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HY-1 induces G,/M cell cycle arrest in human colon
cancer cells through the ATR-Chk1-Cdc25C and Weel

pathways
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The novel aroylthiourea analogue of podophyllotoxin HY-1
(4p-[benzoyl-thioureido]-4-deoxypodophyllotoxin) was synthe-
sized in our laboratory with the aim of developing multitarget-
ed DNA topoisomerase Il inhibitors. The compound showed
significant antiproliferative effects on seven cancer cell lines
and induced G,/M phase arrest in HCT116 cells. Moreover, HY-1
showed a potent inhibitory effect on topoisomerase Il-mediated
kinetoplast DNA decatenation in a dose-dependent manner. Our
results showed that cdc2 phosphorylation and decreased cdc2
kinase acitivity through the ATR-Chk1-Cdc25C and Weel path-
ways were the central mechanisms for G,/M phase arrest in
human colon cancer cells. (Cancer Sci 2013; 104: 1062-1066)

P odophyllotoxin (Fig. 1) is a well-known, naturally occur-
ing antitumor lignan lactone isolated from the genus Podo-
phyllum."  Several podophyllotoxin derivatives such as
etoposide (VP-16) and teniposide are in clinical use as antineo-
plastic agents due to their ability to inhibit the enzyme DNA
topoisomerase 11 (Topoll).”® In spite of their impressive clini-
cal efficacy, their therapeutic use is often hindered by poor
water solubility, acquired drug resistance, and metabolic inacti-
vation. Multitarget drugs against selective multiple targets
improve therapeutic efficacy, safety, and resistance profiles by
collective regulation of a primary therapeutic target together
with compensatory elements and resistance activities. To
develop novel multitargeted DNA Topoll inhibitors, we have
designed and synthesized two series of aroylthiourea analogues
by coupling a kinase inhibitory group, aroylthiourea, with
podophyllotoxin. Among these obtained analogues, 4p-(ben-
zoyl-thioureido)-4-deoxypodophyllotoxin  (HY-1)  possessed
potent inhibitory effects on cancer cell proliferation and ability
to cell cycle arrest.”

The cell cycle is an intricate sequence of events which
enables cells to grow and replicate. The G,/M transition is
largely dependent on cyclin Bl/cdc2 (Cdkl) activity. The
activity of cyclin B1/cdc2 is regulated by one positive regula-
tor, cdc25c, and two negative regulators, Weel and Mytl.
Cdc25¢c can dephosphorylate the protein kinase cdc2 at both
the Thrl4 and Tyrl5 residues and activate it. Cdc25c was
phosphorylated by Chkl and Chk2 at Ser-216. The ataxia
telangiectasia mutated (ATM)/ATM Rad3-related (ATR)
signaling pathway involved in checkpoint kinases downstream
of ATM/ATR is Chk2 and Chk1.”®

The present study is designed to explore in vitro antitumoral
acitivities and the underlying mechanism of HY-1 on G,/M
cell cycle arrest. Our results show that ATR-Chkl-cdc25
and Weel signal pathways are the central mechanisms in
HY-1-induced Go/M cell cycle arrest in human colon cancer
cell.
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Materials and Methods

Reagents and antibodies. HY-1 was synthesized in our labo-
ratory and dissolved in DMSO (vehicle control) (Beyotime,
Shanghai, China) as a stock solution at 10 uM concentration;
the final DMSO concentration did not exceed 0.1% for in vitro
experiments. Camptothecin and etoposide (VP-16) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA) and dis-
solved in DMSO. DNA topoisomerase I and plasmid pBR322
were purchased from TaKaRa Biotechnology (Dalian, China).
Purified human DNA Topoll and kinetoplast DNA (kDNA)
were purchased from Topogen (Port Orange, FL, USA). Horse-
radish peroxidase-conjugated secondary antibodies and anti-
bodies to Cdc2, P-cdc2, Chkl, and Chk2 were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Weel and
Cdc25c¢ were purchased from Cell Signaling Technology (Bev-
erly, MA, USA). The BrdU ELISA kit and annexin V-FLUOS
/propidium iodide (PI) staining kit were purchased from Roche
(Roche Applied Science, Penzberg, Germany). Hoechst 33342,
MTT, and ethidium bromide were purchased from Sigma-
Aldrich. All of the chemical reagents were analytically pure.

Cell lines and cell cultures. Human oral epidermoid carcinoma
(KB), human hepatocellular carcinoma (HepG2), human
non-small-cell lung tumor (A549), human colon carcinoma
(HCT116), murine prostate carcinoma (RM), human neuroblas-
toma (SH-SY5Y), and human breast carcinoma (4T) cell lines
were obtained from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China). Cells were cultured on DMEM
medium containing 10% FBS plus penicillin (100 U/mL) and
streptomycin (100 pg/mL) at 37°C in a humidified atmosphere
with 5% CO,.

Topoisomerase  activity —~measurement. Topoisomerase [
(Topol) activity was assessed using Topol-mediated super-
coiled pBR322 relaxation assay and Topoll activity was mea-
sured by the decatenation of kDNA as described.”” The Topol
assay kit (TaKaRa Biotechnology) and Topoll assay kit
(Topogen) were used according to the operating manual. The
reaction system contained DNA, topoisomerases, reaction
buffer, and different concentrations of compounds. Briefly,
reactions occurred for 30 min at 37°C, and were terminated
with stop buffer. Reaction products were analyzed on a 1%
agarose gel containing 0.5 pg/mL ethidium bromide. The
results were analyzed by a gel image analysis system.

Cell proliferation and viability assay. Cell proliferation and
viability studies were carried out using the MTT assay. Briefly,
1 x 10°/well cells were cultured in 96-well plates. After cell
attachment, different concentrations of HY-1 and VP-16 in
medium were added in 96-well plates for 72 h at 37°C. The
MTT solution (5 mg/mL in PBS) was added (20 pL/well) for
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Fig 1. Podophyllotoxin
phyllotoxin (HY-1).

and 4B-(benzoyl-thioureido)-4-deoxypodo-

an additional 4 h at 37°C. After the purple formazan crystals
were dissolved in 100 pL. SDS/DMF (dimethylformamide),
the plates were read at 570 nm with a microplate reader (Syn-
ergy 2; Biotek, Winooski, VT, USA). Assays were carried out
in triplicate in three independent experiments. The ICsy values
were calculated using SigmaPlot analysis software (Systat
Software Inc., Chicago, IL, USA).

Cell proliferation assay by BrdU incorporation. Cell prolifera-
tion was measured using a BrdU ELISA kit. HCT116 cells
(1 x 10°/well) were seeded in 96-well plates. After attachment,
cells were placed in medium with different concentrations of
HY-1 and VP-16 for 68 h. Then BrdU labeling solution was
added at 10 pL. per well; after 4 h, cells were dried and fixed.
Anti-BrdU-POD working solution and substrate solution were
added according to the manufacturer’s instructions. Finally, the
absorbance of the samples was measured by microplate reader
at 370 and 492 nm. The inhibition rate of cell growth was calcu-
lated by the following formula: Inhibition % = (1—-ODt
/0ODc) x 100%, where ODt and ODc indicate the mean value
of the treated group and control group, respectively. Assays
were carried out in triplicate in three independent experiments.
Quintuplicate wells were analyzed at each concentration and the
experiment was repeated in triplicate.

Cell cycle analysis. The cell cycle was analyzed using PI
staining for flow cytometry. After treatment with HY-1 and
VP-16 for 24 h, cells were collected and washed with PBS
three times, then fixed with 70% ethanol overnight at 4°C,
washed three more times with PBS, and resuspended. RNase
was added and incubated for 30 min to eliminate the
interference of RNA. Cells were treated with PI for a fur-
ther 30 min and washed three times with PBS. The DNA
contents were detected by FACSCalibur (Becton Dickinson,
Franklin Lakes, NJ, USA) flow cytometer at 488-630 nm.
The relative DNA content was analyzed by CellQuest soft-
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(a) Effects of 4B-(benzoyl-thioureido)-4-deoxypodophyllotoxin (HY-1) and camptothecin (CPT) on human topoisomerase I-mediated
decatenation activity of pBR322. RLX, relaxed pBR322; SC, supercoiled pBR322. (b) Effects of HY-1 and etoposide (VP-16) on human topoisomer-
ase |l-mediated decatenation activity of kinetoplast DNA (kDNA). Minicircles indicate no drug. DNA samples were separated by electrophoresis
on agarose gels containing ethidium bromide (1 mg/mL). Gels were photographed under UV light.

Fig. 2.
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ware (Becton Dickinson) based on the presence of a red flu-
orescence.

Nuclear staining assay. Cells (1 x 10°/well) were cultured in
6-well plates and incubated for 24 h before treatment with
different concentrations of HY-1 for 72 h. After removing the
medium, cells were washed with PBS three times. Hoechst
solution (diluted in PBS) was added for 10 min in the dark.
Cell nuclei were observed under fluorescence microscope with
200 x magnification.

Apoptosis assay. Apoptosis of HCT116 cells was detected by
flow cytometry with an annexin V-FLUOS/PI staining Kkit.
After treatment with HY-1 and VP-16 for 72 h, cells were
collected, washed with PBS three times, then resuspended in
100 pL binding buffer plus annexin V-FITC and PI. After
15 min of incubation in the dark, fluorescence was analyzed
by a FACSCalibur flow cytometer. The DNA content of the
nuclei was registered on a logarithmic scale.

Western blot analysis. Cytosolic extracts were prepared by
suspension in ice-cold lysis buffer (50 mM Tris, pH 7.4,
0.8 M NaCl, 5 mM MgCl,, 0.5% Nonidet P-40, 1 mM PMSF,
and 20 pg/mL each proteinase inhibitor aprotinin, leupeptin,
and pepstatin), and incubated on ice for 30 min. After centrifu-
gation at 10 000 g for 20 min at 4°C, the protein in the super-
natant was quantitated using a protein assay kit from Bio-Rad
Laboratories (Hercules, CA, USA). Sixty micrograms of pro-
tein was electrophoresed on 10% SDS-polyacrylamide gels,
then transferred to PVDF membranes. The membranes were
blocked for 2 h at room temperature in TBS plus 0.5% Tween
20 containing 5% fat-free milk, then incubated with primary
antibodies overnight at 4°C. After washing, the membranes
were incubated with anti-mouse or anti-rabbit secondary anti-
bodies for 2 h. Then the membranes were washed, detected by
the ECL method and visualized on KodakBio-MAX MR film
(Rochester, NY, USA).

Results

Effect of HY-1 on Topol and Topoll activity. Topoisomerase I-
mediated supercoiled pBR322 relaxation assay and Topoll-
mediated kDNA decatenation were used to determine the
inhibitory effects of HY-1 on the catalysis acitivity of Topol
and Topoll. As shown in Figure 2(a), HY-1 had no inhibitory
effect on the relaxation activity of Topol towards supercoiled
PBR322 at 100 uM. The Topol inhibitor, camptothecin,
effectively inhibited the catalytic activity of Topol at 10 pM.
However, HY-1 showed a potent inhibitory effect on Topoll-
mediated kDNA decatenation in a dose-dependent manner
(Fig. 2b). HY-1 completely inhibited the catalytic activity of
Topoll catalytic activity at 100 uM, equating to the effect of
VP-16 at 500 pM. These results indicated HY-1 might have
the same mechanism of action as VP-16.

Effects of HY-1 on cell proliferation and viability. Seven can-
cer cell lines from various solid tumors were used to deter-
mine the effects of HY-1 on cell proliferation and viability,
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Fig. 3. (a) Antiproliferation effects of 4B-(benzoyl-thioureido)-

4-deoxypodophyllotoxin (HY-1) and etoposide (VP-16) on different
human cancer cells by MTT assay. Cells were treated with different
concentrations of compounds for 72 h. The 1Cso values were calculated
using the mean results of three separate experiments, expressed as
the mean + SD (uM). (b) Antiproliferation effects of HY-1 and VP-16
on human colon carcinoma HCT116 cells by BrdU ELISA. All data rep-
resent the mean + SD from three independent experiments. *P < 0.05
versus blank control; **P < 0.01 versus blank control; #P < 0.05 versus
positive control; ##P < 0.01 versus positive control (n = 5).

using an MTT assay. The average inhibitory concentrations
of 50% are shown in Figure 3(a). The results indicated that
HY-1 displayed a potent inhibitory effect on cell prolifera-
tion in a dose-dependent manner and showed distinct
specificity. HY-1 showed a strong inhibitory effect on
HCT116, A549, KB, and HepG2 cell lines with 1Csy values
from 0.1 to 0.3 uM. The average ICsy values for HY-1 and
VP-16 against these cell lines were 1.2 and 15.6 pM,
respectively.

Effects of HY-1 on proliferation in HCT116 cells. A BrdU
ELISA was used to determine the newly synthesized DNA to
indicate the effect of compounds on HCT116 cell proliferation.
The results showed that there was a significant decrease in
BrdU incorporation in a dose-dependent manner following
48 h of incubation with HY-1 (Fig. 3b). After treatment with
10 uM HY-1 or VP-16, the percentage of decrease in BrdU
incorporation was approximately 30% and 10%, respectively.
The effect of HY-1 to inhibit BrdU incorporation in different
concentrations was better than that of VP-16. On the basis of
the above results, further studies were focused on the HCT116
cell line.

Cell cycle analysis. We examined the effects of HY-1 on the
cell cycle by flow cytometry in HCT116 cells. Interestingly, a
concentration-dependent change was observed in the cell cycle
pattern (Fig. 4a). Treatment of HCT116 cells for 24 h with
HY-1 at 0, 1.25, 2.5, 5, and 10 puM significantly increased the
percentage of cells at Go/M phase from 35.68% to 94.23%.
HY-1 arrested the cell cycle at a concentration of 1.25 pM,
with 93.77% of cells at Go,/M phase. The flow cytometric data
clearly indicated that HY-1 caused arrest at G,/M phase,
following the same pattern as VP-16.

Effect of HY-1 on expression of G,/M cell cycle regulatory pro-
teins. To elucidate the mechanism for G,/M arrest in HY-1
treated cells, we determined its effect on expression of cell
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Fig. 4. (a) Effects of compound 4f-(benzoyl-thioureido)-4-deoxypod-
ophyllotoxin (HY-1) on the cell cycle of human colon carcinoma HCT-
116 cells. Cells were incubated with 0, 1.25, 2.5, 5, or 10 uM HY-1 for
24 h and stained with propidium iodide (PI). Their DNA content was
analyzed by fluorescence flow cytometry. (b) Effect of HY-1 on G,/M
cell cycle regulator proteins. HCT116 cells treated with 0, 1.25, 2.5, 5,
or 10 uM HY-1 for 24 h. The protein levels of Cdc2, p-Cdc2, Weel,
P-Cdc25C, Chk1, Chk2, and ATR were assessed by Western blotting.

cycle regulatory proteins that are critical to G,/M transition,
including ATR, Chkl, Chk2, cdc2, P-cdc2, and P-cdc25c.
Western blot results indicated that the expression levels of
cdc2 were decreased in a dose-dependent manner, whereas the
expression levels of P-cdc2, P-cdc25c, Weel, Chkl, and
ATR were increased (Fig. 4b). These results suggested the
predominant changes in the expression of G,/M regulatory
proteins were induced through the ATR-Chk1-Cdc25C and
Weel pathways, which finally resulted in G,/M phase arrest in
HCT116 cells.

Effect of HY-1 on cell apoptosis. The morphological changes
in HCT116 cells after treatment by different concentrations of
HY-1 were measured by fluorescence staining. Cells were
stained with Hoechst 33 342 and visualized using a fluorescent
microscope. After treatment with HY-1, the number of cells
was significantly reduced, and most cells showed characteris-
tics typical of apoptotic cells, like plasma membrane blebbing
(Fig. 5a).

Annexin V/PI staining assay showed that HY-1 induced
apoptosis of HCT116 cells in a dose-dependent manner. VP-16
caused 53.45% cells into apoptosis at 10 pM, whereas HY-1
induced 68.40% cells into apoptosis at 1 uM (Fig. 5b,c).
Taken together, these results show that HY-1 induced cell
death primarily through apoptosis.

Discussion

Podophyllotoxin derivatives have 1mp0rtant therapeutic value
in the treatment of human cancers.® The synthesis and preli-
minary screen of aroylthiourea derivatives of podophyllotoxin
bearing different benzyl moieties have already been described
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Fig. 5. (a) Morphological study of human colon
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carcinoma HCT-116 cells treated with 4p-(benzoyl-

thioureido)-4-deoxypodophyllotoxin (HY-1) for 72 h,
assessed by Hoechst 33342 staining assay. Cells were
treated with 0, 0.1, or 0.2 uM HY-1 for 72 h, then
visualized using a fluorescence microscope. The cells
became rounded and contained fragmented nuclei,
typical morphological features of apoptosis. (b) HY-

1-induced HCT116 cell apoptosis was detected by

PI fluorescence

annexin V/propidium iodide (PI). Cells were treated
with various concentrations of HY-1 for 72 h, then
incubated with annexin V and Pl dyes. Apoptotic
cells  were analyzed by flow cytometry.
(c) Determination of the rates of apoptosis induced
by HY-1. All data represent the mean + SD from
three independent experiments.
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Fig. 6. Schematic explanation of the contribution of cell cycle regu-
latory proteins to the development of G,/M phase arrest in human
colon carcinoma HCT116 cells treated with 4B-(benzoyl-thioureido)-
4-deoxypodophyllotoxin (HY-1).

in published reports.” Aroylthioureas are known as good
ligands for metal ions, and these metal ions play important
roles in tumorigenesis. Moreover, aroylthioureas possess good
inhibitory activity against protein tyrosine kinases. We found
that coupling aroylthiourea with podophyllotoxin could signifi-
cantly improve its antiproliferative acitivity.

The results of the Topoll-mediated kDNA decatenation
assay proved that HY-1 could completely inhibited the cataly-
sis activity of Topoll at 100 pM, which indicated HY-1 was a
potent Topoll inhibitor with the same mechanism of action as
VP-16.

Treated with Topoll inhibitors, cells may undergo an intri-
cate network of multiple pathways, such as DNA damage, cell
cycle arrest, and apoptosis. We found that HY-1 caused arrest
at Go/M phase in a dose-dependent manner, but the mecha-
nisms were not investigated in depth.

Progression of the cell cycle is tightly controlled through
the actions of various classes of cyclins and cyclin-dependent
protein kinases.” The G,/M transition is controlled, at least
in part, by cdc2-cyclin B1 activity through two mecha-
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nisms."” On one hand, ATM/ATR are two of the most
important kinases that respond to DNA double-strand breaks
induced by Topoll inhibitors and are involved in subsequent
cell cycle arrest. On the other hand, Weel and Mytl could
phosphorylate cdc2 on Thr-14 and Tyr-15, thereby inactivat-
ing it."""® Our results confirmed that the mechanism of
action for HY-1 in HCT116 cells involved these two pro-
cesses. First, by investigating the expression level of cdc2, we
found it was decreased in HY-1 treated cells, and a significant
increase in phosphorylation of cdc2 was observed at the same
time. The phosphorylation of cdc2 is carried out primarily by
Weel. The present study found that the expression level of
Weel was increased in HY-1-treated HCT116 cells. Second,
increases in the expressions levels of Chkl, ATR, and P-
cdc25c¢ were detected (Fig. 4b). These results strongly sug-
gested the predominant changes in the expression of G,/M
regulatory proteins were induced through the ATR-Chkl-
Cdc25C and Weel pathways, which finally resulted in phos-
phorylation of cdc2 and a decrease of cdc2 kinase activity
(Fig. 6).

In summary, we have shown that HY-1 is able to inhibit cell
proliferation, target Topoll, induce apoptosis, and arrest the
cell cycle at G,/M phase in HCT116 cells. The G,/M phase
arrest is associated with inhibited acitivity of cdc2 kinase and
increase in cdc2 phosphorylation. Taken together, our data
support the superiority of HY-1 to the parent compound
VP-16, indicating that HY-1 is a potential anticancer drug
candidate that should be further developed.
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