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Abstract Sulforaphene (SFE, 4-methylsufinyl-3-butenyl
isothiocyanate) is a member of isothiocyanates, which is
derived from radish seeds. It has shown that multiple
isothiocyanates, such as sulforaphane, can effectively
inhibit cancer cell proliferation in vitro and in vivo.
However, it is still largely unknown if SFE could impact
breast cancer. In this study, we investigated the anticancer
effects of SFE on triple negative breast cancer (TNBC) via
a series of in vitro and in vivo assays. We found that SFE
can significantly inhibit cell proliferation in multiple
TNBC cell lines through inducing G2/M phase arrest as
well as cell apoptosis. Nude mice xenograft assays support
the anti-TNBC role of SFE in vivo. Interestingly, SFE can
repress expression of cyclinB1, Cdc2, and phosphorylated
Cdc2, and, then, induced G2/M phase arrest of TNBC cells.
To identify SFE target genes, we detected genome-wide
gene expression changes through gene expression profiling
and observed 27 upregulated and 18 downregulated genes
in MDA-MB-453 cells treated with SFE. Among these
genes, Egrl was successfully validated as a consistently
activated gene after SFE treatment in TNBC MDA-MB-
453 and MDA-MB-436 cells. Egrl overexpression inhib-
ited proliferation of TNBC cells. However, Egrl knock-
down using siRNAs significantly promoted TNBC cell
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growth, indicating the tumor suppressor nature of Egrl. In
sum, we for the first time found that SFE might be a
potential anti-TNBC natural compound and its antiprolif-
eration effects might be mediated by tumor suppressor
Egrl.
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Introduction

Breast cancer is one of the most common cancers in the
world. In the United States, it is estimated that there were
about 230,000 breast cancer patients with invasive diseases
with more than 40,000 deaths in 2015 [1, 2]. Although the
number of breast cancer deaths has fallen over the past
15 years, it remains the most common serious threat to
human health and the second leading cause of cancer
deaths among women. Triple negative breast cancer
(TNBC) is a pathological subtype of breast cancer and is
characterized by the absence of the estrogen receptor (ER),
progesterone receptor (PR), and human epidermal growth
factor receptor 2 (HER2) [3]. Approximately 15-20 % of
the globally diagnosed breast cancers are designated ER—,
PR— and HER2— negative [4]. Among the deadliest
aspects of TNBC cells are their aggressive nature and high
metastatic ability, which thereby render them resistant to
most commonly available therapies [5]. No specific
molecular targets for this subgroup of breast cancer
patients are yet identified, thus providing a major arena for
exploration [6]. Therefore, development of therapeutic
strategies to target the TNBC cells may help to improve
TNBC treatment.
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In the past few years, a number of new drug approvals
and the presentation of results from large, randomized
studies that have changed treatment algorithms offer hope
of substantial improvements in outcomes in both early-
stage and advanced breast cancer [7]. Accumulated epi-
demiologic studies reported that 67 % of 87 case—control
studies found an inverse association between some type of
cruciferous vegetable intake and cancer risk [8]. Sul-
foraphene (SFE, 4-methylsufinyl-3-butenyl isothiocyanate),
a member of isothiocyanate family derived from radish [9],
has shown a great potential as an anticancer agent [10-12].
Several recent case—control studies in the US, Sweden, and
China found that measures of cruciferous vegetable intake
were significantly lower in women diagnosed with breast
cancer than in cancer-free control groups [13—15].

In the current study, we identified a natural compound,
SFE that exhibited substantial anticancer effects to differ-
ent TNBC cell lines in vitro and in vivo. The antineoplastic
activities of SFE may be mediated through an Egri-de-
pendent mechanism.

Materials and methods
Drugs, siRNAs, and plasmids

SFE (purity >95 %) was prepared and purified from radish
seeds in our laboratory by preparative high-performance
liquid chromatography (HPLC). The purity and chemical
structure were identified by analytical HPLC, ESI-MS, and
NMR [9]. SFE was resuspended in dimethyl sulfoxide
(DMSO) for the following studies. Three Egrl siRNAs
were used in the study, sequencel: 5-GCCUAGUGAG
CAUGACCAATT-3 ;sequence2, 5'-CCAUGGACAACU
ACCCUAATT-3'; sequence3, 5'-UCCCAGGACAAUUG
AAAUUTT-3’) (Life Technologies).The coding sequence
of Egrl was cloned into pcDNA3.1(+) expression vector,
and the sequence was verified by Sanger sequencing.

Cell lines and cell cultures

MDA-MB-231 was cultured in Dulbecco’s modified
Eagle (DMEM) medium with 10 % fetal bovine serum
(FBS). MDA-MB-436 and MDA-MB-468 cells were
cultured in complete RPMI 1640 medium with 10 %
FBS, 100 mg/mL penicillin and 100 mg/mL strepto-
mycin. Cells were maintained at 37 °C and 5 % CO,.
MDA-MB-453 was cultured in Leibovitz’s L15 medium
and maintained at 37 °C, but not CO,. All the cell lines
were purchased from the National Platform of Experi-
mental Cell Resource for Sci-Tech (http://cellresource.
cn/) (Beijing, China).
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Proliferation assays

Cells were seeded in 96-well plates at an initial density of
2 x 10° per well. At each time point, cells were stained
with 100 pL of sterile MTT (0.5 mg/mL; Sigma) for 2 h at
37 °C, followed by removal of the culture medium and
addition of 100 pL of DMSO [16, 17]. Absorbance was
measured at 490 nm. All experiments were done in
triplicates.

Analysis of cell cycle and apoptosis

Cells were plated in 6-well plates and cultured overnight.
The cells were treated with SFE for 24, 48, and 72 h. Cell
apoptosis was determined using the Alexa Fluor® 488
annexin V/Dead Cell Apoptosis Kit (Catalog No. V13245;
Invitrogen) using the FACSCalibur flow cytometer (FCM)
(BD Biosciences), according to the manufacturer’s
instructions. For DNA content determination, TNBC cells
were harvested after SFE treatment and washed twice with
cooled PBS containing 10 % FBS, then suspended with
PBS containing 3 % FBS and 70 % ethanol. Cells were
treated with 1 mg/mL RNase A and stained with 5 mg/mL
propidium iodide (Sigma). The analysis was performed by
FCM to determine the percentage of cells with 2N DNA, at
S phase, and with 4 N DNA content [18-21].

Microarray experiments

Affymetrix HTA2.0 microarrays were used. Data were
converted to expression measures using the MASS.0
algorithm (GeneChip operating software version 1.1) and
raw data were imported into the GeneSpring data analysis
program version 6.1 (Silicon Genetics, Palo Alto, CA,
USA). Parameters used for bioinformatic analyses are
described in details by Kennedy et al.

Real-time qPCR

Total cellular RNAs were extracted from MDA-MB-453
and MDA-MB-436 cells. After the reverse transcription of
total RNA, qPCR was performed in triplicates using the
QuantiFast SYBR Green PCR Kit (Qiagen, Valencia, CA)
according to the manufacturer’s instructions. Gene-specific
primers for the selected genes were as follows: Egrl: for-
ward: 5'-TACGAGCACCTGACCGCAGAGTC, reverse:
5'-AGGCTCCAGGGAAAAGCGGC-3'; NQOI: forward:
5'-GGCAGAAGAGCACTGATCGTA-3, reverse: 5'-TGA
TGGGATTGAAGTTCATGGC-3'; SCD: forward: 5'-GGA
GCCACCGCTCTTACAAA-3, reverse: 5'-ACGAGCCCA
TTCATAGACATCA-3'; GLCM: forward: 5'-AATCAGC
CCTGATTTGGTCAGG-3, reverse: 5'-CCAGCTGTGCA
ACTCCAAGGAC-3'; G6PD: forward: 5'-TGAGCCAGA
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TAGGCTGGAA-3, reverse: 5-TAACGCAGGCGATGT
TGTC-3'; NDRGI: forward: 5-GCCGCCTCCAAGATCT
CA-3/, reverse: 5-ACGTTACTCTGCATTTCTTCCTTC-3’;
IGFBP3: forward: 5'-CGCTACAAAGTTGACTACGAGT
C-3', reverse: 5-GTCTTCCATTTCTCTACGGCAGG-3;
IDI: forward: 5'-CCAGAACCGCAAGGTGAG-3/, reverse:
5'-GGTCCCTGATGTAGTCGATGA-3'.

Western blotting

Total proteins from various TNBC cells treated with
vehicle control or SFE were extracted with radioimmuno-
precipitation assay (RIPA) buffer [SO mmol/L. Tris—HCI
(pH 7.4), 150 mmol/L. NaCl, 1 % NP40, 0.5 % sodium
deoxycholate, 0.1 % SDS, 5 mmol/L. EDTA]. Twenty
micrograms of each protein extract were resolved on 10 %
SDS-PAGE and transferred to Hybond-C nitrocellulose.
The levels of Egrl, cyclinBl, Cdc2, and phosphorylated
Cdc2 expression were determined by anti-Egrl/ (Santa
Cruz), anti-cyclinB1 (Santa Cruz), anti-Cdc2 (Santa Cruz),
anti-p-Cdc2 (Santa Cruz) antibodies. B-actin expression
levels were measured using a monoclonal anti-B-actin (A
3853; Sigma) as a loading control.

In vivo tumor models

All animal experiments were conducted under the guide-
lines (HY-TACUC-10-048) [22]. To evaluate the anticancer
effects of SFE in vivo, 6 X 10° MDA-MB-453 cells were
implanted into the right breast fat pad of nude mice. The
mice were monitored for tumor formation and growth.
Mice were treated with 100 mg/kg SFE or solvent control
via intravenous injection daily. Tumor weight was deter-
mined after sacrificing all mice.

Statistical analyses

To assess statistical significance, values were compared
with controls with either Student’s f¢-test or one-way
ANOVA. An P value of less than 0.05 was used as the
criterion of statistical significance, and all statistical tests
were two-sided. All analyses were performed using SPSS
software package (Version 16.0, SPSS Inc.).

Results

SFE inhibits proliferation of TNBC cells
via inducing cell cycle arrest and apoptosis

To determine whether SFE could impact growth of TNBC
in vitro, we treated the TNBC MDA-MB-436, MDA-MB-

453, MDA-MB-231, and MDA-MB-468 cells with various
concentrations of SFE. The IC50 values for 72 h of SFE
treatment were 11.3 uM for MDA-MB-436, 12.7 uM for
MDA-MB-453, 15.3 uM for MDA-MB-231, and 20.7 pM
for MDA-MB-468 (Fig. 1a). The anti-TNBC effects of
SFE were dose dependent, as increasing concentrations of
SFE decreased the number of viable cells (Fig. 1b). In
addition, the anti-TNBC effect of SFE was also time
dependent (Fig. 1c). Therefore, we concluded that SFE was
capable of inhibiting the proliferation of TNBC cells.

We next examined whether the inhibition of cell pro-
liferation was due to alterations of cell cycle and/or
apoptosis. It has been showed that SFE induced cell cycle
arrest of MDA-MB-436 and MDA-MB-453 cells after 48
and 72 h of treatment. As shown in Fig. 1d, MDA-MB-436
and MDA-MB-453 cells were arrested at Go/M phase after
SFE treatment compared to DMSO treatment (P < 0.05).
We also detected whether SFE could induce apoptosis of
TNBC cells. Interestingly, it has been found that there were
significantly increased apoptotic TNBC cells after SFE
treatment (Fig. le). In detail, 15 uM SFE can induce 14.57
or 20.36 % of apoptotic MDA-MB-436 or MDA-MB-453
cells (Fig. le). Taken together, SFE could inhibit cell
proliferation by inducing cell cycle arrest as well as
apoptosis.

Whole-genome expression profiling changes
of TNBC cells after SFE treatment

We next evaluated the changes of the gene expression
profile of MDA-MB-453 cells after SFE treatment. Both
microarray files are available from the National Center
for Biotechnology and the Institute of Gene Expression
Omnibus (GEO) repository database (accession number
GSE77566). The following criteria were used to deter-
mine differentially expressed genes (the SFE group vs.
The DMSO group): upregulated genes, with fold changes
>2; downregulated genes, with fold changes <0.5. A
total of 53 genes were identified (30 genes with
increased expression and 23 genes with decreased
expression (Fig. 2a, b).

After literature research of these 53 genes, we finally
chose eight previously reported cancer-related genes to
validate by real-time qPCR (Egri, NQOI, SL7A11, G6PD,
GCLM, SCD, IDI, and IGFBP3). As shown in Fig. 2c,
there were 17.85, 15.32, 13.19, 7.15, or 2.1 folds of
increased expression of Egrl, NOQOI, SL7A1l, G6PD, or
GCLM genes in TNBC cells treated with SFE compared to
DMSO, respectively. Among these genes, Egrl is the most
simulated gene after SEF treatment. Moreover, we
observed a 0.68, 0.29, or 0.48 folds of decreased expression
of SCD, IDI, and IGFBP3 genes in SFE-treated cells
compared to DMSO (Fig. 2c).
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Fig. 1 SFE inhibits the proliferation of TNBC and induces cell cycle
arrest and apoptosis. a The IC50 values of MDA-MB-436, MDA-MB-
453, MDA-MB-231, and MDA-MB-468 cells with various concen-
trations of SFE after 72 h of treatment. b MDA-MB-436, MDA-MB-
453, MDA-MB-231 cells were treated with various concentrations of
SFE for 72 h, and the inhibition of cell proliferation was determined
through the MTT assays. ¢ MDA-MB-436, MDA-MB-453, MDA-
MB-231 cells were treated with 15 uM SFE for 24, 48, and 72 h, and

To confirm that the observed changes in mRNA
expression reflected changes in protein expression, we
detected the most upregulated gene, Egr/ by western blots.
Consistent with the qPCR results, the protein expression of
Egrl was significantly increased in both MDA-MB-436
and MDA-MB-453 cells after treatment with SFE for 48
and 72 h (Fig. 2d, e). These results indicated that SFE
induced Egrl expression in TNBC cells.

@ Springer

the inhibition of cell proliferation was determined through the MTT
assays. d MDA-MB-436 and MDA-MB-453 cells were treated with
15 uM SFE for 48 and 72 h. The cell cycle profiles are shown. The
histogram of statistical analysis on the right is the percentage of all
phase cells. e Apoptosis was analyzed by Annexin-V-PI staining
using flow cytometry. The histogram of statistical analyses on the
right is the percentage of cell death. DMSO, the negative control;
*P < 0.05; **P < 0.01

Egrl as a potential SFE target in TNBC cells
and inhibits TNBC proliferation

To investigating if Egrl acts as a potential target of
SFE in TNBC, we transient overexpressed Egrl in
MDA-MB-436 and MDA-MB-453 cells. We found a
significant inhibition of cell proliferation after Egrl
overexpression in both TNBC cell lines (Fig. 3a, b). To
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confirm the effects of Egrl on cell proliferation, we
silenced Egrl expression in MDA-MB-436 and MDA-
MB-453 cells with three different FEgrl siRNAs
(Fig. 3c, d). In line with the aforementioned results,
knockdown of Egrl by siRNAs did significantly pro-
mote cell proliferation in both cell lines (all P < 0.05)
(Fig. 3c, d).

To further explore the detailed mechanisms as to how
Egrl impacts the proliferation of TNBC cells, we detected
the changes of cell cycle profiles after SFE treatment and
observed that it significantly increased the G,/M phase
fractions (both P < 0.05) (Fig. 4a). Additionally, the per-
centage of apoptotic TNBC cells was increased in Egrl/
overexpressed cells (Fig. 4b). These results were consistent

with the effects of SFE on TNMBC cells, indicating that
Egrl is a key target of SFE in TNBC.

SFE-induced cell cycle arrest via the Egri-cyclinB1-
Cdc2 pathway

To examine the underline mechanisms of SFE-mediated
cell cycle arrest in TNBC, we analyzed cyclinB1, Cdc2,
phosphorylated-Cdc2 (p-Cdc2), and Cdc25c expression at
different time points after SFE or DMSO treatment. In the
SFE-treated MDA-MB-436 and MDA-MB-453 cells, the
expression level of cyclinB1, Cdc2, p-Cdc2, and Cdc25¢c
were markedly decreased in a time-dependent manner
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(Fig. 5a, b). This may partly explain why SFE could induce
G,/M arrest of TNBC cells. However, cyclinB1 did not
show obvious changes after DMSO treatment at different
time points. To examine if Egrl is involved in SFE-in-
duced G,/M phase arrest, we overexpressed Egrl/ and
detected cyclinB1, Cdc2, p-Cdc2, and Cdc25¢ expression
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in TNBC cells (Fig. 5c, d). The expression level of
cyclinB1, Cdc2, p-Cdc2, and Cdc25¢c were significantly
repressed after Egrl overexpression (Fig. Sc, d), which was
consistent with SFE-induced gene expression changes,
suggesting that SFE may induce cell cycle arrest via the
EGRI1-cyclinB1-Cdc2 pathway.
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In vivo anti-TNBC effects of SFE

Nude mice xenografted with the MDA-MB-453 cells
were used to test the SFE anticancer effects in vivo. As
shown in Fig. 6a, SFE treatment did not impact mice
body weights significantly. However, the tumors shrank
obviously in mice that are given SFE compared to the
controlled mice (Fig. 6b). After 15 days post SFE treat-
ment, mice were sacrificed and tumors were isolated and

weighted (Fig. 6¢c, d). Significantly decreased tumor
weights were observed (Fig. 6¢). To confirm if Egrl,
cyclinB1, and Cdc25c have similar expression changes
as in the in vitro study, we examined their expressions in
three pairs of TNBC xenografts (Fig. 6e). As anticipated,
we observed significantly elevated expression of Egrl as
well as reduced expressions of cyclinBl and Cdc25c¢ in
xenografts of SFE-treated mice compared with those of
DMSO-treated mice.
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Fig. 5 Expression changes of MDA-MB-436 MDA-MB-453
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SFE was a natural product purified from radish seeds that
exerts antioxidant activities. In this study, we investigated
the anti-TNBC activity of SFE in vitro and in vivo with a
xenograft mouse model. It has been showed that SFE
exhibited antiproliferative effects against multiple kinds of
TNBC cells ex vivo. MDA-MB-468 is less sensitive to SFE
than other cell lines, which may be due to homozygous
deletion of PTEN in MDA-MB-468 cell (Basal A type
TNBC). However, MDA-MB-231 has WT PI3 K. The
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underline mechanism of SFE’s anti-TNBC activities might
be upregulating tumor suppressor Egrl and, then, inducing
G2/M cell cycle arrest and apoptosis.

In eukaryotic cells, cyclins play a critical role in regu-
lating cell cycle progression from the G2 through the M
phase, including exit from the M phase. It has been shown
that entry and exit from the M phase of the cell cycle are
controlled by fluctuations in the activity of MPF, of which
Cdc2 is the catalytic subunit and cyclin B1 is a regulatory
element. Cyclin Bl accumulates during the S and G2
phases, and its induction and activation of MPF are
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necessary to initiate the transition from the G2 to the M
phase. The cyclinB1/Cdc2 complex allows for the phos-
phorylation of Cdc2 at several sites, maintaining it in an
inactive state and ensuring that mitosis does not occur
prematurely [23-25]. This phosphorylation-regulated Cdc2
lose activity [26]. To gain further insight into the molecular
mechanisms underlying SFE-induced cell cycle arrests of
TNBC cells, we examined the levels of cyclinB1, Cdc2,
and p-Cdc2. We found that cyclinB1, Cdc2, andp-Cdc2
were markedly decreased in a time-dependent manner.
These results demonstrate that SFE induced G,/M phase
cell cycle arrest via the inhibition of cyclin B1, Cdc2, and
p-Cdc2 expressions in TNBC cells.

The Egrl gene has been identified as an important
mediator of activation and pathology of cancer cells

[27, 28]. Egrl is a transcription factor containing zinc
finger DNA-binding motifs able to either activating or
repressing gene transcription [29, 30]. As master
switches controlling developmental processes, tran-
scription factors are attractive candidates as intrinsic
regulators of cellular fate including cell reprogramming.
Egrl could modulate cellular phenotype through the
regulation of over 300 target genes. In addition, Egri-
mediated transcription brings together a multitude of
signaling cascades vital for cell growth, differentiation as
well as apoptosis [30, 31]. Consistent with this context,
we observed that Egrl may be a SFE target for TNBC
cells.

In conclusion, we for the first time showed the anti-
neoplastic effects of SFE, a potential small natural
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compound, on TNBC cells. We also found that SFE could
be therapeutically beneficial for TNBC through an Egri-
dependent mechanism.
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