
2580
Cancer Therapy: Preclinical Clinical

Cancer
Research
Sulforaphane, a Dietary Component of Broccoli/Broccoli
Sprouts, Inhibits Breast Cancer Stem Cells
Yanyan Li1,3, Tao Zhang1, Hasan Korkaya2, Suling Liu2, Hsiu-Fang Lee1, Bryan Newman1, Yanke Yu1,
Shawn G. Clouthier2, Steven J. Schwartz3, Max S. Wicha2, and Duxin Sun1
Abstract
Authors' A
of Pharma
Center, De
3Departme
University,

Correspon
Sciences, U
Arbor, MI
duxins@um
University o
cal Center
1831; Fax:
Schwartz, D
University,
Building, C
4233; E-ma

doi: 10.115

©2010 Am

Clin Canc
Purpose: The existence of cancer stem cells (CSCs) in breast cancer has profound implications for can-
cer prevention. In this study, we evaluated sulforaphane, a natural compound derived from broccoli/broc-
coli sprouts, for its efficacy to inhibit breast CSCs and its potential mechanism.
Experimental Design: Aldefluor assay and mammosphere formation assay were used to evaluate the

effect of sulforaphane on breast CSCs in vitro. A nonobese diabetic/severe combined immunodeficient
xenograft model was used to determine whether sulforaphane could target breast CSCs in vivo, as assessed
by Aldefluor assay, and tumor growth upon cell reimplantation in secondary mice. The potential mech-
anism was investigated using Western blotting analysis and β-catenin reporter assay.
Results: Sulforaphane (1-5 μmol/L) decreased aldehyde dehydrogenase–positive cell population by

65% to 80% in human breast cancer cells (P < 0.01) and reduced the size and number of primary mam-
mospheres by 8- to 125-fold and 45% to 75% (P < 0.01), respectively. Daily injection with 50 mg/kg
sulforaphane for 2 weeks reduced aldehyde dehydrogenase–positive cells by >50% in nonobese diabetic/
severe combined immunodeficient xenograft tumors (P = 0.003). Sulforaphane eliminated breast CSCs
in vivo, thereby abrogating tumor growth after the reimplantation of primary tumor cells into the
secondary mice (P < 0.01). Western blotting analysis and β-catenin reporter assay showed that
sulforaphane downregulated the Wnt/β-catenin self-renewal pathway.
Conclusions: Sulforaphane inhibits breast CSCs and downregulates the Wnt/β-catenin self-renewal

pathway. These findings support the use of sulforaphane for the chemoprevention of breast cancer stem
cells and warrant further clinical evaluation. Clin Cancer Res; 16(9); 2580–90. ©2010 AACR.
Broccoli and broccoli sprouts contain large amounts of
glucosinolates (1). Numerous studies have substantiated
the chemoprevention effect of increasing cruciferous vege-
table intake against cancer, which has been attributed to
the activity of various isothiocyanates that are enzymati-
cally hydrolyzed from glucosinolates (2). Sulforaphane
was found to be converted from glucoraphanin, a major
glucosinolate in broccoli/broccoli sprouts (3). The chemo-
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prevention properties of sulforaphane against cancer are
through both “blocking” and “suppressing” effects (2).
The blocking function of sulforaphane is achieved through
inhibiting phase 1 metabolism enzymes that convert pro-
carcinogens to carcinogens and inducing phase 2 metabo-
lism enzymes that promote excretion of carcinogens (2).
Subsequent studies revealed the suppressing effects of sul-
foraphane in modulating diverse cellular activities to in-
hibit the growth of transformed cells (2, 4). The ability
of sulforaphane to induce apoptosis and cell cycle arrest
is associated with regulation of many molecules including
Bcl-2 family proteins, caspases, p21, cyclins, and cyclin-
dependent kinases (4). Sulforaphane was also shown to
suppress angiogenesis and metastasis by downregulating
vascular endothelial growth factor, HIF-1α, matrix metal-
loproteinase-2 and matrix metalloproteinase-9 (4).
Accumulating evidence has shown that many types of

cancer, including breast cancer, are initiated from and
maintained by a small population of cancer stem cells
(CSCs; refs. 5, 6). This minor population produces the tu-
mor bulk through continuous self-renewal and differenti-
ation, which may be regulated by similar signaling
pathways occurring in normal stem cells (5–8). Several
pathways including Wnt/β-catenin, Hedgehog, and Notch



Translational Relevance

Sulforaphane, the natural compound derived from
broccoli/broccoli sprouts, has been proved to possess
anticancer activity. This study shows that sulforaphane
inhibits breast cancer stem cells in vitro and in vivo,
which provides a strong rationale for future clinical
evaluation of sulforaphane or extract of broccoli/broc-
coli sprouts for breast cancer chemoprevention. Breast
cancer is initiated from and maintained by a small
population of breast cancer stem cells. Currently avail-
able chemotherapy and radiation therapy are incapa-
ble of suppressing cancer stem cell population.
Aldefluor assay and mammosphere formation assay
showed that sulforaphane inhibited breast cancer stem
cells in vitro. Nonobese diabetic/severe combined im-
munodeficient mouse model exhibited that sulfora-
phane eliminated breast cancer stem cells in vivo.

Sulforaphane Inhibits Breast Cancer Stem Cells
have been identified to be critical to the self-renewal
behavior of CSCs (7, 9, 10). Furthermore, CSCs have been
suggested to contribute to tumor resistance/relapse because
chemotherapy and radiation therapy are incapable of
eradicating them (6, 11, 12). Thus, targeting these self-
renewal pathwaysmay provide an effective strategy to target
CSCs and thereby overcome tumor resistance and reduce
relapse (5). Several dietary compounds, such as curcumin
(13, 14), quercetin, and epigallocatechin-gallate (15), were
found to be potentially against CSC self-renewal.
Wnt/β-catenin signaling is one of the key pathways that

promote self-renewal of breast CSCs (5). Activation of
Wnt target genes are mediated by β-catenin, which trans-
locates into the nucleus and binds to the transcription fac-
tors T-cell factor/lymphoid enhancer factor (TCF/LEF;
refs. 5, 16). The level of intracellular β-catenin is modu-
lated by a multiprotein complex consisting of glycogen
synthase kinase3β (GSK3β), adenomatous polyposis
coli, casein kinase1α, and axin (17). GSK3β promotes
the ubiquitin-proteasome degradation of β-catenin by
phosphorylating three specific amino acids, Ser33/Ser37/
Thr41, on β-catenin (17).
Sulforaphane was shown to target pancreatic tumor–

initiating cells in a very recent report (18). In the present
study, we examined the efficacy of sulforaphane against
breast CSCs in both breast cancer cell lines and breast
cancer xenografts. We showed that sulforaphane elimi-
nated breast CSCs in vivo, which was reflected by the in-
hibition of tumor growth in recipient mice that were
inoculated with tumor cells derived from sulforaphane-
treated primary xenografts. Furthermore, because sul-
foraphane was reported to induce the downregulation
of β-catenin in human cervical carcinoma HeLa and
hepatocarcinoma HepG2 cells (19), we investigated
the suppressing activity of sulforaphane on the Wnt/β-
catenin pathway.
www.aacrjournals.org
Materials and Methods

Cell lines and reagents. Human breast cancer cell lines
MCF7 and SUM159 were obtained from the American
Type Culture Collection and from Dr. Stephen Ethier
(Karmanos Cancer Center, Detroit, Michigan), respectively.
The source of SUM159 cell line is primary breast anaplastic
carcinoma. This cell line is estrogen receptor (ER) negative,
progesterone receptor (PR) negative, and does not have
Her2 overexpression. Both cell lines were tested and authen-
ticated in their origin sources. Authentication of these cell
lines included morphology analysis, growth curve analysis,
isoenzyme analysis, short tandem repeat analysis, andMyco-
plasma detection. Both cell lines were passaged in our labo-
ratory for fewer than 6 mo after receipt. To maintain the
integrity of collections, stocks of the earliest passage cells
have been stored and cell lines have been carefully main-
tained in culture as described below. MCF7 was maintained
in RPMI 1640 (Invitrogen) supplemented with 10% fetal
bovine erum (Fisher Scientific), 1% antibiotic-antimycotic
(Invitrogen), and 5 μg/mL insulin (Sigma-Aldrich). SUM159
was maintained in Ham's F12 medium (Invitrogen) sup-
plemented with 5% fetal bovine serum, 1% antibiotic-
antimycotic, 5 μg/mL insulin, 1 μg/mL hydrocortisone
(Sigma-Aldrich), and 4 μg/mL gentamicin (Invitrogen).
Sulforaphane was obtained from LKT Laboratories. Pro-

pidium iodide was from Invitrogen. LiCl was purchased
from Fisher Scientific; BIO (GSK3 inhibitor IX) was from
Calbiochem (EMD Biosciences); and MG132 was ob-
tained from Assay Designs (Stressgen).
Antibodies to β-catenin, phospho-β-catenin Ser33/

Ser37/Thr41, phospho-GSK3β Ser9, and GSK3β were pur-
chased from Cell Signaling Technology. Antibodies to cy-
clin D1 and β-actin were acquired from Santa Cruz
Biotechnology.
MTS cell proliferation assay. MCF7 and SUM159 were

seeded in 96-well microplates at a density of 3,000 to
5,000 cells per well. Cells were treated with increasing con-
centrations of sulforaphane as indicated. After 48 hours
of incubation, cell viability was assessed by MTS assay
(Promega) according to the manufacturer's instruction.
The number of living cells is directly proportional to the
absorbance at 490 nm of a formazan product reduced
from MTS by living cells.
Caspase-3 activity assay. Cells were treated with different

concentrations of sulforaphane and collected after
24 hours. The caspase-3 activity assay was based on the
manufacturer's instruction of the Caspase-3/CPP32 Fluo-
rometric Assay kit (Biovision Research Products). Cellular
protein was extracted with the supplied lysis buffer, fol-
lowed by the determination of protein concentration
using BCA Protein Assay Reagents (Pierce). The cleavage
of DEVD-AFC, a substrate of caspase-3, was quantified
by using a fluorescence microtiter plate reader with a
400-nm excitation filter and a 505-nm emission filter.
Mammosphere formation assay. Stem/progenitor cells are

enriched in mammospheres of breast cancer cells (20),
based on the unique ability of stem/progenitor cells to
Clin Cancer Res; 16(9) May 1, 2010 2581
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grow and form spheres in serum-free medium (21). Mam-
mosphere culture was done as previously described
(22, 23) in a serum-free mammary epithelium basal me-
dium (Lonza, Inc.) supplemented with B27 (Invitrogen),
1% antibiotic-antimycotic, 5 μg/mL insulin, 1 μg/mL
hydrocortisone, 4 μg/mL gentamicin, 20 ng/mL EGF
(Sigma-Aldrich), 20 ng/mL basic fibroblast growth factor
(Sigma-Aldrich), and 1:25,000,000 β-mercaptoethanol
(Sigma-Aldrich). Single cells prepared from mechanical
and enzymatic dissociation were plated in six-well ultra-
low attachment plates (Corning) at a density of 500 to
1,000 cells/mL in primary culture and 100 to 500 cells/mL
in the following passages. Different concentrations of
sulforaphane were added to primary culture, whereas the
second and third passages were grown in the absence of
drug. After 7 days of culture, the number of mammospheres
was counted under a Nikon Eclipse TE2000-S microscope
and the photos were acquired with MetaMorph 7.6.0.0.
Aldefluor assay. A cell population with a high aldehyde

dehydrogenase (ALDH) enzyme activity was previously re-
ported to enrich mammary stem/progenitor cells (23). Al-
defluor assay was done according to the manufacturer's
guidelines (StemCell Technologies). Single cells obtained
from cell cultures or xenograft tumors were incubated in
an Aldefluor assay buffer containing an ALDH substrate,
bodipy-aminoacetaldehyde (1 μmol/L per 1,000,000
cells), for 40 to 50 minutes at 37°C. As a negative control,
a fraction of cells from each sample was incubated under
identical condition in the presence of the ALDH inhibitor
diethylaminobenzaldehyde. Flow cytometry was used to
measure ALDH-positive cell population.
Primary nonobese diabetic/severe combined immunodefi-

cient mouse model. All experimentation involving mice
were conducted in accordance with the standard protocol
approved by the University Committee on the Use and
Care of Animals at the University of Michigan. SUM159
cells (2,000,000) mixed with Matrigel (BD Biosciences)
were injected to the mammary fat pads of 5-week-old
female nonobese diabetic/severe combined immuno-
deficient (NOD/SCID) mice (The Jackson Laboratory) as
previously described (24). Tumors were measured with a
caliper and the volume was calculated using V = 1/2
(width2 × length). Two weeks after the cell injection, the
mice were randomly separated into two groups: one group
was i.p. injected with control (0.9% NaCl solution) and
the other group was injected with 50 mg/kg sulforaphane
(dissolved in 0.9% NaCl solution) daily for 2 weeks.
Dissociation of tumors. At the end of drug treatment, the

mice were humanely euthanized and tumors were har-
vested. Tumor tissues were dissociated mechanically and
enzymatically to obtain a single-cell suspension as pre-
viously described (25). Briefly, tumors were minced by
scalpel and incubated in medium 199 (Invitrogen) mixed
with collagenase/hyaluronidase (StemCell Technologies)
at 37°C for 15 to 20 minutes. The tissues were further dis-
sociated by pipette trituration and then passed through a
40-μm nylon mesh to produce a single-cell suspension,
which was used for Aldeflour assay and flow cytometry.
Clin Cancer Res; 16(9) May 1, 2010
Secondary NOD/SCID mouse model. Living cells from the
dissociated tumors were sorted out by fluorescence-activated
cell sorting. Two groups of mice (four in group 1 and three
in group 2) were implanted with tumor cells separately.
Each secondary NOD/SCID mouse was inoculated with
50,000 cells from control mouse tumors in one side of
inguinal mammary fat pad and another 50,000 cells from
sulforaphane-treated tumors in the contralateral mammary
fat pad. The growth of tumors was monitored and tumor
volumes were measured twice weekly. Mice were humanely
euthanized when the larger one of the two tumors reached
300 to 500 mm3.
Western blotting analysis. Cells were treated with sul-

foraphane at varying concentrations for indicated time
periods in the figure legends. Cells were harvested, lysed
in radioimmunoprecipitation assay buffer [20 mmol/L
Tris-HCl, 150 mmol/L NaCl, 1% NP40, 5 mmol/L
EDTA, 1 mmol/L Na3VO4 (pH 7.5)] supplemented with
a protease inhibitor cocktail (Pierce) and a phosphatase
inhibitor (Calbiochem, EMD Biosciences), and incubat-
ed on ice for 30 minutes. Cell lysate was centrifuged
at 14,000 rpm for 15 minutes and the supernatant
Fig. 1. Sulforaphane inhibited proliferation and induced apoptosis in
breast cancer cells. A, SUM159 and MCF7 cells growing in log phase
were treated with increasing concentrations of sulforaphane for 48 hours.
The antiproliferation effect of sulforaphane was measured by MTS assay.
B, sulforaphane enhanced caspase-3 activity in SUM159 cells. Columns,
mean (n ≥ 3); bars, SD; SF, sulforaphane.
Clinical Cancer Research
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was recovered. Protein concentration was determined
with BCA Protein Assay Reagents (Pierce). Equal
amounts of protein were subject to SDS-PAGE and
transferred to polyvinylidene difluoride membrane
(Bio-Rad, Richmond, CA). The membrane was then in-
cubated with appropriate antibodies.
TOP-dGFP lentiviral β-catenin reporter assay. TCF/LEF-1

(TOP-dGFP, FOP-dGFP) lentiviral reporter system was
kindly gifted by Dr. Wiessman at Ludwig Center, Stanford
University School of Medicine (Stanford, CA)(26). Cells
were infected with TOP-dGFP or control reporter FOP-
dGFP with mutated TCF/LEF-1 binding sites. TOP-dGFP
MCF7 and FOP-dGFP MCF7 cells were maintained in
the same RPMI 1640 as MCF7 cells. MCF7, TOP-dGFP
MCF7, and FOP-dGFP MCF7 cells were cultured in the
same serum-free mammary epithelium basal medium as
mammospheres in six-well ultralow attachment plates
at a density of 1,000 to 1,500 cells/mL for 5 days. Single
cells prepared from the primary spheres were incubated
in a medium containing 5 μmol/L sulforaphane or/and
0.5 μmol/L BIO for 48 hours. After dissociation, single-cell
suspension was subject to flow cytometry analysis for
www.aacrjournals.org
dGFP-positive cell population. Parental MCF7 cells served
as a control for autofluorescence. The photos of mammo-
spheres were taken with a Nikon Eclipse TE2000-S micro-
scope and acquired with MetaMorph 7.6.0.0.
Statistical analysis. Statistical differences were deter-

mined using two-tailed Student's t test. Data are presented
as mean ± SD (n ≥ 3).

Results

Sulforaphane inhibits proliferation and induces apoptosis
of breast cancer cells. Sulforaphane was previously shown
to inhibit proliferation (27) and induce apoptosis (28) in
breast cancer cells. We first evaluated the antiproliferative
effects of sulforaphane in two human breast cancer cell
lines, SUM159 and MCF7, by MTS assay. Cells were trea-
ted with increasing concentrations of sulforaphane for
48 hours and the ratio of viable cells of treatment relative
to control is plotted in Fig. 1A. Cell survival decreased as
the concentration of sulforaphane increased, with an IC50

of ∼10 μmol/L for SUM159 and 16 μmol/L for MCF7.
Caspase-3 fluorometric assay showed that sulforaphane
Fig. 2. Inhibitory effect of sulforaphane on mammosphere formation. MCF7 and SUM159 cells were cultured in mammosphere-forming conditions. A,
primary mammospheres were incubated with sulforaphane (0.5, 1, and 5 μmol/L) or DMSO for 7 days. Sulforaphane treatment reduced the number of
primary mammospheres. B, sulforaphane reduced the size of primary mammospheres (magnification, ×100). The size of mammospheres was estimated
using V = (4/3) π R3. C, in the absence of drug, the second and third passages that were derived from sulforaphane-treated primary mammospheres yielded
smaller numbers of spheres in comparison with control. Columns, mean (n = 3); bars, SD. *, P < 0.05; **, P < 0.01; SF, sulforaphane.
Clin Cancer Res; 16(9) May 1, 2010 2583
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(10 μmol/L) significantly (P = 0.005) induced the activa-
tion of caspase-3 (Fig. 1B).
Sulforaphane inhibits breast cancer stem/progenitor cells

in vitro. It has been shown that mammary stem/progen-
itor cells are enriched in nonadherent spherical clusters of
cells, termed mammospheres (22). These cells are capable
of yielding secondary spheres and differentiating along
multiple lineages (22). To evaluate whether sulforaphane
could suppress the formation of mammospheres in vitro,
we exposed primary MCF7 and SUM159 spheres to vary-
ing concentrations of sulforaphane and then cultured
them two additional passages in the absence of drug. As
shown in Fig. 2A and B, sulforaphane inhibited the forma-
tion of primary spheres. Not only the number of spheres
declined by 45% to 75% (P < 0.01; Fig. 2A) but the size of
the spheres was also reduced by 8- to 125-fold (Fig. 2B).
Furthermore, a significant decrease in the number of
sphere-forming cells in subsequent passages indicated a re-
duced self-renewal capacity of these stem/progenitor cells
(Fig. 2C; ref. 22). MCF7 cells initially propagated in the
presence of 5 μmol/L sulforaphane barely produced sec-
ondary spheres, with no cells passaged to third generation
(Fig. 2C). It is worth noting that the concentrations of sul-
foraphane that were capable of suppressing mammo-
sphere formation (IC50, approximately 0.5-1 μmol/L for
both SUM159 and MCF7 spheres) were ∼10-fold lower
than those exhibiting antiproliferative effects in the MTS
Clin Cancer Res; 16(9) May 1, 2010
assay (IC50, ∼10 μmol/L for SUM159 and 16 μmol/L for
MCF7).
In breast carcinomas, a cell population with high ALDH

activity as assessed by the Aldefluor assay has been shown
to enrich tumorigenic stem/progenitor cells (23). This cell
population is capable of self-renewal and generating tu-
mors resembling the parental tumor (23). Because
SUM159 has a relatively high percentage of ALDH-positive
cells, we selected SUM159 to examine whether sulfora-
phane inhibits the tumor-initiating ALDH-positive cells
in vitro. As shown in Fig. 3A, 1 μmol/L sulforaphane sig-
nificantly decreased the ALDH-positive population of
SUM159 cells by over 65% (P = 0.008), whereas
5 μmol/L produced greater than an 80% reduction of
ALDH-positive population (P < 0.008). Representative
flow cytometry dot plots are presented in Fig. 3B. These
data showed that sulforaphane inhibited the ALDH-
positive cells at similar concentrations to those inhibited
mammosphere formation and at 10-fold lower concentra-
tions than those inhibited cancer cells as determined by
MTS assay.
Therefore, these findings demonstrate sulforaphane in

reducing the breast cancer stem/progenitor cell population
in vitro. An interesting observation is that sulforaphane
was able to inhibit stem/progenitor cells at the concentra-
tions (0.5-5 μmol/L) that hardly affected the bulk popula-
tion of cancer cells, implying that sulforaphane is likely to
Fig. 3. Inhibitory effect of
sulforaphane on ALDH-positive
cell population. SUM159 cells were
treated with sulforaphane (1 and
5 μmol/L) or DMSO for 4 days and
subject to Aldefluor assay and
flow cytometry analysis. A,
sulforaphane decreased the
percentage of ALDH-positive cells.
Columns, mean (n = 3); bars,
SD. B, a set of representative flow
cytometry dot plots. R2 covers
the region of ALDH-positive cells.
SF, sulforaphane.
Clinical Cancer Research
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preferentially target stem/progenitor cells compared with
the differentiated cancer cells.
Sulforaphane eliminates breast CSCs in vivo. To deter-

mine whether sulforaphane could target breast CSCs
in vivo, we used a xenograft model of SUM159 cells in
NOD/SCID mice. Two weeks after cell inoculation, ani-
mals were daily injected with 50 mg/kg sulforaphane. Af-
ter 2 weeks of treatment, tumors in sulforaphane-treated
mice were 50% of the size of 0.9% NaCl solution control
animals (P = 0.018; Fig. 4A), whereas sulforaphane had no
apparent toxicity as determined by body weight (Fig. 4B).
Tumors were isolated from the animals and the tumor
cells were analyzed by Aldefluor assay. As shown in
Fig. 4C and D, sulforaphane reduced the ALDH-positive
population by >50% compared with that from control
mice (P = 0.003).
Although the decreased ALDH-positive cell population

in sulforaphane-treated tumors suggests that sulforaphane
may target breast cancer stem/progenitor cells, the ability
of residual cancer cells to initiate tumors upon reimplan-
tation in secondary mice is a more definitive assay (6).
www.aacrjournals.org
Therefore, we examined the growth of secondary tumors
in NOD/SCID mice inoculated with primary tumor cells
obtained from primary xenografts. To avoid potential var-
iations due to mouse heterogeneity, each recipient mouse
was injected with 50,000 cells obtained from sulfora-
phane-treated tumors in one side of inguinal mammary
fat pad and another 50,000 cells obtained from control tu-
mors in the contralateral fat pad. The results showed that
cancer cells from control animals exhibited rapid tumor
regrowth, reaching a final tumor size ranging from 300
to 500 mm3 in secondary NOD/SCID mice. However,
the cancer cells obtained from sulforaphane-treated mice
largely failed to produce any tumors in the recipient mice
up to 33 days after implantation (Fig. 5A). Figure 5A and B
showed that tumor cells derived from sulforaphane-treated
mice only caused one small tumor (6 mm3) of seven
inoculations at day 19, whereas control tumor cells yielded
tumors as early as day 7 (P < 0.01). All control inocula-
tions produced tumors by day 15 (Fig. 5B). These results
suggest that sulforaphane was able to eliminate breast
CSCs in primary xenografts, thereby abrogating the
Fig. 4. Sulforaphane (SF) decreased tumor size and ALDH-positive cell population in primary breast cancer xenografts. NOD/SCID mice bearing SUM159
cells in fat pads as xenografts were treated with daily i.p. injection of control or 50 mg/kg sulforaphane for 2 weeks. Tumor volumes (A) and mouse body
weights (B) were determined as described in Materials and Methods. Tumors in sulforaphane-treated mice were 50% the size of control animals at
the end of drug treatment. C, sulforaphane decreased the percentage of ALDH-positive cells in xenograft breast tumors. D, a set of representative flow
cytometry plots. Data are presented as mean ± SD (n = 6).
Clin Cancer Res; 16(9) May 1, 2010 2585
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regrowth of tumors in secondary mice. Taken together with
the in vivo Aldefluor assay results, these findings
suggest that sulforaphane targets breast CSCs with high
potency.
Sulforaphane downregulates Wnt/β-catenin pathway in

breast cancer cells. Next, we investigated the mechanisms
that may contribute to the effects of sulforaphane on
breast CSCs. The Wnt/β-catenin pathway is an important
regulator of stem cell self-renewal (8). Because sulfora-
phane was reported to downregulate β-catenin in human
cervical carcinoma and hepatocarcinoma cell lines (19),
we examined whether β-catenin and Wnt/β-catenin down-
stream targets are downregulated by sulforaphane in
human breast cancer cells. As shown in Fig. 6A, sulfora-
phane decreased the protein level of β-catenin by up to
85% in MCF7 and SUM159 cells, and the expression of
cyclin D1, one of the Wnt/β-catenin target genes, declined
by up to 77% as well. To further confirm that the down-
regulation of β-catenin protein level decreased its
transcriptional activity, we used a TCF/LEF TOP-dGFP len-
tiviral reporter system. The β-catenin activates TCF/LEF in
the nucleus, driving the transcription of the destabilized
green fluorescent protein (dGFP) gene. In addition, the
Clin Cancer Res; 16(9) May 1, 2010
dGFP expression was analyzed by fluorescence microscopy
and quantified by flow cytometry. As determined by flow
cytometry, ∼3% of transfected cells are dGFP positive and
5 μmol/L sulforaphane reduced this population by 30% to
40% (P = 0.002; Fig. 6B).
The intracellular level of β-catenin is regulated by its

phosphoryaltion status and subsequent proteasomal degra-
dation. When β-catenin is phosphorylated at Ser33/Ser37/
Thr41 by GSK3β, it is immediately subject to ubiquitin-
proteasome degradation (17). Phospharylation of GSK3β
at Ser9 may decrease the activity of GSK3β, thereby
stabiliz ing β-catenin (29, 30). Thus, we used a proteasome
inhibitor, MG132, to block proteasome function and ob-
served an accumulation of phospho-β-catenin (Ser33/
Ser37/Thr41) in response to sulforaphane (Fig. 6C, top).
The sulforaphane-induced β-catenin phosphorylation was
reversed when LiCl, a GSK3β inhibitor, was present
(Fig. 6C, top; ref. 31). As shown in Fig. 6B, 0.5 μmol/L
BIO, another specific GSK3β inhibitor (31, 32), enhanced
the dGFP-positive cell population by >5-fold (P < 0.0001)
and sulforaphane (5 μmol/L) decreased this population by
over 60% in the presence of BIO (P < 0.0001). Furthermore,
our result showed a decreased level of phospho-GSK3β
(Ser9) by up to 74% in cells with increasing concentra-
tions of sulforaphane (Fig. 6C, middle). LiCl was shown
to inactivate GSK3β through Ser9 phosphorylation, which
in turn reduce the phosphorylation of β-catenin at Ser33/
Ser37/Thr41 and its degradation (31, 32). As shown in
the bottom panel of Fig. 6C, sulforaphane was able to atten-
uate LiCl-induced GSK3β phosphorylation and β-catenin
accumulation.
Taken together, these data suggest that the downregula-

tion of Wnt/β-catenin self-renewal pathway might contri‐
bute to the inhibitory effects of sulforaphane on breast
CSCs. This warrants further studies to establish the conclu-
sive role of this downregulation in the inhibition of breast
CSCs by sulforaphane.

Discussion

The anticancer efficacy of sulforaphane, a natural com-
pound derived from broccoli/broccoli sprouts, has been
evaluated in various cancers. For instance, oral or i.p. ad-
ministration of sulforaphane inhibited the tumor growth
in prostate PC-3 and pancreatic Panc-1 xenografts (33,
34). The risk of premenopausal breast cancer was shown
to be inversely associated with broccoli consumption (35).
The orally administered sulforaphane reached mammary
gland and increased the detoxification enzyme activity
(36). Additionally, it has been suggested that sulforaphane
may have the potential to act against tumor resistance and
relapse/recurrence (37). A very recent study showed the ef-
fectiveness of sulforaphane in abrogating pancreatic tumor
resistance to tumor necrosis factor-α-related apoptosis-
inducing ligand by interfering with NF-κB–induced antia-
poptotic signaling (18). Another study indicated that
sulforaphane could overcome doxorubicin resistance and
restore apoptosis induction in cells (38). These findings
Fig. 5. Sulforaphane (SF) eradicated breast CSCs in vivo as assessed by
reimplantation in secondary mice. Each secondary NOD/SCID mouse
received 50,000 cells from control tumors in one side of mammary fat
pad and another 50,000 cells from sulforaphane-treated tumors in
the contralateral fat pad. A, tumor growth curves of the recipient
NOD/SCID mice. Points, mean (group 1, n = 4; group 2, n = 3); bars,
SD. Sulforaphane abrogated the tumorigenicity of breast CSCs.
B, percentage of tumor-free mice by the day of euthanization for each
group. Four mice were euthanized at day 20 and three mice were
euthanized at day 33 due to the mass tumor burden on the control side.
Clinical Cancer Research
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Fig. 6. Sulforaphane downregulated the Wnt/β-catenin self-renewal
pathway. A, sulforaphane decreased the protein levels of β-catenin
and cyclin D1 in both SUM159 and MCF7 cell lines. B, TOP-dGFP
reporter lentivirus-infected MCF7 mammospheres were treated with
indicated compounds (0.5 μmol/L BIO and 5 μmol/L sulforaphane)
either alone or in combination for 2 days. Sulforaphane decreased the
percentage of dGFP-positive cells by 30% to 40%. BIO increased this
population, whereas sulforaphane decreased it by over 60% in the
presence of BIO. Right, representative flow cytometry results of
TOP-dGFP mammospheres and their pictures under fluorescence
microscope (magnification, ×100). C, sulforaphane promoted β-catenin
phosphorylation at Ser33/37/Thr41, whereas LiCl suppressed the
phosphorylation by inactivating GSK3β (top). Sulforaphane decreased
phospho-GSK3β (Ser9) level, whereas total GSK3β remained
unchanged (middle). LiCl increased the protein level of β-catenin by
phosphorylating/inactivating GSK3β at Ser9, whereas sulforaphane
attenuated LiCl-induced GSK3β phosphorylation and β-catenin
accumulation (bottom). SF, sulforaphane; dGFP, destabilized green
fluorescent protein.
www.aacrjournals.org
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provide a strong rationale for investigating the chemopre-
vention property of sulforaphane or broccoli/broccoli
sprouts in clinical trials.
Increasing evidence supports the CSC theory, which

states that a variety of cancers are driven and sustained
by a small proportion of CSCs (8). The concept of CSCs
has profound clinical implications for cancer therapeutics
and prevention (8, 39). Recent studies indicate that CSCs
have the capacity to drive tumor resistance and relapse/
recurrence (40, 41). Lack of efficacy of current chemothera-
pies in advance and metastatic disease requires novel ap-
proaches to specifically target CSC population (8, 42, 43).
Thus, therapies that are directed against both differentiat-
ed cancer cells and CSCs may provide advantages to treat
these diseases. Researchers have found that several dietary
compounds are promising chemoprevention agents
against CSCs, such as curcumin (13, 14). Therefore, based
on the chemopreventive activity of sulforaphane and the
implications of CSC theory, we have used both in vitro and
in vivo systems to determine whether sulforaphane acts
against breast CSCs.
Several techniques have been developed to isolate and

characterize breast CSCs in vitro. Mammosphere culture
was first used to isolate and expand mammary stem/
progenitor cells by Dontu et al. (22), based on the ability
of stem/progenitor cells to grow in serum-free suspension,
whereas differentiated cells fail to survive under the same
condition (21). By using this technique, we have shown
that sulforaphane (0.5-5 μmol/L) significantly suppressed
the mammosphere formation of both SUM159 and MCF7
cells (Fig. 2). Another technique is to use cell makers, e.g.,
CD44+CD24−/lowlin− and ALDH positive (21, 23, 25), to
distinguish mammary stem/progenitor cells from differen-
tiated cancer cells. It has been reported that as few as 500
ALDH-positive cells were able to generate a breast tumor
within 40 days, whereas 50,000 ALDH-negative cells
failed to form tumor (23). ALDH-positive cells and
CD44+CD24−/lowlin− were identified as small overlaps
that have the highest tumorigenic capacity, generating
tumors from as few as 20 cells (23). In contrast,
ALDH-positive cells without the CD44+CD24−/lowlin−

marker were able to produce tumors from 1,500 cells,
whereas 50,000 CD44+CD24−/lowlin− ALDH-negative
cells did not (23). Thus, we used Aldefluor assay to eva-
luate the ability of sulforaphane to target breast cancer
stem/progenitor cells. We have shown that sulforaphane
(1-5 μmol/L) could inhibit the tumor-initiating ALDH-
positive cells in vitro by 65% to 80% (Fig. 3). Of special
note, concentrations of sulforaphane that inhibit stem/
progenitor cells in both the mammosphere formation
assay and Aldefluor assay had only minimal effects on
the bulk population of breast cancer cell lines, which
implies the preferential targeting of stem/progenitor cells
by sulforaphane.
The injection of human breast cancer cells into the

mammary fat pad of immunodeficient NOD/SCID mice
provides a reliable and sensitive in vivo system for studying
human breast cancer (25, 44). We showed that sulfora-
Clin Cancer Res; 16(9) May 1, 2010
phane was able to target breast CSCs in vivo by using this
xenograft model. Daily injection of sulforaphane for
2 weeks suppressed tumor growth in primary NOD/SCID
mice and reduced ALDH-positive cell population of the
tumors by ∼50% (Fig. 4). More importantly, we found
that the tumor cells derived from sulforaphane-treated
mice were not able to form secondary tumors in recipient
mice up to 33 days (Fig. 5). There are two possible reasons
that may explain the difference between the 50% reduc-
tion of ALDH-positive population and the failure of tumor
growth in secondary mice. One is that although ALDH-
positive cells are enriched with stem/progenitor cells, not
all ALDH-positive cells have tumor-initiating capacity.
Another possible reason is the experimental setting we
used for the primary NOD/SCID mice. We inoculated
2,000,000 SUM159 cells into the primary NOD/SCID
mice and treated them with the drug after 2 weeks of cell
inoculation, both of which could lead to an underestima-
tion of the effect of sulforaphane on ALDH-positive cell
population. However, the ability of CSCs to self-renew
and differentiate as determined by the reimplantation of
primary tumor cells in secondary animals is a more defin-
itive functional assay (6). These are consistent with the
in vitro observation that sulforaphane preferentially tar-
geted cancer stem/progenitor cells instead of bulk cell
population. The preference of sulforaphane in killing
CSCs may be significant for chemoprevention.
The well-known curcumin was shown to interfere with

self-renewal pathways, Wnt and Notch, in colon and
pancreatic cancer cells, respectively (13, 14). Apple-
derived quercetin and green tea epigallocatechin-gallate
were reported to regulate key elements of Wnt and Notch
pathways in human colon cancer cells (15). Park et al.
(19) previously reported that β-catenin was downregu-
lated in HeLa and HepG2 cells. In consistent with this
study, we showed that sulforaphane was able to downre-
gulate the Wnt/β-catenin self-renewal pathway in breast
cancer cells, and sulforaphane-induced β-catenin phos-
phorylation (Ser33/Ser37/Thr41) and proteasome degra-
dation was possibly through the activation of GSK3β
(Fig. 6). Myzak et al. (45) reported that sulforaphane
increased β-catenin activity without altering its protein
level in HDAC1-transfected HEK293 cells. The differences
among the studies could arise from distinct cell lines and
treatment conditions.
As a chemoprevention agent, sulforaphane possesses

many advantages, such as high bioavailability and low
toxicity (4). Sulforaphane from broccoli extracts is effi-
ciently and rapidly absorbed in the human small intes-
tine and distributed throughout the body (2, 46).
Plasma concentrations of sulforaphane equivalents
peaked 0.94 to 2.27 μmol/L in humans 1 hour after a
single dose of 200 μmol broccoli sprout isothiocyanates
(mainly sulforaphane; ref. 47). A recent pilot study de-
tected an accumulation of sulforaphane in human breast
tissue, with 1.45 ± 1.12 pmol/mg for the right breast and
2.00 ± 1.95 pmol/mg for the left, in eight women who con-
sumed broccoli sprout preparation containing 200 μmol
Clinical Cancer Research
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sulforaphane ∼1 hour before the surgery (36). These con-
centrations of sulforaphane are expected to be effective
against breast CSCs, based on our in vitro results. Although
sulforaphane itself has not been evaluated in humans,
broccoli sprouts were tested for toxicity in clinical trials
(4). A phase I trial showed that broccoli sprouts caused
no significant toxicity when administered orally at 8-hour
intervals for 7 days as 25 μmol isothiocyanates (mainly
sulforaphane; ref. 48). In another study, it was well tole-
rated in 200 adults who consumed broccoli sprout solu-
tion containing 400 μmol glucoraphanin (precursor of
sulforaphane) nightly for 2 weeks (49). Additionally,
sulforaphane at concentrations below 10 μmol/L did not
show significant effect on cell cycle arrest and apoptosis
induction of human nontransformed T lymphocytes (50).
In conclusion, we have shown that sulforaphane was

able to target breast CSCs as determined by the mammo-
sphere formation assay, Aldefluor assay, and tumor
growth upon reimplantation in secondary mice. Further-
more, our study identified the downregulation of Wnt/β-
catenin self-renewal pathway by sulforaphane as one of
the possible mechanisms for its efficacy. These studies
support the use of sulforaphane for breast cancer chemo-
www.aacrjournals.org
prevention. These findings provide a strong rationale
for preclinical and clinical evaluation of sulforaphane or
broccoli/broccoli sprouts for breast cancer therapies.
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