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Abstract Sulforaphane (SFN), a natural compound
derived from cruciferous vegetables, has been proved to
possess potent anti-cancer activity. SMYD?3 is a histone
methyltransferase which is closely related to the prolifer-
ation and migration of cancer cells. This study showed that
SEN could dose-dependently induce cell cycle arrest,
stimulate apoptosis, and inhibit proliferation and migration
of gastric carcinoma cells. Accompanied with these anti-
cancer effects, SMYD?3 and its downstream genes, myosin
regulatory light chain 9, and cysteine-rich angiogenic
inducer 61, was downregulated by SFN. Furthermore,
overexpression of SMYD3 via transfection could abolish
the effects of SFN, suggesting that SMYD3 might be an
important mediator of SEN. To the best of our knowledge,
this is the first report describing the role of SMYD3 in the
anti-cancer of SFN. These findings might throw light on the
development of novel anti-cancer drugs and functional
food using SFN-rich cruciferous vegetables.
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Introduction

Cancer is a group of diseases characterized by the growth
of abnormal cells beyond their usual boundaries and the
invasion to other parts of body. However, up to now, there
are still many aspects of the mechanisms underlying cancer
pathogenesis remain to be elucidated, and the study of
diagnosis and treatment of cancer is still a long way to go.
Accumulating evidence showed that high consumption
of cruciferous vegetables, such as broccoli, cabbage and
cauliflower, could prevent the development of cancer cells,
and sulforaphane (SFN), a dietary isothiocyanate, might be
the most critical ingredient for the anti-cancer effects of
cruciferous vegetables [1]. SFN is a product of gluco-
raphanin hydrolysis by myrosinase [2]. Previous studies
showed that SFN could inhibit proliferation and migration
of many types of cancer cells by modulating several can-
cer-related cell signaling, such as the reactive oxygen
species-dependent pathway and ERK1/2 pathway [3-6].
Methylation of histone tails plays a pivotal role in the
regulation of a wide range of biological processes. SET and
MYND domain containing 3 (SMYD3) is an important
histone methyltransferase which was discovered in 2004
[7]. SMYD3 could modulate the chromatin architecture via
its methyltransferase activity, and then interact with RNA
polymerase II and regulate the transcription of downstream
genes by binding on the cis-acting element CCCTCC or
GGAGGG in the promoter. Overexpression of SMYD?3 has
been confirmed in hepatocellular, colorectal, cervical and
breast cancer [8—11]. In addition, our recent study showed
that SMYD3 activation might also be an important

@ Springer


http://orcid.org/0000-0002-7975-0722
http://crossmark.crossref.org/dialog/?doi=10.1007/s10068-018-0337-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10068-018-0337-x&amp;domain=pdf
https://doi.org/10.1007/s10068-018-0337-x

1166

Q.-Q. Dong et al.

characteristic in gastric cancer [12—-14]. Furthermore, pre-
vious studies have shown that SMYD3 can specifically
catalyze di/tri-methylation of H3K4 and activate the tran-
scription of human telomerase reverse transcriptase
(hTERT) and matrix metalloproteinase-9 (MMP-9)
[7, 15-17], interestingly, SFN could also inhibit the
expression and activity of hTERT and MMP-9 in cancer
cells, and its effect was correlated with di-methylation of
H3K4 [18-21]. In addition, several literatures have shown
that SFN could induce cell cycle arrest and inhibit prolif-
eration and migration of breast cancer cells, liver cancer
cells and colon cancer cells [22-24], in which SMYD3 has
been confirmed to be overexpressed and play essential
roles [7, 8]. However, so far, the relationship between
SMYD3 and SFN is absolutely unknown. To address these
issues, in this study, the roles of SMYD?3 in the anti-cancer
effects of SFN on human gastric cancer cells were inves-
tigated using methods of MTT, quantitative real-time PCR,
flow cytometry and wound scratch assay.

Materials and methods

Cell culture and transient transfection

Human gastric carcinoma cell line MGC803 and AGS were
cultured in RPMI-1640 medium (Gibco) containing 10%

fetal bovine serum (FBS, PAA), penicillin (100 U/mL) and
streptomycin (100 U/mL) at 37 °C in humified air with 5%
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CO,. The plasmid pcDNA3.1-SMYD3 and siRNA targeted
to SMYD3 (5-CCCAGTATCTCTTTGCTCAATCAC-3'/
5-TTACGGGTGTTGAAGGT-3") were transfected into
cells with turbofect reagent (Thermo, USA) according to
the manufacturer’s instructions. After the transfection, cells
were treated with SFN (Yuanye, China) in different con-
centrations for 24-48 h.

Cell viability assay

Cell viability was determined by 3-(4, 5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Solar-
bio). Briefly, cells were cultured in 96-well plates and
treated with different concentrations of SFN for 24-48 h.
Approximately 10 pL of the 5 mg/mL MTT solution was
added to each well and the plates were then incubated
again for 4 h at 37 °C. Subsequently, the media were
removed, and 200 pL. of dimethylsulfoxide (DMSO,
Solarbio) was added to each well. Absorbance at 570 nm
was detected using microplate reader (Synergy4, Biotek,
USA), with 630 nm as a reference wavelength. All samples
were tested in six replicates, and the experiments were
repeated at least thrice.

Cell cycle analysis
Cell cycle were analyzed by flow cytometry. In brief, the

cells were cultured in six-well plates and treated with dif-
ferent concentrations of SEN for 24 h. After the treatment,
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Fig. 1 Effects of SEN on proliferation, cell-cycle and apoptosis of
gastric cancer cells. (A) MGC803 or AGS cells were treated with 0, 2,
8 and 32 uM of SEN for 48 h, and the viability of cells was detected
by MTT assay. In addition, the distribution of cell-cycle phases (B,
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C) and apoptosis of cells (D, E) being treated with 0, 2, 8, and 32 uM
of SFN for 48 h were detected with flow cytometry analysis.
*P < 0.05, **P < 0.01 compared with the corresponding group
without SFN treatment (0 pM)
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Fig. 2 SFN suppressed
SMYD3 via both transcriptional
and post-transcriptional
regulation. (A) MGC803 cells
were treated with 0, 2, 8 and
32 uM of SFEN for 48 h, and
then the mRNA level of
SMYD2 and SMYD3 was
detected by qRT-PCR analysis.
GAPDH was used as an internal
control. (B, C) The effects of
SEN on the activity of 3'UTR
(black columns) and promoter
(white columns) of SMYD3
were analyzed by luciferase
reporter assay in MGC803 and
AGS cells. *P < 0.05,
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cells were collected, washed with cold PBS and fixed with
70% ethanol at — 20 °C overnight. Afterward, cells were
incubated with 500 pL. PBS containing RNAase (100 pg/
mL), propidium iodide (PI) (50 pg/mL), 0.2% Trion X-100
for 30 min at 4 °C in the dark. Finally, the cells were
analyzed by an Accuri C6 flow cytometer (Accuri, Ann
Arbor, MI).

Cell apoptosis analysis

Cells were treated with different concentrations of SFN for
24 h. After the treatment, cells were collected, washed with
cold PBS and then resuspended in the 200 pL 1 x Binding
buffer. Afterward, cells were incubated with 5 pL. Annexin
V and 5 pL PI for 5 min at room temperature in the dark.
Finally, the cells were analyzed by an Accuri C6 flow
cytometer (Accuri, Ann Arbor, MI).

Quantitative real-time PCR analysis

Total RNA from cells was extracted using TRIzol and then
reverse transcribed into cDNA. The mRNA level of
SMYDI1, SMYD2, SMYD3, myosin regulatory light chain
9 (MYLDY), cysteine-rich angiogenic inducer 61 (CYR61)
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
were quantified by quantitative real-time RT-PCR analysis
using specific primers. The sequences of primers were as
follows (forward/reverse sequences): SMYDI1 (5'-TTCC
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GCAGTGGTTTTTG-3'/5-CGCCAGCCTGATGTTCT-3"),
SMYD2 (5-ATGGGTGTCTGCTTGTA-3'/5'-CTGCGGC
TTTGTGTTCC-3'), SMYD3 (5-CCCAGTATCTCTTTG
CTCAATCAC-3/5-TTACGGGTGTTGAAGGT-3), MY
L9 (5-CACCCACCAGAAGCCAAGAT-3'/5'-TGCCCTC
CAGGTATTCGTCT-3), CYR61 (5-AGCAGCGTTTC
CCTTCTAC-3'/5-TGAGTCCCATCACCCACA-3’)  and
GAPDH (5-ATTCAACGGCACAGTCAAGG-3'/5'-GCA-
GAAGGGGCGGAGATGA-3'). The conditions of PCR
were as follows: 5 min at 95 °C followed by 30 cycles of
incubation at 95 °C for 30 s, then 54-56 °C for 30 s, and
72 °C for 30 s. Finally 72 °C for 10 min. PCR products
were electrophoretically separated in 2% agarose gels and
the densities of the bands were analyzed with Quantity One
software (v4.31; Bio Rad Laboratories, Hercules, CA, USA).
The quantitative real-time RT-PCR was carried out in trip-
licate using the SYBR Green PCR Master Mix (Bio-Rad) on
a StepOne™ Real-Time PCR Detection System (Applied
Biosystems), according to the manufacturer’s instructions.
Relative quantification was performed using the ddCr
method. Data were shown as fold change after being nor-
malized by GAPDH.

Western blot analysis
Cells were harvested and lysed in Radiolmmunoprecipita-

tion Assay (RIPA) buffer with protease inhibitors. Proteins
were separated on 10% sodium dodecyl sulfate (SDS)—
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polyacrylamide gel and transferred to Polyvinylidene Flu-
oride (PVDF) membranes. After being incubate with
appropriate primary antibodies against human SMYD3
(rabbit anti human monoclonal antibody; dilution, 1:1000;
catalog NO. ab187149; Abcam, USA), CYRG61 (rabbit anti-
human Polyclonal antibody; dilution, 1:1000; catalog NO.
ab24448; Bioss, Beijing, China), MYL9 (rabbit anti-human
Polyclonal antibody; dilution, 1:2000; catalog NO.
ab191393; Bioss, Beijing, China) and GAPDH (mouse anti
human; dilution, 1:5000; catalog NO. UM4002; Utibody,
Beijing, China) overnight at 4 °C, the membrane was
incubated with IR DyeTM-800 conjugated anti-rabbit or
anti-mouse secondary antibodies for 30 min at room tem-
perature. Specific proteins were visualized by Odyssey ™
Infrared Imaging System (Gene Company, Li-Cor, USA).
The expression of GAPDH (Santa Cruz NO. sc-25778) was
detected as an internal control to show equal loading of the
protein samples.

Cell migration assay

Cell migration ability was determined by the wound
scratch assay. The cells grown in a 6-well plate to con-
fluence were scraped with a sterile 10 puL pipette tip to
create a cell-free area and then washed 3 times with
phosphate-buffered saline (PBS) to remove cell debris.

Fig. 3 Effects of SFN on the (
transcriptional level of CYRG61
and MYL9. MGC803 or AGS
cells were treated with 0, 2, 8
and 32 uM of SEN for 48 h, and
then the mRNA level of
SMYD3, CYR61 and MYL9
was detected by qRT-PCR
analysis (A, B). The protein
level was further evaluated by
western blot (C). GAPDH was
used as an internal control.

*P < 0.05, **P < 0.01
compared with the
corresponding group without
SEN treatment (0 pM)
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Subsequently, cells were treated with different concentra-
tions of SFN for 0, 24, 48 and 72 h. The scratches were
examined with microscope.

Statistical analysis

All experimental data were presented as the mean =+ standard
deviations. Data were analyzed using Graphpad. prism.v5.0
software (GraphPad, San Diego, CA, USA). Comparisons
among groups were performed with Student’s t test. Values of
P < 0.05 were considered statistically significant.

Results and discussion

SFN dose-dependently inhibited proliferation
and induced cell cycle arrest and apoptosis of gastric
cells

In order to detect the anti-tumor effect of SFN on gastric
cells, firstly, MTT assay was performed. As shown in
Fig. 1(A), SFN could significantly inhibit the proliferation
of either MGC803 or AGS gastric cancer cells in a dose-
dependent manner (P < 0.01). Furthermore, the effects of
SEN on cell-cycle distribution and apoptosis were also
examined using the flow cytometry methods. As shown in
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Fig. 4 Combining effects of SFN and SMYD3 on the regulation of
CYR61 and MYLO. After being transfected with SMYD3 overex-
pression plasmid or its specific sSiRNAs, MGC803 or AGS cells were
treated with 0, 2, 8 and 32 pM of SEN for 48 h, and then the mRNA
level of MYL9 and CYR61 was detected by qRT-PCR analysis (A, B,

Fig. 1(B, C), with the increase of SFN dosage, the per-
centage of cells in GO/G1 phase was markedly reduced (32
uM, P < 0.05), while cells in S (8 uM, P < 0.05; 32 uM,
P < 0.01) phase and G2/M (32 uM, P < 0.05) phase were
accumulated, suggesting that SFN could halt gastric cancer
cells at G2/M phase. Besides, Fig. 1(D, E) showed that
SFEN could dose-dependently increase the proportion of
apoptosis cells. Kokotou and his colleague have reported
that the content of sulforaphane varied between 72 £+ 9 and
304 £ 2 mg per 100 g of fresh broccoli [25]. By calcula-
tion, about 0.37-1.58 mg broccoli could provide 32 uM
SEN in our cell assay. Furthermore, previous study also
showed that dietary broccoli could lessen development of
fatty liver and liver cancer in mice [26]. Therefore, in our
opinion, it might not be difficult for human to get expect
chemopreventive effects by ingesting broccoli.

D, E, G). The protein level was evaluated by western blot (C, F).
GAPDH was used as an internal control. *P < 0.05, **P < 0.01
compared with the corresponding group without SFN treatment
(0 uM). #P < 0.05 compared with the corresponding group trans-
fected with empty plasmids (control)

SFN suppressed SMYD3 via both transcriptional
and post-transcriptional regulation

With the purpose of verifying the association between SFN
and SMYD3, firstly, the quantitative real-time RT-PCR
was performed to detect the effect of SFN on the tran-
scriptional level of endogenous SMYD3 and another two
important members of SMYD family, SMYDI and
SMYD2. The results showed that SFN significantly
inhibited the mRNA level of SMYD3 and SMYD?2 in a
dose-dependent manner [Fig. 2(A)], whereas SMYDI
could not be detected in the gastric cancer cells (data not
shown). These data were coincident with the previous
reports that SMYD?2 contributes to malignant outcome in
gastric cancer, while SMYDI is restrictedly expressed in
skeletal muscle and heart tissues [27, 28]. Furthermore, as
the suppressing effect of SFN on SMYD3 was higher than
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Fig. 5 Effects of SMYD?3 on the proliferation-inhibitory, cell-cycle-
arrest and apoptosis-stimulating effects of SFN. MGC803 or AGS
cells were transfected with SMYD3 and then treated with different
concentration of SFN for 48 h. The viability of cells was qualified by
MTT assay (A, B), and the cell-cycle distribution (C, D) and

SMYD?2, we then continued choosing SMYD3 but not
SMYD?2 in the further investigation.

What’s more, the results of luciferase reporter assay
further showed that SFN could markedly inhibit the
activity of both promoter and 3'UTR of SMYD?3 in either
MGC803 or AGS cells [Fig. 2(B, C)]. Previous study has
reported that SMYD3 could be suppressed by miR-124
through binding 3'UTR, and miR-124 was also found to be
an important downstream miRNAs affected by SFN
[29, 30]. Taken together, these findings indicated that SFN
might suppress SMYD3 via both transcriptional and post-
transcriptional regulation.
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apoptosis (E, F) were examined using the flow cytometry analysis.
*P <0.05, **P <0.01 compared with the corresponding group
without SFN treatment (0 uM). #P < 0.05 compared with the
corresponding group transfected with empty plasmids (control)

CYR61 and MYL9, two downstream genes related
to SMYD3, were also downregulated by SFN

To further confirm the regulation effect of SFN on
SMYD3, we also examined the expression level of CYR61
and MYL9, two downstream cancer-related genes regu-
lated by the SMYD3-associated signal pathway [31-33].
CYR61 is a member of CCN family which is involved in
diverse biological processes, such as regulation of cell
adhesion, migration, proliferation, differentiation and sur-
vival [34, 35]. MYL9 is one of the four light chains of
myosin, the important component of the cytoskeletal
structure involved in cell movement, deformation process,
and cell migration [36, 37]. Therefore, they have been
regards as important markers of cancer. Here, the results of
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Fig. 6 Overexpression of SMYD?3 repressed the inhibitory effect of
SEN on cell migration ability. MGC803 gastric cancer cells were
treated with SFN and/or transfected with SMYD?3, and then scratch-
wounded using sterile pipette tips (' = 0 h). The space between the
wound fronts was photographed (A), measured and cell migration rate

real-time RT-PCR and western blot showed that SEN dose-
dependently inhibited the expression of both CYR61 and
MYLO9 in either MGC803 or AGS cells (Fig. 3). Further-
more, overexpression of SMYD3 could upregulate CYR61
and MYL9 and abolished the inhibitory effect of SNF on
these two downstream genes [Fig. 4(A-F)]. Hung and his
colleagues found that SFN could suppress RhoA signal
pathway [38], while our previous study demonstrated that
SMYD3 could promote MRTF-A, a critical mediator of
RhoA signal pathway, and stimulate migration of breast
cancer cells [31, 39]. Taken together, our present study
provided the first evidence that SMYD3 and its down-
stream genes, CYR61 and MYL9, could be inhibited by
SFEN. However, interestingly, there seemed no difference in
the expression of CYR61 and MYL9 between control and
SMYD3-overexpressed groups when the cells were treated
with high dose of SFN, and what’s more, when the
endogenous expression of SMYD3 was knocked down,
although both SFN (8 uM) and SMYD3-specific siRNAs
could down-regulate CYR61 and MYLY, synergistic
effects were not observed, these data implied that there
might still be some other mediators also involved in the
regulation of SFN on CYR61 and MYL9.
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was calculated (B-E). *P < 0.05, **P < 0.01 compared with the
corresponding group with SFN treatment for 24 h (0 uM). #P < 0.05
compared with the corresponding group transfected with empty
plasmids (control)

Overexpression of SMYD3 repressed the anti-cancer
effects of SFN

Finally, to elucidate the influence of SMYD?3 on the anti-
cancer efficiency of SFN, the gastric cancer cells were
transfected with SMYD3-expressing plasmids, and then the
effects of SFN on cell proliferation, cell cycle and apop-
tosis were detected again. As shown in Fig. 5, SFN could
dose-dependently inhibit cell proliferation (groups of either
8 UM or 32 UM vs control group: P < 0.01; group of 2 uM
in MGC803 cells vs control group: P < 0.05), induce cell
cycle arrest (group of 32 uM vs control group: P < 0.05)
and apoptosis (groups of either 8 uM or 32 pM vs control
group: P < 0.01; group of 2 puM vs control group:
P < 0.05), what’s more, although overexpression of
SMYD3 did not influence the cell cycle arrest effect of
SFEN, it could repress the anti-proliferation and apoptosis-
stimulating effects of SFN (especially at the dosage 2, 8,
P < 0.05). In addition, since SMYD3, CYR61 and MYL9
play essential role in the migration of cells, the combined
effects of SFN and SMYD3 on migration ability of gastric
cancer cells were also investigated by the wound scratch
assay. As showed in Fig. 6, the migration rate of SFN-
treated cells was significantly lower than that of cells
without SFN treatment, and overexpression of SMYD3
could partially repress this migration inhibitory effect of
SEN.
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In conclusion, SMYD3 might be an important mediator
in the anti-cancer effects of SFN. To our best knowledge,
this is the first report that SMYD3-associated pathway is
implicated in the effects of SFN. These findings would help
to better develop the novel chemotherapeutic agents
derived from SFN and functional food using broccoli or
other SFN-rich cruciferous vegetables.
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