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ABSTRACT
Background: Aberrations in the regulation of cell proliferation perturb cellular homeostasis and lead to malignancies

in which dysregulation of the cell cycle and suppressed apoptosis are 2 common phenomena. Combinatorial nutritional

approaches could be efficacious in ameliorating these aberrations.

Objectives: We sought to investigate the effect of dietary broccoli sprouts (BSp) and green tea polyphenol (GTP)

administration on cell cycle progression and apoptosis in mammary tumors.

Methods: Forty female HER2/neu transgenic mice were randomly divided into 4 groups and treated with control, 26%

BSp (wt:wt) in food, 0.5% GTPs (wt:vol) in drinking water, or combined BSp and GTPs from dams’ conception until

their pups were killed at 29 wk of age. Pups’ tumor growth was monitored weekly for 27 wk. Tumor cell cycle– and

apoptosis-related protein expression was measured. Data were analyzed with 2-factor or 3-factor (repeated-measures)

ANOVA.

Results: Compared with the control group, BSp and/or GTPs decreased tumor incidence (P < 0.05) and combined BSp

and GTPs synergistically [combination index (CIn) < 1] reduced tumor volume over time (P-time < 0.01). BSp and/or

GTPs upregulated the expression of phosphatase and tension homolog, P16, and P53 (P < 0.05) and downregulated

myelocytomatosis oncogene, Bmi1 polycomb ring finger oncogene, and telomerase reverse transcriptase (P < 0.05)

compared with the control group. Combined BSp and GTPs synergistically (CIn < 1) downregulated the expression of

cyclin B1, D1, and E1 and cyclin-dependent kinase 1, 2, and 4 (P < 0.05) compared with the control group. Moreover,

combined BSp and GTPs induced apoptosis by regulating Bcl-2-associated X protein and B-cell lymphoma 2 (P < 0.05).

BSp and/or GTPs also reduced the expression of DNA methyltransferase 1, 3A, and 3B and histone deacetylase 1

compared with the control group (P < 0.05).

Conclusions: Collectively, lifelong BSp and GTP administration can prevent estrogen receptor–negative mammary

tumorigenesis through cell cycle arrest and inducing apoptosis in HER2/neu mice. J Nutr 2021;151:73–84.

Keywords: breast cancer, broccoli sprouts, green tea polyphenols, cell cycle arrest, apoptosis

Introduction

Mammary tumor initiation and progression are chronic courses
involving both genetic mutation and posttranslational dysreg-
ulation, resulting from sophisticated etiological disorders that
are normally triggered by an imbalance between environmental
impacts (endogenous, exogenous, and pathogenic) and the
genetically susceptible host. An increasing body of evidence
shows that a class of bioactive dietary compounds referred to as

“epigenetic diets,” such as genistein in soybean products, resver-
atrol in grapes and berries, ascorbic acid in fruits, sulforaphane
(SFN) in broccoli sprouts (BSp), and epigallocatechin-3-gallate
(EGCG) in green tea, may act as environmental regulators
that can neutralize genetic/epigenetic abnormalities during
carcinogenesis, leading to breast cancer prevention (1). Studies
have reported that several mechanisms may contribute to the
preventive effect of these bioactive phytochemicals on breast
cancer, including, but not limited to, induction of cell cycle
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arrest (2), promotion of apoptosis (3), regulation of phase 2
detoxification enzymes (4), and suppression of key regulators
involved in the inflammatory response.

Conventional cancer prevention studies have primarily
focused on singly administered dietary compounds that may not
be sufficiently efficacious and there is a paucity of investigations
targeting the collaborative effects of certain compounds on
the regulation of molecular mechanisms involved in breast
cancer prevention. This is a major gap in our knowledge
because the human diet commonly consists of a multitude
of nutritional ingredients. Recent advances have been made
by studying the interactions between dietary compounds and
combinatorial strategies in breast cancer prevention, among
which the synergistic effect of SFN and EGCG shows promising
efficacy owing to their similar favorable biological effects and
potent anticancer properties despite their different mechanistic
properties (5). SFN is a naturally occurring isothiocyanate often
found in cruciferous vegetables, which have been of increasing
interest owing to the rich presence of various bioactive
compounds that show promising preventive or therapeutic
effects on numerous cancers (6, 7). EGCG is the most abundant
catechin which accounts for >50% of the total polyphenols in
green tea, which is consumed extensively by humans. Green
tea polyphenols (GTPs) have been shown to prevent breast
cancer through inhibition of tumor angiogenesis and metastasis
as well as induction of cell cycle arrest and apoptosis (5, 8).
Previously, we found that combinatorial treatment with SFN
and EGCG synergistically resensitized tamoxifen treatment in
estrogen receptor (ER)-negative breast cancer via reactivation
of ERα expression (9). In vivo studies further revealed that
the combination of BSp and GTP diets significantly inhibited
mammary tumor growth in ER-negative mouse xenografts (9).
However, their efficacy on mammary tumor suppression in a
spontaneous transgenic mouse model has not yet been proven
and their mechanisms are not fully understood.

Accumulating studies propose that exposure windows are
crucial to nutritional intervention against chronic diseases,
including cancers. The Fetal Basis of Adult Disease hypoth-
esis put forward that prenatal/maternal interventions such
as nutrition can affect developmental programming, leading
to changed disease susceptibility in later life (10). Early
life, including embryogenesis, fetal development, and early
postnatal life, is susceptible to external environmental cues
that can disrupt individual development. This key window
with considerable developmental plasticity also provides the
possibility for parental nutritional intervention to maintain
or reasonably moderate the genetic/epigenetic background in
the offspring, leading to the health of descendants that may
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last for a lifetime. An interesting study revealed that early-
life consumption of cabbage, a cruciferous vegetable, showed
a lower incidence of breast cancer in the Polish (11). Maternal
dietary supplementation of indole-3-carbinol, another bioactive
compound derived from cruciferous vegetables, protected the
fetus from transplacental carcinogenesis (12). Our previous
studies also indicated that prenatal/maternal BSp dietary
treatment exhibited maximal preventive effects in ER-negative
mammary tumor development compared with adult BSp
treatments through affecting epigenetic profiles (13). Thus, early
life, especially maternal, exposure to key phytochemicals shows
promising chemopreventive effects on breast cancer.

It has generally been assumed that because tumorigenesis
carries a seemingly endless combination of genetic and epige-
netic alterations resulting in hugely disparate types of cancers,
cancer interventions must be diverse as well. Fortunately, the
development of etiology offers an increasing number of thera-
peutic and preventive targets of various cancers, among which
deregulated cell proliferation and the obligate compensatory
suppression of apoptosis are 2 of a limited number of “mission
critical” events that underlie the complexity and idiopathy of
every cancer and can propel tumor cells into uncontrolled neo-
plastic progression (14). Because cancer is not a single disease
that could be treated with a single cure, developing prevention
and therapeutic strategies for the full gamut of cancers is almost
impossible. However, it will be a promising direction if we focus
on the molecular aberrations of proliferation and apoptosis that
are intimately coupled in tumor progression.

It is known that cancer can be classified as an epige-
netic disease, because epigenome dysregulation is involved
in neoplastic processes of many cancers, and the epigenetic
impact of bioactive dietary compounds on cancer attracts
considerable attention. As an epigenetic diet, green tea–derived
EGCG is a well-documented DNA methyltransferase (DNMT)
inhibitor which can correct excessive hypermethylation in
cancer cells (15, 16). EGCG also exhibits the most potent
histone modification–inhibiting properties compared with other
GTPs (17). Interest in SFN-mediated chemoprevention has
recently surged partly owing to its proven activity against
key modulators of histone modification, histone deacetylases
(HDACs), which lead to increased acetylation globally and in
the specific gene locus (18–20). SFN has also been shown to
inhibit DNMT in cancer cells (21, 22). Interestingly, studies have
suggested the involvement of DNMT inhibitors and HDAC
inhibitors in the activation of the cell cycle (23, 24).

Herein, we hypothesized that the maternal/prenatal stage
of development could be a potential critical window for BSp
and/or GTP dietary administration against mammary tumor
progression in a spontaneous breast cancer mouse model. In
addition, the present study focuses on exploring the underlying
mechanisms with respect to cell cycle arrest and apoptosis
induction as well as epigenetic modification. Our findings
indicate that combinatorial BSp and GTPs synergistically
prevented ER-negative mammary tumors through arresting
the cell cycle in most phases and checkpoints. Apoptosis and
epigenetic regulation may also play a significant role in this
process.

Methods
Animal experiments

Mouse model.
We used a wild-type FVB/N-Tg (MMTVneu)202NK1/J (HER2/neu)
mouse model which can spontaneously begin to develop ER-negative
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FIGURE 1 Schematic representation of study design. Female HER2/neu transgenic mice were treated with control, BSp, GTPs, or BSp + GTPs
from dams’ conception through pups’ age of 29 wk. Pups’ mammary tumor growth was monitored weekly from weaning through the end of
the experiment. Dams were mated at 10 wk of age; pups were weaned at 3 wk of age; the experiment was terminated with sampling at 29 wk
of age. BSp, broccoli sprouts; GTP, green tea polyphenol.

breast cancer tumors at ∼20 wk (13). The female mice of this model
overexpress an activated rat c-neu oncogene Erbb2 which drives the
development of ER-negative mammary tumors in mice (25). Because
the HER2/neu gene is often overexpressed in human malignant breast
tumors, the HER2/neu transgenic mouse model can closely approximate
human breast cancer (13). Breeder Her2/neu mice (4 wk of age) were
obtained from Jackson Laboratory. Genotyping of each generation was
performed at week 3 to verify the Tag genotypes according to the
genotyping protocol from Jackson Laboratory. Mice were housed in the
Animal Resource Facility of the University of Alabama at Birmingham
(UAB) and were maintained under the following conditions: 12-h
dark/light cycle, at a temperature of 24 ± 2◦C with 40%–60% humidity.
Sample sizes were determined by 2-proportion comparison using a
power calculator (http://powerandsamplesize.com/).

Dietary treatment.
SFN-rich BSp powder (Natural Sprout Co.) was added at 26% (wt:wt)
into modified AIN-93G diet pellets (26) (TestDiet). The details of the
dietary ingredients have been previously published (13, 27) and are
rearranged and provided in Supplemental Table 1. Orally fed GTP
Sunphenon 90D (SP90D; Taiyo International, Inc.) was added at 0.5%
(wt:vol) in drinking water. SP90D, which contains polyphenols at
>90%, catechins at >80%, EGCG at >45%, and caffeine at <1%,
is a decaffeinated extract of green tea containing purified polyphenols
rich in green tea catechins. Supplemental Table 2 provides detailed
specification values and the nutrient composition of SP90D.

In addition, the BSp and GTP diets used in this study are
equivalent to daily intakes of ∼234 g BSp and ∼5.7 g GTPs for
an adult (60-kg) human, respectively (28), which are considered
pharmacologically achievable and have translational potential (10,
22). Our preliminary data revealed that dietary BSp and GTPs had
no effects on the HER2/neu transgenic gene, transoncoprotein, or
its phosphorylation state. These 2 dietary botanicals also showed no
negative effects on maternal and offspring health, mammary gland
development, and other tissues, indicating its safe application in this
study.

Experimental design.
Consistent with our power calculations, 40 Her2/neu female mice were
randomly divided into 4 groups (10 mice/group) and were fed 1 of
4 different dietary regimens upon conception (determined upon
expulsion of a vaginal plug): 1) control diet: mice were fed AIN-93G
basal mix diet pellets; 2) BSp diet: mice were fed BSp at 26% (wt:wt,

modified AIN-93G supplemented with 26% BSp; TestDiet) in food; 3)
GTP diet: GTPs were administered in drinking water at 0.5% (wt:vol,
5 mg/mL); or 4) combination diet: mice were fed both the BSp and
GTP diets. Treatments were first continued throughout the gestation and
lactation periods of the dams. Twenty female pups were then randomly
selected from each group upon weaning at 3 wk of age, and fed the same
diet as their mother until they were killed at 29 wk of age, when all mice
in the control group developed tumors with a mean diameter >1 cm
(Figure 1).

Growth performance, tumor observation, and sampling.
The body weight of pups was recorded biweekly from 4 wk to 28 wk
of age. Food and water intakes of pups were measured at 4, 12, 20, and
28 wk of age, respectively.

Tumor volume and tumor incidence of pups were measured and
recorded weekly. Tumor volumes were calculated using the formula:
tumor volume (cm3) = 0.523 × [length (cm) × width2 (cm2)] (29). The
experiment was terminated at 29 wk of age when all mice in the control
group developed tumors with a mean diameter > 1 cm. At the end of
the experiment, carbon dioxide was used to kill mice and the mammary
tumors were excised, weighed, and snap-frozen in liquid nitrogen for
further analysis. Animal procedures were reviewed and approved by the
UAB Institutional Animal Care and Use Committee (IACUC; Animal
Project Numbers: 10088 and 20653). All animal-related experiments
and procedures were performed in accordance with the guidelines of
the IACUC at UAB.

Western blotting analysis
Western blotting analysis was conducted as described previously (27).
β-actin was used as the loading control in this study. Supplemental
Table 3 lists detailed information on the primary antibodies used
in the Western blotting analysis. Immunoreactive bands were visual-
ized by ChemiDoc™ Imaging Systems (Bio-Rad). Protein expression
was quantified by the densitometry function in the ImageJ (NIH)
software.

Statistical analyses
Power calculations were conducted using an online calculator (http:
//powerandsamplesize.com/). Sample size was calculated by 1-sided
2-proportion comparison.

Statistical analysis was performed by SPSS (IBM) version 24.0.
Tumor incidence was analyzed with the chi-square test and binary
logistic regression (for time effect). Significant differences in tumor
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FIGURE 2 Tumors of control female HER2/neu mice and those exposed to BSp, GTPs, or both from conception through 29 wk of age. (A)
Tumor incidence, (B) weight, and (C) volume. (D) Representative images of the excised tumors recorded under a light microscope. Values are
means ± SEMs, n = 15–20. Labeled means, or means at a time, without a common letter differ, P < 0.05. BSp, broccoli sprouts; GTP, green
tea polyphenol.

volume between treatments were determined using a 2 (BSp) × 2
(GTPs) × 11 (Time) mixed factorial design with repeated measures on
the time factor. A 3-factor ANOVA was performed for food and water
intakes (2 × 2 × 4) and body weight (2 × 2 × 13) with BSp, GTPs, and
Time as the main factors. Tumor weight, latency, and protein expression
were analyzed for main effects of BSp and GTPs, and their interactions
using a 2-factor ANOVA (2 × 2). For post hoc analyses, significant
differences between groups were inspected with Duncan’s new multiple
range test. Levene’s test was performed to check the homogeneity of
group variances. In the case of heterogeneity, the Welsh test was used
for testing equality of group means, followed by the Games-Howell
post hoc test. Obtained data were presented as means ± SEMs.
Differences between groups were considered significant at
P < 0.05.

The CompuSyn software (http://www.combosyn.com/; ComboSyn,
Inc.) was used to determine combination index (CIn) values for
tumor growth and protein expression. CIn < 1 indicates synergism,
CIn = 1 indicates an additive effect, and CIn > 1 indicates antagonism
(30, 31).

Results
Dietary BSp and/or GTP administration had no effect
on the growth performance of HER2/neu mice

With the exception that the GTP group showed higher body
weight than the control or BSp group at 8, 12, and 16 wk of
age, lifelong BSp and/or GTP administration, overall, had no
effect on body weight (Supplemental Figure 1, Supplemental
Table 4) and daily food and water intakes (Supplemental
Figure 1, Supplemental Table 5) of HER2/neu mice at the
same point in time. Based on mouse daily food and water
intake, daily BSp intakes of the BSp and combined groups
were 1.24 g and 1.23 g, respectively; daily GTP intakes of
the GTP and combined groups were 28.2 mg and 28.1 mg,

respectively, after the mammary tumor formation in HER2/neu
mice.

Lifelong BSp and/or GTP administration prevented
ER-negative mammary tumorigenesis in HER2/neu
mice

As Figure 2 depicts, dietary BSp or GTP administration notably
suppressed tumor growth and the combined group showed a
stronger inhibiting effect than individually administered BSp
or GTPs. Both the single-intervention and combined groups
prominently decreased tumor incidence in comparison with the
control group (P < 0.05) (Figure 2A) and tumor incidence was
significantly affected by time (P-Time < 0.01; OR: 1.94; 95%
CI: 1.75, 2.16) (Figure 2A). For all 3 treatments, the weight
of tumors was significantly decreased (P < 0.05) (Figure 2B)
and the combined treatment exhibited a synergistic effect
(CIn = 0.59) (Supplemental Table 6). In addition, dietary BSp
and/or GTP supplementation were also shown to significantly
reduce tumor volume (P < 0.05) (Figure 2C) and combined
BSp and GTPs showed synergistic effects at 23 (CIn = 0.21),
25 (CIn = 0.87), 26 (CIn = 0.69), 28 (CIn = 0.63), and 29
(CIn = 0.72) wk (Supplemental Table 6). Importantly, mouse
tumor volume of all treatment groups was significantly affected
by time (P-Time < 0.01) (Figure 2C). Moreover, the BSp and
GTP diets showed significant interaction in reducing tumor
volume (P-interaction < 0.05) (Supplemental Table 6) and the
combined group had a higher effect than either of the BSp or
GTP groups. Strikingly, the mice in the control group started
to form mammary tumors from 18 wk of age, whereas the
dietary BSp, GTP, and combined groups started to have tumors
from 21, 22, and 23 wk, respectively (Figure 2A). Compared
with the control group (tumor latency = 23.2 wk), the BSp
group (tumor latency = 27.3 wk), GTP group (tumor latency
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FIGURE 3 Western blot bands (A) and quantification (B) for PTEN, P16, P21, P27, and P53 in the tumors of female HER2/neu mice treated
with control, BSp, GTPs, or BSp + GTPs. ACTB was used as a loading control. Values are means ± SEMs, n = 3. Labeled means without a
common letter differ, P < 0.05. ACTB, β-actin; BSp, broccoli sprouts; GTP, green tea polyphenol; PTEN, phosphatase and tension homolog.

= 26.5 wk), and combined group (tumor latency = 28.7 wk)
significantly extended tumor latency with ratios of 17.7%,
14.1%, and 23.5%, respectively (Supplemental Table 6). Taken
together, the combined group was more effective than BSp or
GTPs administered alone in suppressing tumor development,
as shown by its lower tumor incidence, lighter tumor weight,
and smaller tumor size (Figure 2), and showed, to some extent,
synergistic effects. In addition, the BSp treatment group was
more efficacious than the GTP treatment group in terms of
inhibiting tumor growth.

Dietary BSp and/or GTP administration increased the
protein expression of tumor suppressors in HER2/neu
mice

To unravel the molecular mechanisms of the aforementioned
cancer prevention effect, we first analyzed the protein expres-
sion amount of several tumor suppressor proteins in mammary
tumor samples from all 3 treatments. The BSp treatment
significantly increased the expression of P16 and P53 (P < 0.05)
(Figure 3) and tended to increase the expression of phosphatase
and tension homolog (PTEN) (P = 0.10) (Figure 3). The
GTP treatment significantly increased protein expression of
PTEN and P53. The combinatorial treatment with BSp and
GTPs significantly increased the expression of P16 and P53
(P < 0.05) (Figure 3) and showed a stronger effect than BSp
and GTPs administered singly. The results indicated that all
3 dietary treatments had profound effects on increasing the

expression of tumor suppressor proteins and contributed to
cancer prevention. Notably, the combination of BSp and GTPs
showed synergistic effects on increasing the expression of P16
(CIn = 0.39) and P53 (CIn = 0.06) (Supplemental Table 7) and
their expression was significantly affected by BSp (main effect:
P < 0.05) or GTP (main effect: P < 0.05) administration singly
(Supplemental Table 7).

Dietary BSp and/or GTP administration induced cell
cycle arrest by regulating cyclins and
cyclin-dependent kinases in HER2/neu mice

We then evaluated the effect of BSp and/or GTPs on the
expression of cyclin (CCN) and cyclin-dependent kinase (CDK)
in mammary tumors of offspring. As Figures 4 and 5 show,
the combined BSp and GTP diet significantly reduced the
expression of CCNB1 and CDK1 (P < 0.05) and the G2/M
phase CCN–CDK complex (Figures 4, 5). Further, G1/S phase
CDK2 and CCNE1, and CDK4 and CCND1 also significantly
decreased in the combined group (Figures 4, 5). Strikingly,
we found that the expression of retinoblastoma protein (RB)
significantly increased (P < 0.05), whereas the phosphorylation
of RB (pRB) showed a decrease although the difference
was not significant in the combined group. In addition, S
phase CDKA2 also decreased but not at a significant level.
Interestingly, the expression of CDK6 significantly increased in
this study. Moreover, lifelong combinatorial administration of
BSp and GTPs exhibited synergistic effects on inhibiting the
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FIGURE 4 Western blot bands (A) and quantification (B) for CDK1, 2, 4, and 6 in the tumors of female HER2/neu mice treated with control,
BSp, GTPs, or BSp + GTPs. ACTB was used as a loading control. Values are means ± SEMs, n = 3. Labeled means without a common letter
differ, P < 0.05. ACTB, β-actin; BSp, broccoli sprouts; CDK, cyclin-dependent kinase; GTP, green tea polyphenol.

protein expression amounts of CDK1 (CIn = 0.11), CDK4
(CIn = 0.08), CDK6 (CIn = 0.03), CCNA2 (CIn = 0.29),
and CCNB1 (CIn = 0.17) and their expression amounts were
more likely to be affected by BSp administration (main effect:
P < 0.05) (Supplemental Table 7). These results indicated
that dietary BSp and GTPs induce cell cycle arrest during
the G1 phase and slow the G1–S phase and G2–M phase
transitions.

Dietary BSp and/or GTPs promoted apoptosis in the
mammary tumors of HER2/neu mice

We also measured the expression of 2 important members of
the Bcl-2 family, Bcl-2-associated X protein (BAX) and B-cell
lymphoma 2 (BCL2), that are involved in the evolutionary
pathway for programmed cell death or apoptosis. As Figure 6
shows, BSp or GTP diets administered alone and their
combination significantly increased the expression of BAX and
decreased the expression of BCL2 (P < 0.05) (Figure 6). The
ratio of BAX to BCL2 also showed a remarkable increase in all 3
treatment groups. In addition, we found that combined BSp and
GTPs can synergistically inhibit the protein expression of BCL2
(CIn = 0.88) and at the same time showed significant interaction
on the expression of BAX (P-interaction < 0.05) (Supplemental
Table 7). These results suggest that BSp and GTPs, treated singly
or in combination, induce apoptosis through upregulating BAX
and downregulating BCL2.

Dietary BSp and/or GTP administration led to
decreased expression of tumor-promoting proteins in
HER2/neu mice

To explore the inhibiting role of BSp and GTPs in growth-
promoting pathways, we moved forward to detect the
expression changes of myelocytomatosis oncogene (MYC),
telomerase reverse transcriptase (TERT), and Bmi1 polycomb
ring finger oncogene (BMI1). Results indicated that BSp, GTPs,
and the combinatorial treatments significantly decreased the
expression of the tumor-promoting proteins MYC, TERT,
and BMI1 (P < 0.05) (Figure 7). The BSp and GTP
combinatorial treatment had a stronger effect on inhibiting
the protein amounts of TERT and BMI1 and showed a
significant interaction on the expression of TERT (P-interaction
< 0.01) (Supplemental Table 7). These results suggested that
BSp and GTPs together can inhibit tumor progression and
then drive the tumor cells toward cell cycle arrest and/or
apoptosis.

BSp and/or GTP administration induced expression
changes of DNMTs and HDACs in HER2/neu mice

Because SFN is known as an HDAC inhibitor (32) and
GTPs inhibit DNMTs (15), we further investigated the epi-
genetic influence of BSp and GTPs in cancer prevention. As
Figure 8 shows, both BSp and GTPs administered alone sig-
nificantly decreased the expression of DNMT1 and DNMT3B
(P < 0.05) (Figure 8). The combined treatment with BSp
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FIGURE 5 Western blot bands (A) and quantification (B) for CCNA2, CCNB1, CCND1, CCNE1, RB, pRB, and E2F1 in the tumors of female
HER2/neu mice treated with control, BSp, GTPs, or BSp + GTPs. ACTB was used as a loading control. Values are means ± SEMs, n = 3.
Labeled means without a common letter differ, P < 0.05. ACTB, β-actin; BSp, broccoli sprouts; CCN, cyclin; GTP, green tea polyphenol; pRB,
phosphorylation of retinoblastoma protein; RB, retinoblastoma protein.

and GTPs had significant synergistic effects on decreasing the
protein expression of DNMT3A (CIn = 0.70) and HDAC1
(CIn = 0.54) (P < 0.05) but showed no significant effect on
DNMT1 (Figure 8). The expression of DNMTs was shown to be
affected by BSp (main effect: P < 0.01) and/or GTP (main effect:
P < 0.05) administration (P-interaction < 0.01) (Supplemental
Table 7). Together, these results suggested that the combinatorial
treatment with BSp and GTPs greatly inhibited the expression of
epigenetics-related enzymatic modulators, including DNMT3A,
DNMT3B, and HDAC1.

Discussion

Our previous studies of the efficacy of combinatorial SFN
and EGCG revealed a strong inhibition of the cell viability of
2 ER-negative breast cancer cell lines, MDA-MB-157 and MDA-
MB-231, as well as 2 ovarian cancer cell lines, paclitaxel-
sensitive (SKOV3-ip 1) and -resistant (SKOV3TR-ip 2) (9,
33). We found that both SFN and EGCG were capable of
suppressing breast cancer cell growth and that combined SFN
and EGCG treatment can increase apoptosis by downregulating
hTERT and Bcl-2, and arrest cell proliferation in both the
G2/M and S phases in ovarian cancer cells (33). Further in

vivo studies revealed that combinatorial diets of BSp, a known
source of SFN, and GTPs, in which EGCG accounts for >50%
of catechins, significantly inhibited mammary tumor growth
in breast cancer mouse xenografts (9, 34), which led us to
hypothesize that BSp and GTPs may inhibit the growth of
mammary tumors in mouse through cell cycle arrest and induc-
ing apoptosis. Furthermore, our recent findings suggested that
both maternal (pregestational or perinatal) and early-life (from
weaning to adulthood) BSp singly administrated can profoundly
reduce mammary tumorigenesis through affecting epigenetic
profiles and tumor-related gene expression in the nontreated
mouse offspring, whereas an adulthood-administered BSp diet
only showed slight suppressive effects on mammary tumors,
suggesting that time window of the intervention could be a
key factor in bioactive compound administration for coping
with mammary cancer (13, 27). We therefore conducted an in
vivo study using a spontaneous transgenic breast cancer mouse
model (HER2/neu) with a lifelong treatment with BSp and/or
GTPs from the conception of dams until the termination of
their pups and focused our analysis on cell proliferation– and
apoptosis related-pathways.

As expected, lifelong BSp and/or GTP administration can
prominently decrease tumor incidence, reduce tumor volume,
and delay tumor latency, among which combined BSp and GTPs

Botanicals induce cell cycle arrest in tumor 79



FIGURE 6 Western blot bands (A) and quantification (B) for BAX and BCL2 in the tumors of female HER2/neu mice treated with control, BSp,
GTPs, or BSp + GTPs. ACTB was used as a loading control. Values are means ± SEMs, n = 3. Labeled means without a common letter differ,
P < 0.05. ACTB, β-actin; BAX, Bcl-2-associated X protein, BCL2, B-cell lymphoma 2; BSp, broccoli sprouts; GTP, green tea polyphenol.

was more effective in inhibiting the tumor growth than BSp
or GTPs administered alone. The dramatic tumor prevention
effects, especially reduced tumor size, observed in this study
could be a mixed effect of tumorigenesis prevention before the
stage of full-blown tumors and tumor shrinking (cancer cell
killing) after they are formed. The significantly prolonged tumor
latency of the BSp and/or GTP treatment groups indicated that
dietary compounds can delay spontaneous tumorigenesis in
HER2/neu mice. On the other hand, the dietary compounds can
also induce cell cycle arrest and apoptosis in mammary cancer,
which will cause tumor cell death, after tumor formation. Our
previous results showed that both maternal treatment (gestation
and lactation periods) and postnatal early-life (from weaning
to adulthood) BSp administration can significantly suppress
mammary tumor progression in both SV40 and HER2/neu
mouse models, indicating that the tumor inhibition effects
observed in this study were a combined effect of maternal and
postnatal treatments (13).

Because it is known that P21 and P27 are 2 critical members
from the Cip/Kip family, which is 1 of the 2 classes of Cdk-
inhibitory subunits (CKIs) and predominantly inhibits the G1–
S phase transition (35), we expected to observe an increase
in these 2 proteins in the mammary tumors that we obtained
from treated mice. Although BSp or GTPs administered singly
and their combination did not significantly upregulate P21 and
P27, we did observe a remarkable increase in P16 in BSp-
and/or GTP-treated mice. In mammalian cells, the Cip/Kip
family and another class of CKIs, the Ink4 family, provide a
tissue-specific mechanism by which CDK activity is mediated
and cell cycle progression can be restrained in response to
various cellular signals (35). Because P16 is an important

member of the Ink4 (inhibitors of CDK4) family (35), this
suggests that BSp and GTPs may arrest the G1 phase through
promoting the expression of an Ink4 family member rather
than Cip/Kip subunits. A study carried out on vascular smooth
muscle cells showed that HDAC inhibitors can upregulate
the transcript amount of p21, whereas this induction did not
translate to increased protein amounts, owing to unrecognized
translational or posttranslational regulation of the P21 protein
(24). We also detected the protein expression amounts of P53,
which is an important cell growth regulator whose function
is lost in approximately half of all human cancers and is
proven to be involved in several different aspects of cell
proliferation, apoptosis, and DNA repair (36). It was shown
that activated P53 induced the expression of P21, which can
further inhibit CCND/CDKs, resulting in the arrest of the
G1 phase (37). Overexpression of P53 can also induce G2-M
growth arrest probably by suppressing CCNB1 transcription
and synthesis in a cell-type-specific manner (38, 39). Moreover,
studies demonstrate that P53 can downregulate CDK2 via the
regulation of CDK-activating kinase activity in the S phase
(37). In the present study, we found that dietary BSp and GTPs
significantly increased the expression of P53 but had no effect
on P21, demonstrating that this dietary regimen may mainly
participate in cell cycle arrest in mammary tumors through
targeting the S and G2 phases (Supplemental Figure 2). In
addition, we observed an increased expression of PTEN in
GTP-treated mice. A large number of findings have shown
that PTEN acts as a brake in 2 major transitions during the
cell cycle, the G1–S and G2–M phases, preventing controlled
proliferation and chromosome instability. PTEN has a nuclear
function of downregulating CCND, resulting in G1 arrest.
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FIGURE 7 Western blot bands (A) and quantification (B) for MYC, TERT, and BMI1 in the tumors of female HER2/neu mice treated with
control, BSp, GTPs, or BSp + GTPs. ACTB was used as a loading control. Values are means ± SEMs, n = 3. Labeled means without a common
letter differ, P < 0.05. ACTB, β-actin; BSp, broccoli sprouts; BMI1, Bmi1 polycomb ring finger oncogene; GTP, green tea polyphenol; MYC,
myelocytomatosis oncogene; TERT, telomerase reverse transcriptase.

PTEN can also form a complex with CCNB1 and CDK1,
preventing bypass of the G2 checkpoint. Although we did
not observe significant expression increases of PTEN from the
BSp and the combination treatment groups, we did observe
noticeable rises in these 2 groups, indicating dietary BSp and
GTPs may reasonably control G1 progression and the G2–
M transition through upregulating the protein expression of
PTEN. MYC is another tumor progression–related protein
that was investigated in this study. The activation of MYC is
associated with mammary tumorigenesis and it is considered
as a promising therapeutic target against breast cancer (40).
We found that long-term dietary GTPs significantly decreased
the expression of MYC, indicating that GTPs participate in
mammary tumor suppression by downregulating MYC. It is
worth noting that MYC also has a key role in normal cell
cycle progression. In particular, P53-dependent transcriptional
repression of MYC is required for G1 cell cycle arrest (41).
Like MYC, TERT is also a cancer-promoting protein and
underwent highly significant decreases in all 3 of our treatment
groups. Celeghin et al. (42) conducted a study indicating
that the inhibition of TERT impairs cell cycle progression in
TERT-positive cells, suggesting the possible role of TERT on
proliferation of mammary tumors in this study.

Progression of the 4 phases in the cell cycle of the eukaryotic
cell is mediated by sequential activation and inactivation of
CDKs as well as their cognate CCN partners. The progression
of the G1 phase is mainly driven by CDK2 and CDK4/6, after
binding to CCND and CCNE. Our study shows decreases of
CDK2, CDK4, and CCNE1, as well as a decreasing tendency of
CCND1, at the protein level in BSp- and GTP-treated mammary
tumors. A recent study showed that combinatorial SFN and

withaferin A, a bioactive compound found in the Indian winter
cherry, downregulated the amounts of CCND1, CDK4, and
pRB; conversely, the expression amounts of E2F and P21 were
increased in breast cancer cells (2). Interestingly, we report a
dramatic increase of the protein amount of CDK6, which is
typically associated with positively regulating the cell cycle from
the G1 to the S phase (43). In recent years, new evidence has
suggested that the role of CDK6 for proliferation might be
less important in certain cell types, where CDK4 or CDK2 can
compensate for its role (44, 45). In addition, CDKs and CCNs
form activated complexes before function, and the decreasing of
CCND may also counteract the increased expression of CDK6,
but further studies are needed to reveal potential modes of
action. RB is a tumor suppressor and is negatively associated
with cell cycle progression. The phosphorylation of RB, which
is normally driven by the active kinase CCND-CDK4/6, causes
dissociation of the transcription factor E2F1 as well as HDAC1.
The release of E2F1 and HDAC1 allows transcriptional
activation of CCNE which will activate CDK2 to further
phosphorylate RB. As Supplemental Figure 2 shows, dietary
BSp and GTPs may inhibit the phosphorylation of RB through
downregulating the protein amounts of CCND1 and CCNE1,
along with their binding partners, CDK4 and CDK2, resulting
in lower release of E2F1 and HDAC1, which further arrests
the progression of the G1 phase and inhibits the transition
from G1 to S. We also report downregulated expression
of 3 CDK complexes, CCNB1/CDK1, CCNA2/CDK2, and
CCNA2/CDK1, in the combined treatment with BSp and GTPs
(Supplemental Figure 2). CCNA can bind to CDK2 in the S
phase or promote the transition from G2 to M when it binds
to CDK1. The CCNB/CDK1 complex also functions during the
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FIGURE 8 Western blot bands (A) and quantification (B) for DNMT1, 3A, and 3B and HDAC1 in the tumors of female HER2/neu mice treated
with control, BSp, GTPs, or BSp + GTPs. ACTB was used as a loading control. Values are means ± SEMs, n = 3. Labeled means without a
common letter differ, P < 0.05. ACTB, β-actin; BSp, broccoli sprouts; DNMT, DNA methyltransferase; GTP, green tea polyphenol; HDAC, histone
deacetylase.

G2–M transition. Our previous study showed that SFN can
arrest the progression from G2 to M phase in the proliferation
of ovarian cancer cells, and the inhibitory effect can extend to
the S phase when it is combined with EGCG (33). In the present
study, major components of GTPs (EGCG) and BSp (SFN) may,
to a large extent, also synergistically inhibit cell proliferation
through arresting the S phase and G2–M transition in mammary
tumors.

The convergence of deregulated cell proliferation and
suppressed cell death constitutes the common platform for
neoplastic evolution and is required for the development of
all cancers, although tumors are extremely heterogeneous
and diverse (14). Moreover, proliferation and apoptosis are
intimately coupled (46). We therefore detected several key
proteins involved in apoptosis regulation as well (Supplemental
Figure 3). BCL2 is an oncogene-derived protein that negatively
controls cellular death. As a BCL2-homologous protein, BAX
can promote cell death by competing with BCL2. As suspected,
we reported significant increases of BAX at the protein level
in BSp- and/or GTP-treated mice; inversely, decreases of BCL2
were found in the same treatment group, indicating that these
dietary regimens suppress mammary tumor development via
inducing apoptosis. More solid evidence in favor of the link
between cell cycle progression and apoptosis is based on some
studies in which apoptosis was regulated by those genes that
are also involved in cell proliferation. As aforementioned, P53
can induce cell cycle arrest, but in some other circumstances
it triggers apoptosis. Activated P53 has been shown to repress
the transcription of BCL2 to induce apoptosis (47). In some
systems, the proapoptotic protein, BAX, is also a transcriptional

target of P53 (48). Another study showed that cell death caused
by the aberrant expression of P53 can be reverted by pRB in
HeLa cells with the presence of human papillomavirus (49).
pRB not only can bind with E2F1 forming stable complexes
throughout the cell cycle, but also has a protective function
against apoptosis. In addition, results show that pRB may
also inhibit apoptosis by regulating the activation of E2F1,
indicating E2F1 is involved in apoptosis pathways as well (50).
Interestingly, a study conducted by Alajez et al. (51) using
the C666-1 nasopharyngeal cancer model demonstrated that
targeted depletion of BMI1 can sensitize cancer cells to P53-
mediated apoptosis. Overexpression of BMI1 is a common
characteristic during cancer development and progression. We
observed a greater reduction of the protein expression of
BMI1 associated with suppression by the combination of
BSp and GTPs in this study. Moreover, BMI1 was shown to
collaborate with MYC in tumorigenesis via inhibiting MYC-
induced apoptosis (52). Thus, apoptosis partly induced by the
downregulation of BMI1 and MYC may be also involved in
the mammary tumor suppression observed in our study. Our
previous studies showed that the combination of SFN and
EGCG can increase apoptosis by downregulating hTERT and
BCL2 in ovarian cancer cells (33), suggesting that TERT may
be also involved in mammary tumor apoptosis in the present
study.

It is known that SFN is an HDAC inhibitor and EGCG
acts as a potent DNMT inhibitor, and they both have been
also shown to have properties involved in DNMT inhibition
or HDAC inhibition (9, 15). As epigenetic regulators, HDACs
and DNMTs are both critical in the regulation of cell cycle
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progression as well (2). As aforementioned, the phosphorylation
of RB causes dissociation of HDAC1, which further allows
the transcriptional activation of CCNE. Our previous results
showed the downregulation of HDAC1, 2, and 3 induced by
SFN and/or WA was responsible for the expression changes of
P21 and P53 (2). In smooth muscle cells, the phosphorylation
of RB was shown to be entirely abolished by HDAC inhibition
through transcriptional repression of CCND1, resulting in
downregulation of downstream E2F target genes (24). The
present study also found that a combinatorial BSp and
GTPs diet is capable of significantly decreasing the protein
expression of HDAC1 in mammary tumors, indicating the
role of this dietary regimen in cell cycle arrest via HDAC
inhibition. Moreover, we reported notably decreased expression
amounts of DNMT1, 3A, and 3B in this study. A recent
study revealed that DNMT1 was involved in the activation
of cell cycle progression in diffuse large B-cell lymphoma
cells (23). Gu et al. also reported that microRNA-129-5p can
induce cell cycle arrest in the G1 phase by directly targeting
DNMT3A (53). These add supporting evidence to our study
that downregulation of DNMTs is linked to cell cycle arrest in
mammary tumor cells. It is worth noting that the significantly
reduced expression of DNMTs and HDACs in this study may
also indicate that the dietary compounds of BSp and/or GTPs
specifically target mammary tumor cells because normal tissues
do not have excess amounts of DNMTs and HDACs (54, 55),
and our preliminary data also revealed that dietary BSp and/or
GTPs showed no negative effects on benign mammary gland
development or other tissues.

In summary, lifelong BSp and/or GTP administration can
profoundly suppress ER-negative mammary tumorigenesis
through arresting the cell cycle and inducing apoptosis.
Importantly, combined BSp and GTPs showed synergistic effects
on mammary tumor suppression in HER2/neu mice, suggesting
that the combined addition of bioactive botanicals could be a
more promising approach to protect against tumor initiation
and progression. This study may also provide mechanistic
understanding with respect to appropriate administration of key
dietaries for coping with breast cancer development in humans.
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