition suppresses migration and invasion

of glioblastoma cells

A common feature of glioblastoma cells is their aggres-
sive phenotype, which is characterized by their migration
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Fig. 2 CDC7 inhibition induces apoptosis in glioblastoma cells. U87-MG and U251-MG cells were treated with different concentrations of CDC7
inhibitor (2.5 and 10 uM) for 24 h. Then, a Cell Death Detection ELISAPYs kit (Roche, #11544675001) and b Annexin-V staining were used to analyze
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tions of CDC7 inhibitor (2.5 and 10 uM) for 72 h. Then, a chemilumi-
nescent BrdU incorporation assay (Cell Signaling, #5492) was used
to analyze the rate of cell proliferation. Data represent mean % SEM
of two independent experiments. [*P < 0.05, **P < 0.01, ***P < 0.001
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and invasion abilities. Our next goal was to identify
whether CDC?7 inhibition has any effect on glioblastoma
cell migration and invasion. Using a wound-healing assay,
we found that CDC?7 inhibitor treatment caused a signifi-
cant decrease in the number of migrated cells in both cell
lines (Fig. 4). At maximal dose (10 uM), we determined
that the migration ability of both cell lines was dimin-
ished significantly (Fig. 4b, d). At IC,, dose, the degree
of suppression was more prominent in U251-MG cells,
compared to U87-MG cells.

In parallel, we also performed a transwell invasion
assay to test the effect of CDC7 inhibition on glioblas-
toma cell invasion. Treatment with CDC?7 inhibitor at
maximal dose (10 uM) caused a significant decrease in
number of invaded cells in both U87-MG cells (Fig. 5a, b)
and U251-MG cells (Fig. 5¢, d). However, at IC,, dose, the
degree of inhibition was considerably less in U251-MG
cells, compared to U87-MG cells. Taken together, these
results indicate that CDC?7 inhibition suppresses glio-
blastoma cell migration and invasion.

Molecular consequences of CDC7 inhibition at the
transcriptomic level

To understand the molecular consequences of CDC7
inhibition, we used commercial real-time PCR arrays
to analyze the changes in expression levels of several
mRNAs and miRNAs.

We found that 5 mRNAs were significantly upregu-
lated, and 4 mRNAs were significantly downregulated
in U87-MG cells that were treated with CDC7 inhibitor.
Pathway analysis and the list of differentially expressed
genes is shown in Fig. 6a.

In parallel to mRNA expression analysis, we also aimed
to identify how CDC?7 inhibition alters the cellular miRNA
profile. By using a commercial PCR array specific to known
miRNAs related to different tumors of the brain and central
nervous system, we determined that CDC?7 inhibition leads
to upregulation of hsa-miR-451a (2.34-fold) and hsa-miR-
320a (1.96-fold) in U87-MG cells. To validate the results
of our profiling experiment, we used real-time PCR, and
found that CDC7 inhibition results in 2.2-fold increase in
miR-451a expression in U87-MG cells (Fig. 6e).
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Fig. 4 CDC7 inhibition suppresses glioblastoma cell migration. Cells were scratched with a pipette tip, and then incubated with CDC7 inhibi-
tor (10 uM) for 0-72 h. Migrating cells were visualized under a phase contrast microscope. a Representative images of migrated U87-MG and ¢
U251-MG cells. b, d Image J-Cell counter plugin (https://imagej.nih.gov/ij/plugins/cell-counter.html) was used to quantify the number of migrated
cells. Data represent mean & SEM of three independent experiments. [*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001 for treated cells vs
control]

We wanted to focus on CTSS, as it was the most sig-
nificantly downregulated target in the PCR array. To vali-
date our screening results, we analyzed CTSS mRNA and
protein levels after CDC7 inhibitor treatment. Treatment
with CDC?7 inhibitor (2.5 uM) for 48 h resulted in 55%
decrease in CTSS mRNA expression in U87-MG cells,
and 48% decrease in U251-M@G cells (Fig. 6¢). Similarly,
treatment with CDC?7 inhibitor (2.5 uM) for 72 h caused
a decrease in CTSS protein expression in U87-MG cells
(Fig. 6b, d). Taken together, these results suggest that
CDC?7 inhibition may suppress glioblastoma growth
through CTSS.

Discussion

Cancer cells override the checkpoints in cell cycle to sus-
tain continuous growth; however, this results in replica-
tive stress. Recently, it has been suggested that replicative
stress can be enhanced in a targeted way to attenuate

growth of cancer cells. In this regard, CDC7 has been
suggested as a potential therapeutic target for p53-neg-
ative breast cancers [17], and other cancer types, as it is
known to be overexpressed in multiple cancers [6, 18].

Commonly used inhibitors of DNA replication (includ-
ing topoisomerase inhibitors, intercalating agents,
alkylating agents) lead to DNA damage, and activate the
S-phase replication checkpoint (Chkl/Chk2-dependent
checkpoint) [11]. Contrary to these agents, CDC?7 inhibi-
tors are able to halt DNA replication, and induce apop-
tosis without activating the Chkl-dependent pathway
[11]. This brings a therapeutic advantage to this class of
agents.

PHA-767491 hydrochloride is a first-generation CDC7
inhibitor with well-characterized anti-tumor activity.
In the pioneering study, Montagnoli et al. showed that
PHA-767491 hydrochloride inhibits cell proliferation
in a comprehensive panel of cancer cell lines at a mean
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Fig. 5 CDC7 inhibition suppresses glioblastoma cell invasion. a Representative images of invaded U87-MG and ¢ U251-MG cells after 24-h
culture in Matrigel invasion chambers. b, d ImageJ-Cell counter plugin (https://imagej.nih.gov/ij/plugins/cell-counterhtml) was used to quantify
the number of invaded cells. The invasiveness of U87-MG and U251-MG cells was attenuated with the CDC7 inhibitor treatment. Data represent
mean =+ SEM of three independent experiments. [*P < 0.05, **P < 0.01 ***P < 0.001 and ****P < 0.0001 for treated cells vs control]

IC50 value of 3.17 pM [12]. The authors also showed
that PHA-767491 hydrochloride induces apoptosis in
multiple cell lines [12]. In our study, we determined that
PHA-767491 effectively reduces cell viability in both glio-
blastoma cell lines.

The IDHI gene encodes isocitrate dehydrogenase 1,
which is responsible for catalyzing the conversion of isoc-
itrate to alpha-ketoglutarate. The most common IDH1
mutation is R132H, which produces a missense mutation
that affects substrate binding ability of the enzyme. This
mutation is commonly found in secondary glioblasto-
mas, and has clinical importance, as it is associated with
improved survival in glioblastoma patients [19].

The IDHI1 status of experimental cell models is a cru-
cial factor to consider when evaluating the therapeutic
potential of CDC7 inhibition. The study by Ichimura
et al. showed that none of the 15 glioblastoma cell lines
(including U87-MG and U251-M@G) has IDH1 mutations
[20]. To address whether IDH1 status is associated with
a differential response to CDC?7 inhibition, further stud-
ies should be carried out on IDH1 wild-type and IDH1
mutant cell lines.

The methylation of MGMT promoter is another factor
that is associated with survival of glioblastoma patients.
The MGMT gene encodes O°-methylguanine—DNA
methyltransferase, which functions as a DNA-repair
protein to remove alkyl groups from guanine residues.
The methylation of MGMT promoter has a direct clini-
cal consequence, as it is associated with longer overall
survival in patients with glioblastoma, who undergo a

combination treatment consisting of radiotherapy and an
alkylating agent (such as temozolomide) [21].

Both U87-MG and U251-MG cell lines have hyper-
methylated MGMT promoter [22, 23]. Considering that
CDCY7 inhibition with PHA-767491 does not elicit DNA
damage response in recipient cells, it is possible that
MGMT methylation status is not associated with a dif-
ferential response to CDC7 inhibition. The consequences
of CDC?7 inhibition should be compared between cell
lines that have normal MGMT promoter and cell lines
with hypermethylated MGMT promoter to reach a better
conclusion.

To analyze the effects of CDC?7 inhibition on non-
tumorigenic cells, we used 3T3 cell line as a model sys-
tem. Our results indicate that CDC7 inhibition leads to a
slight decrease in cell viability, while causing a significant
reduction in cell proliferation. In addition, CDC?7 inhi-
bition does not induce apoptotic cell death in 3T3 cells,
unlike glioblastoma cells. While CDC7 inhibition appears
to cause selective cytotoxicity in glioblastoma cells, these
results should be confirmed further in primary human
astrocytes and other non-tumorigenic cells.

To understand the molecular consequences of CDC7
inhibition, we used two commercial PCR arrays, which
contain probes against (1) miRNAs known to be associ-
ated with brain and central nervous system tumors, and
(2) mRNAs with roles in key intracellular signaling path-
ways. We determined that several important genes show
differential expression in response to CDC?7 inhibition.
Considering that the majority of these genes are classified
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Fig. 6 Dysregulated mRNAs and miRNAs in response to CDC7 inhibition. Commercial real-time PCR arrays were used to analyze differential mRNA
and miRNA expression profiles in response to CDC7 inhibition. a List of cellular pathways analyzed by real-time PCR array. Differentially expressed
mRNAs are indicated in italic. b, d Immunoblot analysis of CTSS in glioblastoma cell lines in response to CDC7 inhibition, and its quantification. ¢
Real-time PCR analysis of CTSS mRNA expression levels in glioblastoma cell lines in response to CDC7 inhibition. @ Analysis of miR-451 expression in
U87-MG cell line in response to CDC7 inhibition [*P < 0.05, **P < 0.01 ***P < 0.001 and ****P < 0.0001 for treated cells vs control]

as growth factors and receptors, it is possible that glio-
blastoma cells are trying to compensate the tumor sup-
pressive effect of CDC7 inhibition by activating key
genes related to cell survival. This finding is particularly
important, as it may allow predicting how cells are likely
to develop chemoresistance over time. By identifying
upregulated gene(s) and associated pathways, it may be
possible to design combined therapies for glioblastoma.
hsa-miR-451a was one of the few miRNAs, which
shows differential expression in response to CDC?7 inhi-
bition. We determined that CDC?7 inhibition leads to a
2.3-fold increase in hsa-miR-451a expression in U87-MG
cells. Previously, hsa-miR-451/AMPK complex was

shown to work as a conditional switch to regulate glio-
blastoma cell migration and proliferation [24]. In case of
glucose deprivation, hsa-miR-451 expression is reduced,
which in turn leads to enhanced cell migration and sur-
vival [25]. In a recent study, Drusco et al. found that
miR-451, among several other miRNAs, is significantly
upregulated in cerebrospinal fluid (CSF) sample of glio-
blastoma patients (>180-fold compared to normal) [26].
These findings are consistent with our results, which
indicate that CDC7 inhibition results in upregulation of
hsa-miR-451 expression and decreased cell migration.
Cathepsin S is a lysosomal cysteine protease, which
is encoded by the CTSS gene. CTSS is overexpressed in
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different cancer types (including astrocytomas [27]),
and is reported to be an independent prognostic factor
of survival for glioblastoma [28]. Previously, Zhang et al.
reported that inhibition of CTSS expression induces
autophagy and apoptosis in glioblastoma cell lines,
through ROS-mediated PI3K/AKT/mTOR/p70S6K and
JNK signaling pathways [29]. In another study, Kenig
et al. found a correlation between increased CTSS
expression and invasiveness of glioblastoma cells [30].
Recently, Sevenich et al. reported that CTSS expression is
significantly high in tumor cells in early stage metastases,
and pharmacological inhibition of CTSS reduces experi-
mental brain metastasis [31].

Conclusion

In this study, we focused on multiple aspects of glioblas-
toma biology to understand the consequences of CDC7
inhibition in vitro. We provided substantial evidence that
CDC?7 inhibition suppresses glioblastoma growth and
invasiveness. In addition, our results provide preliminary
evidence that CDC?7 inhibition alters the glioblastoma
transcriptome by upregulating and downregulating key
genes involved in different cellular pathways. Notably,
our results suggest that CDC7 inhibition may suppress
glioblastoma growth through CTSS.

Additional file

Additional file 1: Figure S1. The effects of CDC7 inhibition on non-
tumorigenic cells. A. 3T3 cells were treated with different concentrations
of CDC7 inhibitor (2.5 and 10 uM) for 72 h, and PrestoBlue cell viability
reagent (Thermo Fisher Scientific, #A13261) was used to assess cell viabil-
ity. B. Under similar experimental conditions, a chemiluminescent BrdU
incorporation assay (Cell Signaling, #5294) was used to assess the rate of
cell proliferation. C. In parallel to cell viability and cell proliferation assays,
Cell Death Detection ELISA™* (Roche, #11544675001) was used to assess
apoptotic death. Data represent mean =+ SEM. of five biological replicates.
[*P < 0.05, **P < 0.01 ***P < 0.001 and ****P < 0.0001 for treated cells vs
control].
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PI3K: phosphoinositide 3-kinase; ROS: reactive oxygen species.

Authors’ contributions

EPE designed the study. ZE, BA, and EPE performed the experiments. ZE and
SE performed statistical analysis, and contributed to final editing of the manu-
script. BA and EPE interpreted the data, and wrote the manuscript. All authors
read and approved the final manuscript.

Page 9 of 10

Author details

! Department of Biochemistry, Faculty of Medicine, Dokuz Eylul University,
Izmir, Turkey. 2 Izmir Biomedicine and Genome Center, Dokuz Eylul University,
Izmir, Turkey. 3 Department of Neuroscience, Institute of Health Sciences,
Dokuz Eylul University, Izmir, Turkey. * Department of Neurosurgery, Faculty
of Medicine, Dokuz Eylul University, Izmir, Turkey. 5 Pharmaplus Laboratories,
Pharmaplus Ilac ve Saglik Urunleri Ltd. Sti, Izmir, Turkey.

Acknowledgements
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Funding

The study received financial support from Pharmaplus llac ve Saglik Urunleri
Ltd. Sti. The funding body did not have any effect on study design, data analy-
sis, interpretation of data, and writing manuscript.

Received: 2 September 2016 Accepted: 16 November 2016
Published online: 18 November 2016

References

1. Verhaak RG, Hoadley KA, Purdom E, Wang V, Qi Y, Wilkerson MD, Miller CR,
Ding L, Golub T, Mesirov JP, et al. Integrated genomic analysis identifies
clinically relevant subtypes of glioblastoma characterized by abnormali-
ties in PDGFRA, IDH1, EGFR, and NF1. Cancer Cell. 2010;17(1):98-110.

2. Dobbelstein M, Sorensen CS. Exploiting replicative stress to treat cancer.
Nat Rev Drug Discovery. 2015;14(6):405-23.

3. Lei M, KawasakiY, Young MR, Kihara M, Sugino A, Tye BK. Mcm?2 is a target
of regulation by Cdc7-Dbf4 during the initiation of DNA synthesis. Genes
Dev. 1997;11(24):3365-74.

4. Bruckl, Kaplan D. Dbf4-Cdc7 phosphorylation of Mcm2 is required for cell
growth. J Biol Chem. 2009;284(42):28823-31.

5. Chuang LC, Teixeira LK, Wohlschlegel JA, Henze M, Yates JR, Mendez J,
Reed SI. Phosphorylation of Mcm2 by Cdc7 promotes pre-replication
complex assembly during cell-cycle re-entry. Mol Cell. 2009;35(2):206-16.

6. Bonte D, Lindvall C, Liu H, Dykema K, Furge K, Weinreich M. Cdc7-Dbf4
kinase overexpression in multiple cancers and tumor cell lines is cor-
related with p53 inactivation. Neoplasia. 2008;10(9):920-31.

7. Choschzick M, Lebeau A, Marx AH, Tharun L, Terracciano L, Heilenkotter U,
Jaenicke F, Bokemeyer C, Simon R, Sauter G, et al. Overexpression of cell
division cycle 7 homolog is associated with gene amplification frequency
in breast cancer. Hum Pathol. 2010;41(3):358-65.

8. Cheng AN, Jiang SS, Fan CC, Lo YK, Kuo CY, Chen CH, Liu YL, Lee CC,

Chen' WS, Huang TS, et al. Increased Cdc7 expression is a marker of oral
squamous cell carcinoma and overexpression of Cdc7 contributes to the
resistance to DNA-damaging agents. Cancer Lett. 2013;337(2):218-25.

9. Nambiar S, Mirmohammadsadegh A, Hassan M, Mota R, Marini A, Alaoui
A, Tannapfel A, Hegemann JH, Hengge UR. Identification and functional
characterization of ASK/Dbf4, a novel cell survival gene in cutaneous mel-
anoma with prognostic relevance. Carcinogenesis. 2007;28(12):2501-10.

10. Melling N, Muth J, Simon R, Bokemeyer C, Terracciano L, Sauter G, Izbicki JR,
Marx AH. Cdc7 overexpression is an independent prognostic marker and a
potential therapeutic target in colorectal cancer. Diagn Pathol. 2015;10:125.

11. Montagnoli A, Moll J, Colotta F. Targeting cell division cycle 7 kinase: a
new approach for cancer therapy. Clin Cancer Res. 2010;16(18):4503-8.

12. Montagnoli A, Valsasina B, Croci V, Menichincheri M, Rainoldi S, Marchesi
V, Tibolla M, Tenca P, Brotherton D, Albanese C, et al. A Cdc7 kinase inhibi-
tor restricts initiation of DNA replication and has antitumor activity. Nat
Chem Biol. 2008;4(6):357-65.

13. Sasi NK, Tiwari K, Soon FF, Bonte D, Wang T, Melcher K, Xu HE, Weinreich
M. The potent Cdc7-Dbf4 (DDK) kinase inhibitor XL413 has limited activ-
ity in many cancer cell lines and discovery of potential new DDK inhibitor
scaffolds. PLoS ONE. 2014;9(11):2113300.

14. Koltun ES, Tsuhako AL, Brown DS, Aay N, Arcalas A, ChanV, Du H, Engst S,
Ferguson K, Franzini M, et al. Discovery of XL413, a potent and selective
CDC7 inhibitor. Bioorg Med Chem Lett. 2012;22(11):3727-31.


http://dx.doi.org/10.1186/s12935-016-0364-8

Erbayraktar et al. Cancer Cell Int (2016) 16:88

20.

21

22.

23.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2[-Delta Delta C(T)] Method. Methods.
2001;25(4):402-8.

Alural B, Duran GA, Tufekci KU, Allmer J, Onkal Z, Tunali D, Genc K, Genc
S. EPO mediates neurotrophic, neuroprotective, anti-oxidant, and anti-
apoptotic effects via downregulation of miR-451 and miR-885-5p in
SH-SY5Y neuron-like cells. Front Immunol. 2014;5:475.
Rodriguez-Acebes S, Proctor |, Loddo M, Wollenschlaeger A, Rashid M,
Falzon M, Prevost AT, Sainsbury R, Stoeber K, Williams GH. Targeting DNA
replication before it starts: Cdc7 as a therapeutic target in p53-mutant
breast cancers. Am J Pathol. 2010;177(4):2034-45.

Huggett MT, Tudzarova S, Proctor |, Loddo M, Keane MG, Stoeber K,
Williams GH, Pereira SP. Cdc7 is a potent anti-cancer target in pancreatic
cancer due to abrogation of the DNA origin activation checkpoint. Onco-
target. 2016.

Chen JR, Yao Y, Xu HZ, Qin ZY. Isocitrate dehydrogenase (IDH)1/2 muta-
tions as prognostic markers in patients with glioblastomas. Medicine
(Baltimore). 2016;95(9):e2583.

Ichimura K, Pearson DM, Kocialkowski S, Backlund LM, Chan R, Jones

DT, Collins VP. IDH1 mutations are present in the majority of common
adult gliomas but rare in primary glioblastomas. Neuro-Oncology.
2009;11(4):341-7.

Hegi ME, Diserens AC, Gorlia T, Hamou MF, de Tribolet N, Weller M,

Kros JM, Hainfellner JA, Mason W, Mariani L, et al. MGMT gene silenc-

ing and benefit from temozolomide in glioblastoma. N Engl J Med.
2005;352(10):997-1003.

CalderaV, Mellai M, Annovazzi L, Monzeglio O, Piazzi A, Schiffer D. MGMT
hypermethylation and MDR system in glioblastoma cancer stem cells.
Cancer Genom Proteom. 2012;9(4):171-8.

Qiu ZK, Shen D, Chen YS, Yang QY, Guo CC, Feng BH, Chen ZP. Enhanced
MGMT expression contributes to temozolomide resistance in glioma
stem-like cells. Chin J Cancer. 2014;33(2):115-22.

24.

25.

26.

27.

28.

29.

30.

31.

Page 10 of 10

Godlewski J, Bronisz A, Nowicki MO, Chiocca EA, Lawler S. microRNA-451:
a conditional switch controlling glioma cell proliferation and migration.
Cell Cycle. 2010,9(14):2742-8.

Godlewski J, Nowicki MO, Bronisz A, Nuovo G, Palatini J, De Lay M, Van
Brocklyn J, Ostrowski MC, Chiocca EA, Lawler SE. MicroRNA-451 regulates
LKB1/AMPK signaling and allows adaptation to metabolic stress in glioma
cells. Mol Cell. 2010;37(5):620-32.

Drusco A, Bottoni A, Lagana A, Acunzo M, Fassan M, Cascione L,
Antenucci A, Kumchala P, Vicentini C, Gardiman MP, et al. A differentially
expressed set of microRNAs in cerebro-spinal fluid (CSF) can diagnose
CNS malignancies. Oncotarget. 2015;6(25):20829-39.

Flannery T, Gibson D, Mirakhur M, McQuaid S, Greenan C, Trimble

A, Walker B, McCormick D, Johnston PG. The clinical significance

of cathepsin S expression in human astrocytomas. Am J Pathol.
2003;163(1):175-82.

Flannery T, McQuaid S, McGoohan C, McConnell RS, McGregor G,
Mirakhur M, Hamilton P, Diamond J, Cran G, Walker B, et al. Cathepsin S
expression: an independent prognostic factor in glioblastoma tumours—
A pilot study. Int J Cancer J Int Du Cancer. 2006;119(4):854-60.

Zhang L, Wang H, Xu J, Zhu J, Ding K. Inhibition of cathepsin S induces
autophagy and apoptosis in human glioblastoma cell lines through ROS-
mediated PI3K/AKT/mTOR/p70S6K and JNK signaling pathways. Toxicol
Lett. 2014;228(3):248-59.

Kenig S, Alonso MB, Mueller MM, Lah TT. Glioblastoma and endothelial
cells cross-talk, mediated by SDF-1, enhances tumour invasion and
endothelial proliferation by increasing expression of cathepsins B, S, and
MMP-9. Cancer Lett. 2010;289(1):53-61.

Sevenich L, Bowman RL, Mason SD, Quail DF, Rapaport F, Elie BT, Brogi

E, Brastianos PK, Hahn WC, Holsinger LJ, et al. Analysis of tumour- and
stroma-supplied proteolytic networks reveals a brain-metastasis-promot-
ing role for cathepsin S. Nat Cell Biol. 2014;16(9):876-88.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal
* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central




	Cell division cycle 7-kinase inhibitor PHA-767491 hydrochloride suppresses glioblastoma growth and invasiveness
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Cell culture
	CDC7 inhibitor
	Cell viability assay
	Cell proliferation assay
	Detection of cell death
	Immunoblotting
	RNA isolation
	Reverse-transcription
	Real-time PCR
	Migration assay
	Invasion assay
	Real-time PCR arrays
	Statistical analysis

	Results
	CDC7 inhibition decreases glioblastoma cell viability in a time- and dose-dependent fashion
	CDC7 inhibition inhibits glioblastoma cell proliferation, and induces apoptosis
	CDC7 inhibition suppresses migration and invasion of glioblastoma cells
	Molecular consequences of CDC7 inhibition at the transcriptomic level

	Discussion
	Conclusion
	Authors’ contributions
	References




