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ABSTRACT Studies have identified the potential of chemopreventive effects of sulforaphane (SFN); however, the un-

derlying mechanisms of its effect on breast cancer require further elucidation. This study investigated the anticancer effects of

SFN that specifically induces G1/S arrest in breast ductal carcinoma (ZR-75-1) cells. The proliferation of the cancer cells after

treatment with SFN was detected by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. DNA content and

cell cycle status were analyzed through flow cytometry. Our results demonstrated the inhibition of growth in ZR-75-1 cells

upon SFN exposure. In addition, SERTAD1 (SEI-1) caused the accumulation of SFN-treated G1/S-phase cells. The down-

regulation of SEI-1, cyclin D2, and histone deacetylase 3 suggested that in addition to the identified effects of SFN against

breast cancer prevention, it may also exert antitumor activities in established breast cancer cells. In conclusion, SFN can

inhibit growth of and induce cell cycle arrest in cancer cells, suggesting its potential role as an anticancer agent.
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INTRODUCTION

Sulforaphane (SFN), a compound within the iso-
thiocyanate group, is a biologically active phytochemi-

cal of cruciferous vegetables that has been extensively
characterized for its reported anticancer, antimicrobial, and
antioxidant properties.1 In cooked broccoli and broccoli
sprouts, glucoraphanin, a precursor of SFN, requires meta-
bolic conversion to active SFN by myrosinase from gastro-
intestinal microflora.2 After absorption of SFN, it is
metabolized into its sequential metabolites, dithiocarbama-
tes.3 Some researchers have illustrated several anticancer
efficacies of SFN consumption, such as in vitro and in vivo
activities in reducing tumor growth, increasing cancer cell
apoptosis, blocking cell cycle progression, and inhibiting
signaling within tumor microenvironments.4–6

Breast cancer is by far the most prevalent cancer affecting
women worldwide. Evidence indicated that dietary con-
sumption of SFN can be distributed to the breast tissue in
humans.7 Consuming cruciferous vegetables has also been
shown to have a function of chemopreventive agent for
breast cancer.8–10 Several dietary intervention studies indi-
cated that intake of SFN and broccoli was connected with
decrements in multiplicity, tumor size, and growth in a ro-
dent model for breast cancer.7

Cyclin-dependent kinases (CDKs) are critical regulators
controlling progression through the cell cycle.11 Dis-
proportion of the cyclin D (CCND) and CDK pathway may
cause deregulation of the cell cycle and provoke cancer
growth and metastatic potential.12,13 In complex with CCND
subunits, phosphorylation of the retinoblastoma tumor
suppressor protein and CDK4/6 secures DNA replication
and thus progression of cells through the cell cycle,12

whereas CDK4/6 inhibition has been shown to trigger potent
G1 arrest and tumor regression.11 SEI-1, a regulatory gene
of cell cycle at 19q13.1, is a region frequently amplified in
many solid tumors, such as human breast, esophagus, pan-
creatic, ovarian, and lung cancers.14,15 The SEI1 gene
product p34SEI1, also known as SERTAD1, is part of the
Sertad family,16 which is a CDK4-binding protein that
works against the inhibiting activity of p16 on cell cycle
progression by promoting the association of CDK4–CCND
complexes and stimulating CDK4 activity.17
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This study aims at focusing especially on SFN and its
chemopreventive activities against breast cancer cells ZR-
75-1. Efforts have been initiated to inspect the effects of
SFN on cell growth and cell cycle regulation, and expression
levels of downstream molecules were additionally evalu-
ated. The results illustrated that the increase in the G1
population of ZR-75-1 cells can be attributed to the re-
pression of CDK4 after exposure to SFN. The repression of
CDK4–CCND complex in ZR-75-1 cells by SFN may be
realized through downregulation of SERTAD1gene expres-
sion with reducing the CDK4 activity in breast cancer cells.

MATERIALS AND METHODS

Materials

All chemicals and reagents were of analytical grade. SFN,
dimethyl sulfoxide (DMSO), and 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) were obtained
from Sigma (St Louis, MO, USA). Phosphate-buffered sa-
line, fetal bovine serum (FBS), Dulbecco’s modified Eagle
medium, sodium pyruvate, trypsin, and antibiotics were
obtained from Gibco, BRL (Grand Island, NY, USA). An-
nexin V-FITC was obtained from BD Pharmingen (USA).
Molecular weight markers were obtained from Bio-Rad
(USA), and polyvinylidene fluoride (PVDF) membranes
were purchased from Millipore.

Cells

ZR-75-1 (NCI-PBCF-CRL1500) cells, which are breast
ductal carcinoma cells, were purchased from Bioresource
Collection and Research Center (BCRC, Hsinchu, Taiwan).
The complete growth medium used to expand ZR-75-1 cells
is RPMI media 1640 supplemented with 10% (v/v) FBS.
The ZR-75-1 cells were incubated in a humidified incubator
in an atmosphere of 95% air and 5% carbon dioxide at 37�C.

Cell proliferation assay

The cells were placed into a 96-well plate at 5000 cells
per well followed by exposure to 0, 6.25, 12.5, or 25 lM
SFN for 1–3 days. MTT (1 mg/mL) solution was added to
each well for at least 4 h. The reaction was blocked by
adding DMSO, and measured at 540 nm using a multiwell
plate reader (lQUANT; BioTek Instruments, Inc., USA).
Background absorbance (medium without cells) was sub-
tracted. All samples were assayed at least in triplicate, and
the mean was calculated for each experiment.

Apoptosis measurement

The cells were cultured in six-well culture plates (Orange
Scientific, EU). After exposure to SFN for 4 h, the cells were
harvested by centrifugation, resuspended in and incubated with
1 · annexin-binding buffer containing 5 lL of annexin V-FITC
and 1 lL of propidium iodide (PI) (100 lg/mL), and incu-
bated at room temperature for 15 min. The stained cells were
analyzed on an FACSCalibur flow cytometer (BD Pharmin-
gen) using WinMDI 2.9 free software (BD Pharmingen).

Cell cycle analysis

To facilitate cell cycle analysis, a fluorescent nucleic acid
dye PI was used to identify the proportion of cells in each of
the three interphase stages. The cells were treated with SFN
for 24 h followed by harvesting and fixing in 1 mL of ice-
cold ethanol (70%) at -20�C for at least 8 h. DNA was
stained with PI/RNaseA staining buffer, and the cell cycle
was analyzed using an FACSCalibur flow cytometer. Data
were interpreted using WinMDI 2.9 software.

Western blot analysis

Proteins (50–75 lg) were loaded onto 10–12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis mem-
branes for electrophoretic separation and then transferred to
PVDF membranes. After blocking overnight with Odyssey
blocking buffer (USA), the membranes were incubated with
anti-b-actin (Sigma-Aldrich) and anti-CDK2 (H-298: sc-
748), anti-CDK4 (H-22: sc-601), anti-CDK6 (C-21: sc-177),
anti-CCND (M-20: sc-718), cyclin D2 (CCND2) (M-20: sc-
593), SERTAD1 (H-70: sc-135012), and histone deacetylase
3 (HDAC3) (H-99: sc-11417) (Santa Cruz BioTechnology,
USA) antibodies for 90–120 min. The membranes were wa-
shed several times and then incubated with a corresponding
secondary antibody (IRDye Li-COR, USA) at a dilution of
1:20,000 for 30–45 min. Antigens were then visualized using
a near-infrared fluorescence imaging system (Odyssey LI-
COR, USA), and the data were interpreted using the Odyssey
2.1 software or a chemiluminescence detection kit (ECL;
Amersham Corp., Arlington Heights, IL, USA).

Quantitative real-time PCR

Quantitative real-time PCR (qRT-PCR) was carried out
using an ABI 7300 Real-Time PCR system (Applied Bio-
systems, Foster City, CA, USA) with SYBR-Green under
the condition of 40 cycles: 95�C for 120 sec, 60�C for 30 sec,
and 72�C for 30 sec. All samples were run in duplicate and
the threshold suggested by the software was adopted for Ct
calculations. In this study, we used Ct values obtained at
18 sec as internal controls for each run and a delta Ct value
for each tested gene. All protocols were carried out fol-
lowing the manufacturer’s instructions.

Statistical analysis

Data are expressed as the mean – standard error of the
mean of at least three independent experiments. Student’s
t-test or one-way analysis of variance with a Scheffe’s post
hoc test was used for statistical analysis. A P-value of <.05
was considered as statistically significant.

RESULTS

SFN inhibits the survival and proliferation
of ZR-75-1 cells

To inspect the effects of SFN on the cell survival and
proliferation, in vitro study was applied to treat ZR-75-1
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cells with different concentrations of SFN (0, 6.25, 12.5, and
25 lM) for 24–72 h, while cell viability was detected by the
MTT assay. As shown in Figure 1A, the survival ratios of
ZR-75-1 cells were significantly reduced by SFN in a time-
and dose-dependent pattern.

Non-SFN-induced apoptosis/necrosis of ZR-75-1 cells

To clarify the role of SFN in the apoptosis/necrosis of
breast cancer cells, the cells were treated with SFN for 4 h
followed by detecting the generation of sub-G1 cells by
Annexin V-FITC and PI staining. Sub-G1 cell population
and apoptotic ratios were analyzed by flow cytometry.
Compared with the untreated (control) cells, an Annexin-
FITC/PI assay exhibited nonsignificant changes in the per-

centage of apoptosis or necrosis on SFN-treated cells
(Fig. 1B). Moreover, no significant rise in the percentage of
caspase-3 activity was detected in SFN-treated cancer cells
(data not shown). Therefore, these results indicated that
incubation with SFN inhibited cell survival and prolifera-
tion, but did not undergo cell apoptosis or necrosis.

SFN-induced accumulation of G1 phase
in ZR-75-1 cells

To further investigate the effect of SFN on ZR-75-1 cell
growth, the cell cycle distribution among SFN-treated cells
was analyzed and quantified by flow cytometry. Cells were
treated with SFN for 24 h followed by processing and
analysis. As shown in Figure 1C and D, treatment with SFN

FIG. 1. SFN mediates the survival of ZR-75-1 cells by inhibiting proliferation: (A) In vitro study was initiated by treating ZR-75-1 cells with
increasing doses of SFN (0, 6.25, 12.5, and 25 lM) for 1–3 days. The survival of SFN-treated cancer cells was then measured by the MTT method.
Results are expressed as a percentage of control, which was considered 100%. All data were reported as the mean (–SEM) of at least three
separate experiments. Statistical analysis was performed using a t-test, with significant differences determined at the level of *P < .05 versus the
control group. (B) The effects of SFN on apoptosis/necrosis in ZR-75-1 cells. (C) The cell cycle analysis of the cancer cells after being cultured
with SFN for 24 h. (D) SFN induced an increase in the G1-phase cell percentage (%). Cells underwent staining with propidium iodide to analyze
DNA content, which was then quantified through flow cytometry. In each group of bars, * indicates that the number of G1 cells in the SFN
treatment group was significantly higher than that of the control group (P < .05). DMSO, dimethyl sulfoxide; MTT, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide; SEM, standard error of the mean; SFN, sulforaphane.
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led to an increment in the G1 phase cell population, im-
plying that ZR-75-1 cells underwent a delay in G1/S phase
checkpoint. These results suggested that exposure to SFN
enhanced cell populations in the G1/S phase while syn-
chronously decreasing the S phase population (data not
shown).

SFN-induced cell cycle arrest in ZR-75-1 cells
through downregulation of CDK4

Figure 2A presents the results of qRT-PCR of SFN-
treated ZR-75-1 cells. In this test, we measure relative in-
tensities to quantify the gene expression levels of CDKs,
CCND, and cyclin E (CCNE). The results revealed that the
messenger RNA (mRNA) levels of CDK2, CDK4, and
CDK6 were reduced after incubation with SFN compared
with that of control group (Fig. 2A). There were no signif-
icant variations in the mRNA expression levels of CCND
and CCNE. To further clarify the effect of SFN on cell
cycle-related proteins in ZR-75-1 cells, Western blot anal-
ysis was used. Figure 2B and C shows that there were no
significant differences in the expression of CDK6, CCND,
and CCNE proteins. However, the protein levels of CDK2
and CDK4 were significantly downregulated in those cells
exposed to SFN at concentrations of 12.5 and 25 lM
(Fig. 2B, C).

Effects of SFN on SERTAD1 in ZR-75-1 cells

Figure 3A shows the results of qRT-PCR of SFN-treated
ZR-75-1 cells. In this test, SERTAD1, CCND2, and HDAC3
gene expression levels were quantified by measuring rela-
tive band intensities. The results demonstrated that the
mRNA levels of SERTAD1, CCND2, and HDAC3 were
decreased significantly after incubation with 25 lM SFN
(Fig. 3A). Figure 3B shows the results of Western blotting
analysis for cellular proteins SERTAD1, CCND2, and
HDAC3 expression in SFN-treated breast cancer cells. Each
protein was quantified by measuring relative band intensi-
ties (Fig. 3C). Western blot analysis showed a noticeable
decrease in the SERTAD1and CCDN2 in a dose-dependent
pattern after incubation with SFN in ZR-75-1 cells; fur-
thermore, HDAC3 expression was decreased in 25 lM SFN
treatment (Fig. 3B, C).

DISCUSSION

Consuming SFN has been shown to have a protective role
for breast cancer, and SFN metabolites were perceptible
immediately in human breast tissue after oral dosing.7 This
study hypothesized that SFN can inhibit the survival of ZR-
75-1 breast cancer cells and thereby prevent their prolifer-
ation. The MTT assay indicated that the survival of the ZR-
75-1 cells was significantly inhibited by SFN in a time- and
dose-dependent manner (Fig. 1A). However, as shown in
Figure 1B, SFN did not induce cell apoptosis or necrosis in
ZR-75-1 cells. Thus, the distribution of cell cycle among
SFN-treated cells was further investigated through flow
cytometry. The results have demonstrated that treatment

with SFN triggers G1/S cell cycle arrest in ZR-75-1 cells
(Fig. 1C, D).

The G1/S transition is a step in the cell cycle at the
boundary between the G1 phase and the S phase.18 Previous
studies have indicated that the CDK-RB-E2F pathway plays
a relevant role for cell cycle progression. During this tran-
sition, the G1/S specific CDK activities are composed of

FIG. 2. SFN represses expression of CDKs in ZR-75-1 cells. Cells
were treated with SFN for 24 h, the gene and protein expression was
subsequently detected using (A) qRT-PCR and (B) Western blot
analysis. (C) Representative blots from three independent experi-
ments. Quantification of band intensities. All data are reported as the
mean (–SEM) of at least three separate experiments. Statistical
analysis was performed using the t-test, with differences considered
significant at a level of *P < .05 versus the 0 lM SFN control group.
CDKs, cyclin-dependent kinases; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; qRT-PCR, quantitative real-time PCR.
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complexes between CCND and CDK4/6, as well as between
CCNE and CDK2 in mammalian cells.19 The cylcin–CDK
targets retinoblastoma (Rb) protein for phosphorylation.
Upon phosphorylation, transcription factor E2F is released
and activated, allowing progression of G1 to S phase.20,21

Many checkpoints are deregulated in cancer cells, and this is
often as a result of alterations of the cell cycle regulatory
machinery and cyclin–CDK complexes.22 As shown in
Figure 2C, the protein expression of CDK2 was decreased
significantly in SFN-treated ZR-75-1 cells. We proposed
that the late G1 CCNE–CDK2 complex may be involved in
the SFN-induced G1-S cell cycle arrest. We have also
checked the early and mid G1 stage-specific complex be-
tween CCND and CDK4/6, finding that there were no
marked variations in the protein level of CCND and CDK6.
Interestingly to point, compared with the 6.5 lm treatment,
Western blot analysis showed that CDK4 was down-
regulated essentially in SFN-treated cells at concentration of
12.5 and 25 lM (Fig. 2B, C), whereas the mRNA level of
CDK4 was increased (Fig. 2A). Therefore, we presume that
the opposite exhibitions of the mRNA and protein of CDK4
may be due to post-transcriptional modification; in the
meantime, an increase in the number of ZR-75-1 cells in the
G1 phase can be based on the repression of CDK4 after
incubation with SFN.

Previously, our laboratory demonstrated that SFN could
induce cell cycle G1/S delay in MDA-MB-231 breast cancer
cells, and outcomes from qPCR analysis were further ap-
proved using microarray analysis, indicating substantial
SERTAD1, CCDN2, and HDAC3 downregulation, as well
as the noticeable repression of CDK4 after exposure to SFN.
Thus, we have further investigated the mRNA and protein
levels of HDAC3, CCDN2, and SERTAD1 in SFN-treated
ZR-75-1 cells. HDAC activity links the DNA damage and
repair pathways.23 SFN could suppress HDAC activity and
result in histone hyperacetylation in cancer cells.24 Among
the class I HDACs, HDAC3 responded as the earliest one
and was the most sensitive to SFN-suppressed protein ex-
pression.25 Therefore, we evaluated HDAC3 expression to
verify its effect on the SFN-induced cell cycle arrest. Our
results indicated that protein expression of HDAC3 was
decreased markedly in 25 lM SFN treatment (Fig. 3B, C),
and it may be responsible for the SFN-triggered G1/S arrest
in ZR-75-1 cells at 25 lM treatment.

The oncogene, CCND2, is overexpressed in breast can-
cer,26 and it is characterized as the regulator of G1 to S-
phase transition during the cell cycle.27,28 The critical
function of CCND2 is attributed to assemble a complex with
CDK4/CDK6, motivate the phosphorylation of Rb protein,
releasing the E2F transcription factor, and, subsequently,
activating the genes transcription involved in the progres-
sion of G1 to S phase.26,27 As shown in Figure 3, compared
with the control groups, there was a noticeable decrement in
the mRNA and protein expression of CCND2 in SFN-
treated cells. Our study has demonstrated that CCND2 is
involved in SFN-triggered G1/S arrest in ZR-75-1 cells.

SERTAD1 was suggested as a positive regulator of the
cell cycle,15,17,29,30 and the potential oncogenic effects of

FIG. 3. SERTAD1 and HDAC3 gene expression in ZR-75-1 cells after
exposure to SFN: (A) qPCR and (B) Western blotting analysis of SER-
TAD1, CCND2, and HDAC3 gene expression standardized against the
levels of b-actin in cancer cell lines exposed to DMSO (SFN 0 lM
control) or SFN group. (C) Representative blots from three independent
experiments. Quantification of band intensities. All data were reported as
the mean (–SEM) of at least three separate experiments. Statistical
analysis was performed using a t-test, with differences considered sig-
nificant at a level of *P < .05 versus the 0 lM SFN control group. CCND2,
cyclin D2; DMSO, dimethyl sulfoxide; HDAC3, histone deacetylase 3.
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SERTAD1 are suggested by its expression that is upregu-
lated in several types of tumors.29,31–33 SERTAD1 can bind
to CDK4 directly and form a quaternary complex with
CCND2 and p16 to mediate CDK4 activity.34 Several
studies indicated that overexpression of SERTAD1 can
provoke hyperproliferation17,30 and inhibition of apopto-
sis.35 However, a direct link between SERTAD1and cancer
pathogenesis remains obscure. Therefore, our discussion
will focus mainly on the role of SERTAD1 on SFN-treated
ZR-75-1 cells. The results revealed a dramatic reduction in
the mRNA and protein levels of SERTAD1 after incubation
with SFN in ZR-75-1 cells (Fig. 3). As shown in Figure 2B
and C, we suggested that SFN can trigger G1/S arrest inZR-
75-1 cells through repression of CDK4. Accordingly, the
expression of both SERTAD1 and CCND2 also decreased
significantly after incubation with SFN in ZR-75-1 cells.
Given this overall information, we propose a novel pathway
in which SFN could defer cancer cell growth in the G1 phase
through downregulation of SERTAD1 proteins followed by
dissociation of the CCND–CDK4 complex.
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