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Involvement of Mcl1 in diallyl disulfide-induced
G2/M cell cycle arrest in HL-60 cells
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Abstract. Diallyl disulfide (DADS) has shown potential as
a therapeutic agent in various cancers. Previously, we found
that myeloid cell leukemia sequence 1 (Mcll) was down-
regulated in DADS-induced cell cycle arrest in HL-60 human
leukemia cells. Here, we investigated the role of this protein
in DADS-induced G2/M cell cycle arrest in HL-60 cells. We
demonstrated that DADS treatment significantly increased the
proportion of G2/M phase HL-60 cells (P<0.05) and caused
a time-dependent significant downregulation of Mcll and the
cell cycle-related proteins PCNA and CDK1 (P<0.05). Small
interfering RNA-mediated knockdown of Mcll expression
in HL-60 cells arrested the cell cycle in G2/M phase. By
co-immunoprecipitation, we demonstrated that Mcll associ-
ated with PCNA and CDK1 in G2/M cell cycle arrest in
DADS-treated HL-60 cells. DADS decreased the interaction
of Mcll with PCNA and CDKI1, leading to G2/M cell cycle
arrest in HL-60 cells. Mcll plays an important role in DADS-
induced G2/M cell cycle arrest in HL-60 human leukemia
cells.

Introduction

The well-known characteristics of cancer cells are unlimited
and uncontrolled cell proliferation (1,2). Given that disruption
of the cell cycle plays a crucial role in tumor progression (3), its
modulation by phytochemicals seems to be a logical approach
in controlling carcinogenesis. Thus, cell cycle regulation and
modulation by various natural (plant-derived) and synthetic
agents have gained widespread attention in recent years (4,5).

Studies have suggested that the main active component of
the cancer-fighting allyl sulfides in garlic is diallyl disulfide
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(DADS), which can induce cell cycle arrest in many tumor
cells, including prostate cancer, lung cancer, and colon
cancer (6-8). Previous studies in our laboratory confirmed
that DADS was able to induce G2/M phase cell cycle arrest
in human gastric cancer cells and human colon cancer cells
by activating the p38 MAP kinase signaling pathway (9,10).
We also used gene array technology to explore differentially
expressed genes in DADS-induced cell cycle arrest in human
leukemia HL-60 cells, and demonstrated downregulation of
the myeloid cell leukemia sequence 1 (MCLI) gene, which is a
member of the BCL2 family (11). Although the role of DADS
as an antitumor agent has been established, its exact cytotoxic
mechanism via cell cycle arrest is not completely clear.

MCLI was originally identified as a gene upregulated in
a human myeloblastic leukemia cell line induced to differen-
tiate to monocyte lineage (12). Overexpression of this gene in
cell lines caused decreased bromodeoxyuridine uptake and a
slower doubling rate (13,14). Knockout MclI”- mouse embryos
failed to implant and therefore demonstrated peri-implantation
lethality; however, perhaps most significantly, these embryos
displayed no evidence of altered apoptosis. Conversely, over-
expression of Mcll in transgenic mice enhanced hematopoietic
cell growth and survival as well as promoting immortalization
specifically in the myeloid lineage (15). Mcll is also required
for B and T cell development and maintenance (16). In addition,
Mcll modulates progression through the cell cycle (13,17,18).
The widespread expression of MCL1 in human tissues and its
effects on apoptosis, differentiation, and the cell cycle confirm
its crucial role in cellular homeostasis. Conversely, dysfunction
of MCLI regulation, expression, or degradation is observed
in various diseases such as cardiopathy and cancer (19,20).
Mcll must serve other functions in addition to its activity as
an anti-apoptotic Bcl2 family member. In one study, the anti-
proliferative function of MCL1 was clearly linked to its ability
to bind proliferating cell nuclear antigen (PCNA), but was
distinct from its anti-apoptotic activity (13). Another report
identified a short form of MCLI1 in the nucleus that bound and
negatively regulated cyclin-dependent kinase 1 (Cdk1) activity,
but its function in cell survival was unclear (14). Mcll plays
a role in the ATR-dependent activation of Chkl, revealing a
completely novel function of Mcll (21).

We hypothesized that Mcll is an important factor in
DADS-induced G2/M cell cycle arrest in human leukemia
HL-60 cells. This study showed that DADS decreases its
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association with PCNA and CDK1, leading to G2/M cell cycle
arrest in HL-60 cells.

Materials and methods

Materials and reagents. DADS was purchased from Fluka
Chemika Company. The total RNA extraction kit was
purchased from Omega Bio-Tek, USA; the RT kit was
purchased from Promega; anti-Mcll (MAB4602) antibodies
were purchased from Abcam Biotechnology. The western blot
detection kit, Seize® Classic Mammalian Immunoprecipita-
tion kit, anti-PCNA (PC10), anti-B-actin (I-19), anti-CDK1 and
anti-GAPDH antibodies, the small interfering RNA (siRNA)
Transfection Reagent and Mcll siRNA (sc-35877) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).

Cell culture. Human acute myeloid leukemia HL-60 cells
were imported by China Center for Type Cuture Collection
(CCTCC, Wuhan, China), incubated in RPMI-1640 culture
medium containing 10% calf serum in 37°C, in saturated
humidity and 5% CO,. Cells were passaged into fresh medium
every 2-3 days. Cells in logarithmic growth phase were used
for the experiments. DADS was diluted to the indicated
concentration in culture medium.

MTT. Cell viability was determined by the conventional
3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide (MTT) reduction assay. MTT was performed in a
routine manner as described (22). Results were expressed as
percentage of MTT reduction: Cell inhibition rate (IR%) =
[A570 (control) - A570 (treatment)]/(A570 (control) x 100%.
AS570 (control) is the absorbance of cancer cells without drug
treatment; A570 (treatment) is the absorbance of cancer cells
exposed to the drug.

Soft agar colony-forming experiments. Cell proliferation inhi-
bition was evaluated by soft agar colony-forming experiments.
Logarithmic growing-phase cells were collected, centrifuged
and resuspended in culture medium; cell density was adjusted
to 1.0x10*ml. Different cell suspensions were rapidly mixed
with agar, and the mixture immediately poured into 24-well
plates at 1 ml each. The agar was allowed to solidify at room
temperature. Then 24-well plates were then transferred into a
CO, incubator, at 37°C, 5% CO, and saturated humidity, and
cultured 2-3 weeks. Colonies with diameters >75 ym were
counted with the inverted microscope.

Flow cytometry. Flow cytometry was used to evaluate the cell
cycle distribution of HL-60 cells after exposure to DADS.
Untransfected and Mcll siRNA-transfected HL-60 cells
were harvested after 24 or 48-h treatment with 60 or 120 uM
DADS and centrifuged at 1,000 rpm for 5 min. Then, they
were washed twice with phosphate-buffered saline (PBS), the
cell concentration was adjusted to 1x10° cells/ml, and the cells
were fixed with 70% ethanol. Before flow cytometry, the cells
were washed twice with PBS and 15 ul of 10 M RNase A was
added. The mixture was allowed to react for 3-5 min, gently
mixed with 400 ul of 50 mM propidium iodide and incubated
in the dark at 4°C for 30 min. The distribution of cells at each
stage of the cell cycle was measured by a flow cytometer.
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Western blotting. The cells were lysed in lysis buffer (10 mM
Tris-HCI pH 7.6, 100 mM NaCl, 1 mM EDTA and 100 mg/l
phenylmethylsulfonyl fluoride), then the cell debris was
removed by centrifugation at 12,000 rpm for 30 min at 4°C.
Protein concentrations were determined using a bicinchoninic
acid protein quantification assay kit (Pierce, Rockford, IL),
then 30 ug protein per well was loaded onto 10% sodium
dodecylsulfate (SDS)-polyacrylamide gels. After electropho-
resis, protein bands were transferred electrophoretically to
polyvinylidene fluoride membranes. The membranes were
saturated and blocked with 5% fat-free milk for 3 h at room
temperature, then incubated with primary antibodies for
2 h, with continuous rocking. After washing with PBS, the
membranes were incubated with secondary antibodies (anti-
mouse or anti-rabbit horseradish peroxidase-conjugated IgG).
The membranes were then treated with an enhanced chemi-
luminescence reagent. Signals were detected by exposing the
membranes to X-ray film; relative signal intensity was quanti-
fied with a Bio Image Intelligent Quantifier.

Mcll RNA interference (RNAi). Cells were harvested and
their concentration adjusted to 1-2x10° cells/ml, and then
were washed once with 2 ml of siRNA Transfection Medium.
Multiple doses of siRNA were tested: 6 ul of Mcll siRNA
duplex and 6 ul of siRNA Transfection Reagent was found to
be optimal. Solutions A and B were made by diluting 6 pl of
Mcll siRNA duplex and 6 ul of siRNA Transfection Reagent,
respectively, into 100 ul of siRNA Transfection Medium.
Then Solution A was added to Solution B using a pipette, and
was mixed gently by pipetting up and down before incuba-
tion for 30 min at room temperature. Then 0.8 ml of siRNA
Transfection Medium was added to each tube, mixed gently,
and the solution was overlaid onto washed HL-60 cells. The
cells were incubated for 5-7 h at 37°C in 5% CO,, then 1 ml
of growth medium containing 10% serum was added without
removing the transfection mixture. The cells were incubated
for an additional 18-24 h, then the medium was aspirated
and replaced with fresh normal growth medium. The cells
were assayed and harvested for RT-PCR and western blotting
24-72 h later.

Co-immunoprecipitation. Typically, 2-4 mg of protein extract
was used for immunoprecipitation. Extracted proteins are
incubated for 2 h to overnight with either 2 g of anti-Mcll
or 1 ug of anti-PCNA antibody. The antibody-bound proteins
were precipitated with Protein G-agarose beads. The protein
complexes were eluted in SDS sample buffer.

Statistical analysis. The data were analyzed using SPSS
v.12.0 statistical software (SPSS, Inc., Chicago, IL). Data were
presented as mean + SD. Differences between the experi-
mental and control groups were detected by t-test; P<0.05 was
considered statistically significant.

Results

DADS inhibited HL-60 cells viability in a dose- and time-
dependent manner. As shown in Fig. 1A and B, we investigated
the effect of DADS on cell viability. A concentration- and
time-dependent loss in cell viability was observed in HL-60



ONCOLOGY REPORTS 27: 1911-1917, 2012

1913

A,_\ B —a— Control
Bl.2; —o—TW-80
= 12 —r— DADS 30(uM)
e 1.0 —a— DADS 60(uM)
bl —a— DADS 120(uM)
& -
3 T
©0.8 1 £ 30
3 0.6 %25
z =20
04, “ 15
£ 5 10
E 2
£0.21 E s
2 zZ 0
£0.0 v - +
= 0 15 30 60 120 240
g Oh 24h 48h 72h 96h
DADS (uM)
C D
80
r g 250

. ‘g

2 60 < 200 #

E g

2 3 150 .

& 40 * -

= -

= # # g 100 .

820 E

| \ z 50 )
0 v . . . . 0 o B
Control TW-80 30 60 120 Control TW-80 30 60 90 120
DADS (uM) DADS (uM)

Figure 1. DADS inhibits HL-60 cell viability in a dose- and time-dependent manner. (A) The inhibiting curve of proliferation in HL-60 cells treated with
different concentration DADS for 48 h (mean + SD, n=6). (B) Cell growth curve of HL-60 cells treated with different concentration of DADS for different
times. (C) The population doubling time of HL-60 cells (mean + SD, n=3). “P>0.05 vs. control while "P<0.05 vs. control. (D) The inhibition rates of the effect
of different concentrations of the DADS on colony formation of HL-60 cells (mean + SD, n=3). “P>0.05 vs. control while “P<0.05 vs. control.
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Figure 2. Flow cytometry analysis of cell cycle distribution in HL-60 cells. The data represent the mean + SD of three independent experiments. "P<0.05 vs.
control group (by t-test). (A and B) Cell cycle distribution of HL-60 cells treated with 60 or 120 uM DADS for 24 h (A) or 48 h (B).

cells exposed to varying concentrations of DADS (15 mM, 30,
60, 120 and 240 uM) for different time intervals (12,24, 48,72
and 96 h). As shown in Fig. 1C, the population doubling time
of untreated HL-60 cells was 19.14 h, the population doubling
time of Tween-80 and 30 uM DADS group did not change
much (P>0.05), while at concentration of 120 uM DADS,
the population doubling time was 71.82 h (P<0.05). Under
the inverted microscope, we found colony formation in soft
agar decreased when the concentrations of DADS increased
(Fig. 1D). HL-60 cells exposed to 30, 60, 90 and 120 uM
DADS, the inhibition rates were 35.06, 62.10, 93.79, 99.35%,
respectively, indicating that DADS significantly inhibited the

proliferation of the HL-60 cells in a dose-dependent manner
(P<0.05), and Tween-80 can not significantly inhibit colony
formation of HL-60 cells (P>0.05). Overall, DADS was strong
anti-proliferative to HL-60 cells.

Effect of DADS on the cell cycle distribution of HL-60 cells.
By flow cytometry, the proportion of G2/M phase cells was
17.6 and 22.3% after HL-60 cells were treated for 24 h with
60 and 120 uM DADS, respectively (Fig. 2A). After 48 h
treatment with 60 and 120 uM DADS, the proportion of
G2/M phase cells was 20.6 and 26.7%, respectively (Fig. 2B).
Compared with the control group, the proportion of G2/M
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Figure 3. Western blot analysis of the expression of PCNA, Mcll, and CDK1/p34CDC2 in HL-60 cells after treatment with 60 uM DADS. (A) PCNA levels
decreased in a time-dependent manner relative to -actin when HL-60 cells were treated with 60 yM DADS. (B) Quantitation of the data in (A). The values are
the means = SD of three independent experiments. “P<0.05 vs. 0 h group (by t-test). (C) Mcll levels decreased in a time-dependent manner relative to GAPDH
when HL-60 cells were treated with 60 uM DADS. (D) Quantitation of the data in (C). The values are the means + SD of three independent experiments.
“P<0.05 vs. 0 h group; “P>0.05 vs. 0 h group (by t-test). (E) CDK1/p34CDC2 levels decreased in a time-dependent manner relative to 3-actin when HL-60
cells were treated with 60 M DADS. (F) Quantitation of the data in (E). The values are the means + SD of three independent experiments. "P<0.05 vs. 0 h

group (by t-test).

phase cells increased dramatically after DADS treatment at
both time-points and for both concentrations (P<0.05).

Effect of DADS on the expression of PCNA, Mcll and CDK1
in HL-60 cells. By western blotting, we found that the levels
of PCNA were significantly decreased in a time-dependent
manner when HL-60 cells were exposed to 60 yM DADS
for 1-24 h (P<0.05; Fig. 3A and B). The levels of Mcll had
not changed by 4 h, but dramatically decreased by 8 h, and
maintained a low level over rest of the 24 h (P<0.05; Fig. 3C
and D). The expression of CDK1/p34CDC2 was downregu-
lated after HL-60 cells were treated with 60 uM DADS for
4-24 h (P<0.05; Fig. 3E and F). These data suggest that
DADS affects the expression of cell cycle-related proteins
in HL-60 cells.

Effect of Mcll RNAi on cell cycle distribution in DADS-treated
HL-60 cells. Next, we inhibited Mcll expression in HL-60 cells
using RNAi. Western blotting clearly showed a knockdown
effect; the inhibition rate was ~85.3%. The control, PBS, did
not affect the expression of Mcll (Fig. 4A and B). As shown in

Fig. 4C and D, after treatment with 60 xM DADS for 48 h, the
percentage of cells in G2 phase increased from 16.4 to 28.2%
(P<0.05). In Mcll siRNA-treated cells, the percentage of G2
phase cells also increased to 19.4% (P<0.05). The greatest
increase, to 34.2%, was observed in Mcll siRNA- and 60 uM
DADS-treated cells (P<0.05). These results demonstrate that
pretreatment of HL-60 cells with Mcll siRNA arrests the cell
cycle in G2/M phase.

Mecll associates with PCNA and CDKI in G2/M cell cycle
arrest in DADS-treated HL-60 cells. Next, we used co-immu-
noprecipitation to investigate whether PCNA and/or CDK1
co-immunoprecipitated with Mcll in DADS-treated HL-60
cells. As shown in Fig. 5, PCNA co-immunoprecipitated
with Mcll in untreated HL-60 cells, and this association
decreased substantially in DADS-treated cells. Similarly,
CDKI1 co-immunoprecipitated with Mcll in untreated
HL-60 cells and the association decreased substantially in
DADS-treated cells. These data suggest that Mcll decreases
its association with PCNA and CDK1 in G2/M phase arrest
in DADS-treated cells.
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Figure 4. Effect of Mcll RNAI on cell cycle distribution in DADS-treated HL-60 cells. (A) Western blot indicating specific inhibition of Mcll expression by
RNAI in HL-60 cells. PBS, phosphate-buffered saline control. (B) Quantitation of the data in (A). The values represent the mean + SD of three independent
experiments, with each experiment comprising duplicate samples. "P<0.05 vs. control; “P>0.05 vs. control (by t-test). (C) By flow cytometry, treatment of
HL-60 cells with DADS or with MclI siRNA increased the proportion of cells in G2/M phase. Treating the cells with both DADS and MclI siRNA increased
the proportion still further. (D) Quantitation of the data in (C). The data represent the means + SD of three independent experiments. “P<0.05 vs. control cells

(by t-test).

Figure 5. Co-immunoprecipitation of PCNA and CDK1 with Mcll. HL-60
cell extract or anti-Mcll-immunoprecipitated protein (IP) from HL-60 cells
was immunoblotted (IB) with anti-PCNA and anti-CDKI1 antibodies. 1, IgG;
2, control HL-60 cell extract; 3, extract from HL-60 cells treated with 60 yM
DADS for 4 h; 4, anti-Mcll-immunoprecipitated protein from control cells; 5,
anti-Mcll-immunoprecipitated protein from DADS-treated cells.

Discussion

The main active component of the cancer-fighting allyl sulphides
in garlic is apparently diallyl disulphide (DADS), which has
been reported to induce cell apoptosis and cycle arrest in many
types of tumour cells (23). Previous studies in our laboratory
confirmed that DADS induced the cell cycle arrest of human
gastric cancer cells and human colon cancer cells by activating
the p38 MAP kinase signaling pathway (9,10). The mechanisms
underlying the induction of cell cycle arrest by DADS are not
completely clear. The results of gene array technology dedicated
that downregulation of the myeloid cell leukemia sequence 1
(MCL1) gene in DADS-induced cell cycle arrest HL-60 cells
(11). This indicates that MCL1 is involved in DADS-related
induction of cell cycle arrest in HL-60 cells.

We previously reported that low doses (7.5 puM) of DADS
have significant anti-proliferative effects, and can induce
differentiation in leukemia HL-60 cells (24). The present study
used moderate doses (15-120 xM) of DADS to induce cell
cycle arrest in HL-60 cells. Based on the preliminary work,
this study further shows that the growth of HL-60 cells is
inhibited when they are exposed to DADS. The results of MTT
assays and soft agar colony-forming experiments showed that
DADS inhibits the viability and proliferation of the HL-60
cells in a dose-dependent manner. This result indicates that
DADS inhibited HL-60 cells viability in a dose- and time-
dependent manner.

The Mcll gene, located on chromosome 1q21, was first
identified as an early gene induced by 12-O-tetradecanoyl-
phorbol 13-acetate (TPA) exposure in the human myeloblastic
leukemia cell line ML-1 (12). Another study revealed that Mcll
played an important role in apoptosis (25-28). The findings of
Yoon et al provided insight into a new regulatory circuit that
controls cell death and survival by the coordinated actions of
Mcll (29). Target Mcll may be effective for the treatment of
melanoma in combination with agents that disrupt fibronectin-
integrin signaling (30). Like other Bcl2 family members, Mcll
is an oncogene that promotes tumorigenesis, protects thera-
peutic target in multiple types of cancer (31).

In a previous study, we revealed that DADS can induce
G2/M phase arrest in HL-60 cells. In this study, we found
that the expression of Mcll, PCNA, and CDK1 decreased in
G2/M phase arrest of HL-60 cells induced by DADS. Using
flow cytometry, we found that HL-60 cell cycle progression
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was delayed after siRNA-mediated silencing of the Mcll gene,
suggesting that Mcl! is involved in G2/M arrest. The percentage
of G2/M cells was increased in the siRNA- and DADS-treated
cells compared with that in wild-type cells treated with DADS.
This showed that Mcll gene silencing enhances the effect of
DADS-induced G2/M arrest in HL-60 cells.

The ability of Mcll to inhibit cell cycle progression has
been reported previously, and was attributed to an effect on S
phase, based on the decreased ability of Mcll-expressing cells
to incorporate bromodeoxyuridine (13). These authors showed
that Mcll physically and functionally interacts with PCNA.
The Mcl1-PCNA interaction is unique because PCNA interacts
only with Mcll and not with the other Bcl2 family members.
The functional significance of the Mcl1-PCNA interaction may
be that Mcll interferes with cell cycle progression through its
binding to PCNA. Our current data support the notion that
Mcll is a regulatory molecule that interfaces between apop-
tosis and cell cycle progression. PCNA belongs to the family
of DNA sliding clamps (f§ clamps), which are structurally and
functionally conserved, despite barely any sequence similarity.
PCNA plays a critical role in DNA replication. PCNA is loaded
onto DNA by the conserved chaperone-like complex RFC (32).
The RFC-PCNA complex then binds to the RNA priming site,
allowing DNA polymerase to bind PCNA and initiate DNA
replication (33). In this study, PCNA co-immunoprecipitated
with Mcll in untreated HL-60 cells, but this association
decreased substantially in DADS-treated cells. The same was
found for CDK1. These data suggest that Mcll decreases its
association with PCNA or CDK1 to mediate G2/M phase
arrest in DADS-treated cells.

In conclusion, our study clearly shows, first, that DADS
not only restrains the HL-60 cell viability and proliferation,
but also can induce G2/M phase arrest in HL-60 cells; second,
Mcll is an important factor in DADS-induced G2/M cell
cycle arrest in human leukemia HL-60 cells; and third, DADS
decreases Mcll association with PCNA and CDK1, leading to
G2/M phase cell cycle arrest in human leukemia HL-60 cells.
However, the exact mechanisms of the induction of tumor cell
cycle arrest by DADS need further investigation.
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