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Abstract

Sulforaphane is a well-known phytochemical that stimulates nuclear factor erythroid 2-related factor 2 (Nrf2)-medi-
ated antioxidant cellular response. In this study, we found that sulforaphane promoted cell proliferation in HCT116
human colon cancer cells expressing a normal p53 gene in a dose-dependent but biphasic manner. Since p53 has
been reported to contribute to cell survival by regulating various metabolic pathways to adapt to mild stress, we
further examined cellular responses in both p53-wild-type (WT) and p53-knockout (KO) HCT116 cells exposed to sul-
foraphane in vitro and in vivo. Results demonstrated that sulforaphane treatment activated Nrf2-mediated antioxidant
enzymes in both p53-WT and p53-KO cells, decreased apoptotic protein expression in WT cells but increased in KO
cells in a dose-dependent manner, and increased the expression of a mitochondrial biogenesis marker PGC1a in WT
cells but decreased in KO cells. Moreover, a low dose of sulforaphane promoted tumor growth, upregulated the Nrf2
signaling pathway, and decreased apoptotic cell death in p53-WT HCT116 xenografts compared to that in p53-KO
HCT116 xenografts in BALB/c nude mice. These findings suggest that sulforaphane can influence colon cancer cell
proliferation and mitochondrial function through a crosstalk between the Nrf2 signaling pathway and p53 axis.
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Highlights

+ Sulforaphane increased Nrf2-mediated cytoprotec-
tive response in both p53-WT and p53-KO HCT116
cells.

« Sulforaphane promoted cell proliferation of p53-WT
HCT116 cells in a biphasic manner.

« Sulforaphane attenuated apoptotic cell death and
enhanced mitochondrial function in a p53-depend-
ent manner.

+ Sulforaphane promoted tumor growth, upregulated
the Nrf2 signaling pathway, and decreased apoptotic
cell death in p53-WT HCT116 xenografts.
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+ The findings suggest that the intake of Nrf2-activat-
ing phytochemicals could be potentially harmful to
the colorectal cancer patients carrying the WT p53
gene.

Introduction

Sulforaphane (1-isothiocyanato-4-methylsulfinylbutane,
SEN) is one of the most potent inducers of nuclear fac-
tor erythroid 2-related factor 2 (Nrf2), a key regulator of
cellular redox balance [1, 2]. Nrf2 is sequestered by a sulf-
hydryl-rich cytosolic protein, kelch-like ECH-associated
protein 1 (Keapl), which facilitates the ubiquitin-pro-
teasomal degradation of Nrf2 under stress-free condi-
tions. Sulforaphane directly interacts with Keapl and
liberates Nrf2 from Keapl-dependent repression, thereby
promoting nuclear translocation of Nrf2 and transcrip-
tional upregulation of its downstream antioxidant and
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cytoprotective genes, including HMOX1 encoding heme
oxygenase-1 (HO-1) [3, 4]. Therefore, sulforaphane has
been known to be one of the strong anti-carcinogenic
phytochemicals in vitro and in vivo due to its ability to
activate Nrf2-mediated cytoprotective mechanism(s)
against endogenous and exogenous stressors, including
reactive oxygen species (ROS) [2, 5-7].

Recently, multiple studies have indicated that Nrf2
activation in tumor cells can rather contribute to malig-
nant transformation through metabolic reprogramming
and promote tumor growth by effectively reducing ROS
imposed by therapeutic exposure, and thus cause resist-
ance to chemotherapy by protecting malignant cells from
various cytotoxic stresses [8—10].

The tumor suppressor p53, called “a guardian of the
genome’;, is known to coordinate cellular responses to
diverse stress factors [11] and exert dual function as
either a prooxidant (“killer”) or an antioxidant (“protec-
tor”) agent [12]. Depending on the cellular stress or dam-
age, p53 can promote cell survival by activating the repair
system, or it can cause cell death by inducing apoptosis.
Similarly, tumor cell viability and death can be modu-
lated by the action of p53 in the context of tumor growth.
Indeed, p53 is often mutated in cancer cells, which leads
to perturbation of cellular mechanisms regulating cell
survival and growth [13].

Intriguingly, Nrf2-mediated antioxidant response is
associated with the function of p53 [14]. It has been
reported that p53 directly binds to the Nrf2-activated
promoter elements and thus represses the expression
of antioxidant genes. In addition, the p53 downstream
effector, p21, binds to Keapl and stabilizes Nrf2. An Nrf2
downstream enzyme, NAD(P)H:quinone oxidoreductase
(NQO1), interacts with p53 and blocks the proteasomal
degradation of p53.

However, little is known about the interrelationship
between Nrf2 and p53 in colorectal cancer cells that
are responsive to sulforaphane. In the present study, we
reported a possible detrimental effect of sulforaphane
via its Nrf2-activating capability on colorectal cancer in
accordance with the presence of p53 in vitro and in vivo.
The findings of this study would provide insights into the
possibility that indiscreet consumption of strong Nrf2
activators may cause harm to colorectal cancer patients,
as opposed to the anticipated therapeutic potential.

Materials and Methods

Cell culture

The two human colorectal cancer cell lines, HCT116
(p53-wild-type; p53-WT; p53*/*; Korean Cell Line
Bank, Seoul, South Korea) and its mutant (p53-knock-
out; p53-KO; p53~'7; a generous gift from Prof. Young
Ho Kim, Kyungpook National University, Daegu, South
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Korea, which was originally provided by Dr. Bert Vogel-
stein, Johns Hopkins University, Baltimore, MD, USA)
were cultivated in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS),
25 mM hydroxyethyl piperazineethanesulfonic acid
(HEPES), 1% minimum essential medium with non-
essential amino acids (NEAA), and 1% penicillin—strep-
tomycin (all from Invitrogen/Life Technologies, Carlsbad,
CA, USA). For subculture, cells were rinsed in phos-
phate-buffered saline (PBS; Life Technologies), detached
using 0.05% Trypsin~EDTA (Welgene Inc., Gyeongsan,
South Korea), harvested, and plated in culture dishes
(Thermo Fisher Scientific, Waltham, MA, USA). Cells
were maintained in a culture incubator (Sanyo, Osaka,
Japan; 37 °C, 5% CO,/95% air, humidified atmosphere).

Cell viability

Cell viability was examined using Cell Counting Kit-8
(CCK-8; Dojindo Laboratories, Kumamoto, Japan) as
previously described [15]. Cells were seeded at a density
of 5 x 10 cells per well in a 96-well plate. After 24 h, cells
were treated with various concentrations of sulforaphane
(Enzo Life Sciences Inc., Farmingdale, NY, USA) in the
absence or presence of an HO-1 inhibitor (tin proto-
porphyrin IX, SnPP; Cayman Chemical, Ann Arbor, MI,
USA), an Nrf2 signaling inhibitor (brusatol; Carbosynth
Ltd., Newbury, Berkshire, UK), or a mitochondrial com-
plex I inhibitor (rotenone; Sigma-Aldrich, St. Louis, MO,
USA) for 24 h. The absorbance reflecting the number of
living cells in each well was measured at 450 nm using a
microplate reader (Sunrise”, Tecan Group Ltd., Manne-
dorf, Switzerland).

Western blot analysis

Nuclear and cytoplasmic proteins were separately frac-
tionated from the harvested cells using NE-PER® Nuclear
and Cytoplasmic Extraction Reagents (Thermo Fisher
Scientific) as previously described [15]. The primary anti-
bodies used were rabbit anti-Nrf2 (abcam, Cambridge,
UK), rabbit anti-HO-1 (abcam), rabbit anti-LC3 (NOVUS
Biologicals, Littleton, CO, USA), mouse anti-cytochrome
C, mouse anti-Bcl-2, mouse anti-Bax, mouse anti-Lamin
B1, and mouse anti-B-actin (Santa Cruz Biotechnology,
Dallas, TX, USA). The secondary antibodies used were
anti-rabbit or anti-mouse immunoglobulin G, conjugated
to horseradish peroxidase (Santa Cruz Biotechnology).

Quantitative polymerase chain reaction (QPCR) analysis

Total DNA was extracted from the harvested cells using
a column-based isolation kit (DNeasy Mini Kit; Qia-
gen, Hilden, Germany) according to the manufacturer’s
instructions. The extracted DNA was quantified based
on the absorbance at 280 nm using BioSpectrometer®
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basic (Eppendorf, Hamburg, Germany). SYBR Green-
based real-time PCR was performed using LightCycler®
Multiplex Masters (Roche, Basel, Switzerland) with the
primer sets (Bioneer Corp., Daejeon, South Korea; Addi-
tional File 1: Table S1) on LightCycler® Nano Instrument
(Roche). The mitochondrial DNA level was normalized
to the nuclear DNA level.

Animal experiments

All animal experiment was conducted under the approval
of the Institutional Animal Care and Use Committees
at Kyungpook National University (Approval Number
2017-0038), and performed in accordance with relevant
guidelines and regulations. Six-week-old male BALB/c
nude mice (Orient Bio Inc., Seongnam, South Korea)
weighing 18+2 g were acclimated for a week under
standard conditions (temperature, 22+2 °C; humidity,
45+ 5%; illumination, 150-300 lux) with free access to
drinking water and standard mouse chow pellets (Dae-
han Bio Link, Eumseong, South Korea).

Each 7-week-old mouse was subcutaneously injected
with both types of HCT116 cells, p53-WT and p53-KO,
on its left and right flanks, respectively. Cells (2.5 x 10°
per injection) were resuspended in 100 uL of a 1:1 mix-
ture of cold PBS and Matrigel® Matrix (Corning Inc.,
Corning, NY, USA) and transplanted (set at day 0). A
week after transplantation (at day 7), mice were randomly
divided into four groups (5—6 mice per group; Table 1):
no treatment (vehicle only; negative control) or sul-
foraphane treatment at three different doses [low, 2.5 mg/
kg body weight (BW); medium, 10 mg/kg BW; high,
25 mg/kg BW]. Sulforaphane was prepared in vehicle,
composed of 10% v/v dimethyl sulfoxide (DMSO) and
10% v/v Tween-80 in sterilized saline, and was intraperi-
toneally administered on days 7 and 9. Body weight and
xenograft volumes were monitored every other day for
two weeks. The length and width of each xenograft were

Table 1 Experimental groups of BALB/c nude mice
harboring HCT116 xenografts

Group Number of animals  Dose

(n) (mg/kg BW)
Control (vehicle only)? 6 0
SFN_Low?® 5 25
SFN_Medium® 5 10
SFN_High® 5 25

? Vehicle contains 10% DMSO, 10% v/v Tween-80, and 80% sterilized saline.

b SFN_Low, experimental group treated with a low dose (2.5 mg/kg BW) of
sulforaphane

¢ SFN_Medium, experimental group treated with a medium dose (10 mg/kg
BW) of sulforaphane

4 SFN_High, experimental group treated with a high dose (25 mg/kg BW) of
sulforaphane
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measured using a caliper (Mitutoyo Corp., Kanagawa,
Japan). After sacrificing the mice at day 21, the xenografts
were dissected, weighed, and frozen at — 80 °C before
subsequent analyses.

Immunohistochemistry

Dissected xenograft tumor tissues were fixed in 3.7%
v/v formaldehyde in PBS, paraffin-embedded, and sec-
tioned [16]. The sections were placed on microscope
slides, air-dried at 37 °C for 12 h, and stored at 4 °C
before being processed for immunostaining. The pre-
pared sections were deparaffinized and immunostained
using a FITC-conjugated antibody against proliferation
cell nuclear antigen (PCNA, a proliferation cell marker;
Santa Cruz Biotechnology). Nuclei were counterstained
with 1 pg/mL of 4/,6-diamidino-2-phenylindole (DAPI).
After mounting, the slides were observed under a fluo-
rescence microscope (Eclipse 80i, Nikon, Tokyo, Japan).

Terminal deoxynucleotidyl tranferase (TdT) dUTP nick-end
labeling (TUNEL) assay

The deparaffinized sections were subjected to stain-
ing using the ApopTag® Red In Situ Apoptosis Detec-
tion Kit (Millipore, Burlington, MA, USA) according
to the manufacturer’s instructions. Briefly, the sections
were equilibrated in digoxigenin nucleotide-containing
reaction buffer and then allowed to react with TdT. The
digoxigenin-conjugated DNA fragments were observed
under a fluorescence microscope by tightly binding with
anti-digoxigenin conjufated to rhodamine.

Statistical analysis

The statistical significance of data was determined by
one-way analysis of variance (ANOVA) followed by a
post-hoc Duncan’s multiple-range test, using SPSS soft-
ware (SPSS Inc., Chicago, IL, USA). The p-value less than
0.05 was considered to be statistically significant. Statisti-
cal differences were indicated using asterisks or different
alphabetical letters.

Results

Sulforaphane triggered biphasic survival response

in p53-expressing colorectal cancer cells

To examine the effect of sulforaphane on the growth
of human colon cancer cells and its dependency on the
expression of p53, p53-WT and p53-KO HCT116 cells
were cultured in the presence of various concentrations
of sulforaphane (0, 0.5, 1, 5, 10, 20, and 50 uM). After 24 h
of incubation, cell viability was assessed. Low doses of
sulforaphane (<5 uM) were non-cytotoxic to both types
of HCT116 cells and significantly increased cell prolif-
eration in p53-WT HCT116 cells but not in p53-KO
HCT116 cells (Fig. la; Additional File 2: Fig. S1A).
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Fig. 1 Sulforaphane-induced p53-WT HCT116 cell growth was attenuated by an HO-1 inhibitor, SnPP. Both types of HCT116 cells, p53-WT (a) and
p53-KO (b), were cultured with various concentrations of sulforaphane (0, 0.5, 1, 5, 10, 20, and 50 uM) in the absence or presence of SnPP (10 uM).

After 24 h of incubation, cell viability was assessed by CCK-8 assay. Values represent mean = standard error of mean (SEM) from three independent
experimental sessions (N = 3). Statistical differences are indicated by different alphabetical letters for multiple comparisons (p < 0.05)
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However, sulforaphane at concentrations of>10 pM
caused cell death and its effect was more pronounced in
p53-KO cells than in p53-WT cells. These results dem-
onstrated that sulforaphane promoted HCT116 colon
cancer cell proliferation in a biphasic manner, which was
more prominent in p53-expressing cells than in p53-defi-
cient cells.

Sulforaphane-induced biphasic growth of p53-WT HCT116
cells was mediated through Nrf2 signaling pathway

To determine whether sulforaphane-induced cell prolif-
eration is attributable to Nrf2-mediated signaling path-
way, p53-WT and p53-KO HCT116 cells were treated
with sulforaphane in combination with either the HO-1
inhibitor SnPP (10 uM; Fig. 1b) or the Nrf2 inhibitor bru-
satol (0.5 nM; Additional File 2: Fig. S1B). Cell viability
assay showed that sulforaphane-induced cell growth was
significantly reduced in p53-WT HCT116 cell cultures
following treatment with SnPP or brusatol, while the
growth of p53-KO cells was not influenced by inhibitor
treatment. These results suggest that sulforaphane accel-
erated the growth of p53-expressing HCT116 cells via the
Nrf2 signaling pathway.

Although sulforaphane at low doses enhanced HCT116
cell proliferation probably through activation of the Nrf2
signaling pathway, the protein levels of nuclear Nrf2
and cytoplasmic HO-1 were increased in both types of
cells in a dose-dependent manner, regardless of p53 sta-
tus (Fig. 2). These findings implicate that sulforaphane-
induced cell growth is presumably regulated by the

combinatorial effect of Nrf2-mediated cellular defense
signal and p53-associated cell survival signal.

Sulforaphane decreased apoptotic cell death in p53-WT
cells, but not in p53-KO cells

Sulforaphane-treated cells were further examined for the
expression of apoptosis-associated proteins by western
blot analysis (Fig. 3). The ratio of anti-apoptotic protein,
Bcl-2, to pro-apoptotic protein, Bax, was significantly
increased in p53-WT cells, but not in p53-KO cells fol-
lowing sulforaphane treatment. This suggests that the
inhibitory activity of sulforaphane against apoptotic cell
death may require the function of p53. In addition, con-
sidering that HCT116 cells harboring functional p53
expressed a high ratio of LC3-II to LC3-1 (Additional
File 2: Fig. S2), sulforaphane-induced cell growth is likely
attributable to upregulation of autophagy in the presence
of p53.

A low dose of sulforaphane promoted the growth

of p53-WT HCT116 xenografts

To examine the effect of sulforaphane treatment on tumor
growth in vivo, p53-WT and p53-KO HCT116 cells were
xenografted into the left and right sides of the posterior
flank of the same BALB/c nude mouse, respectively, by
subcutaneous injection. The mice were administered
with three different doses of sulforaphane by intraperito-
neal injection (Fig. 4a; Table 1). Body weight and tumor
volume for each group were regularly monitored. The
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Fig. 2 Sulforaphane increased nuclear Nrf2 and cytoplasmic HO-1 levels in both p53-WT and p53-KO cells. HCT116 cells were treated with
sulforaphane for 8 h. The nuclear and cytoplasmic fractions were prepared from the harvested cells. The protein levels of nuclear Nrf2 (a) and
cytoplasmic HO-1 (b) were examined in both p53-WT and p53-KO cells by western blot analysis. Upper, a representative western blot image; lower,
quantified data. Values represent mean & SEM (N =3 for a; N =6 for b). Statistical differences are indicated by different alphabetical letters for
multiple comparisons (p < 0.05)
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Fig. 3 Sulforaphane increased anti-apoptotic protein expression

in p53-WT cells, but not in p53-KO cells. HCT116 cells were treated
with sulforaphane for 8 h. The protein levels of Bcl-2 and Bax were
analyzed by western blotting. Values represent mean 4 SEM (N=5).
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significant differences among groups (p <0.05). NS, not significant
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treatment had no significant effect on the average body
weight among the groups (Fig. 4b). The tumor volumes
were gradually increased but not significantly different
between the p53-WT and p53-KO HCT116 xenografts in
the control group (Fig. 4c). However, the tumor volume
in mice transplanted with p53-WT HCT116 cells was
significantly increased following treatment with low-dose
sulforaphane, while medium- or high-dose sulforaphane
treatment had little effect (Fig. 4d and f). The tumor vol-
ume in mice transplanted with p53-KO cells was not sig-
nificantly affected by sulforaphane treatment (Fig. 4e and

g).

Sulforaphane activated the Nrf2 signaling pathway
in p53-WT xenografts but promoted apoptosis in p53-KO
xenografts
To address the possibility that the cytoprotective effect
exerted by Nrf2-mediated antioxidative machinery con-
tributes to tumor growth [8], the expression levels of
nuclear Nrf2 and cytoplasmic HO-1 in the xenografts
were examined (Fig. 5a, b). Sulforaphane treatment
appeared to increase the levels of those proteins only in
p53-WT HCT116 xenografts but not in p53-KO xeno-
grafts, although the differences were not statistically
significant.

When examined for the expression of apopto-
sis-associated proteins, such as Bcl-2, Bax, and
cytochrome C in p53-WT or p53-KO xenografts
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(See figure on next page.)

Fig. 4 Sulforaphane promoted tumor growth only in the presence of p53. a Animal experimental scheme; the two types of HCT116 cells were
subcutaneously injected on day 0 and grown for 7 days. Xenografted tumor-bearing mice were intraperitoneally administered with vehicle
(negative control; Control), low-dose sulforaphane (SFN_Low), medium-dose sulforaphane (SFN_Med), or high-dose sulforaphane (SFN_High) on
days 7 and 9. The body weight and tumor volume of each mouse were monitored every other day. b No significant effect of sulforaphane on the
body weight of BALB/c nude mice bearing HCT116 cell xenografts was observed. Values represent mean + standard deviation (SD) (n=5 or 6). ¢
The xenografts formed in the mice gradually grew in size but were not significantly different from those formed in control (no treatment) mice. d, e
The volumes of p53-WT (d) or p53-KO (e) xenografts were increased with sulforaphane treatment. WT xenografts were significantly increased in size
by treatment with a low dose of sulforaphane, while KO xenografts were not affected by sulforaphane treatment. Values represent mean +SD (n=5
or 6). Asterisk indicates significant differences among the conditions. f, g The picture of p53-WT (f) or p53-KO (g) xenograft tumors dissected from

the mice after sacrifice

dissected from sulforaphane-treated mice (Fig. 5c, d),
no significant differences were observed in the Bcl-2
to Bax ratio and cytochrome C expression in p53-WT
xenografts regardless of sulforaphane treatment. How-
ever, the relative expression of Bax and cytochrome
C was significantly increased in p53-KO xenografts
treated with medium- or high-dose sulforaphane.
These results were supported by those of immunohis-
tochemical analysis of tumor xenograft sections using
TUNEL assay and a proliferating cell marker, PCNA
(Fig. 5e, f). Compared to the control (no sulforaphane
treatment), more number of TUNEL-stained cells was
observed in xenografts treated with high-dose sul-
foraphane, regardless of p53 status. However, p53-WT
xenografts contained remarkably more number of cells
expressing PCNA than p53-KO xenografts following
low-dose sulforaphane treatment. These results dem-
onstrated that low-dose sulforaphane promoted cell
proliferation in p53-W'T xenografts, but caused apop-
totic cell death in p53-KO xenografts in which Nrf2
and HO-1 expression levels were relatively lower than
those in p53-WT xenografts.

Sulforaphane facilitated mitochondrial function

in p53-dependent HCT116 cell growth

To further elucidate a possible correlation between
HCT116 cell fate and mitochondrial function, cells
were treated with sulforaphane for 8 h and then exam-
ined for mitochondrial DNA abundance and protein
expression of PGCla, a mitochondrial biogenesis
marker (Fig. 6). We found that sulforaphane treatment
remarkably decreased mitochondrial DNA to nuclear
DNA ratio (mtDNA/nDNA) and PGCla protein level
only in p53-KO cells. These results demonstrated that
p53 contributed to the maintenance of mitochondrial
DNA copy number and stimulation of biogenesis in
sulforaphane-treated HCT116 cells. Interestingly, sul-
foraphane treatment increased mitochondrial respira-
tory capacity in p35-WT cells, but not in p53-KO cells
(Additional File 2: Fig. S3). These findings suggest that

sulforaphane promoted mitochondrial biogenesis and
cellular respiration in a p53-dependent mode.

Discussion
Recent studies have suggested that Nrf2-mediated anti-
oxidant and detoxifying enzyme induction contributes
to the resistance of cancer cells to therapeutic agent-
induced ROS insults, the arsenal for cancer treatment [8,
17-21]. Sulforaphane is a well-known Nrf2 activa-
tor [22-24]. Our present study demonstrated that sul-
foraphane, at relatively low doses, can induce biphasic
growth of HCT116 human colorectal cancer cells that
are, in particular, expressing p53. Hence, in an effort to
elucidate the interrelationship between Nrf2 and p53 in
colorectal cancer cell proliferation, we examined cellular
responses in both p53-WT and p53-KO HCT116 cells
exposed to sulforaphane in vitro and in vivo. Our results
showed that sulforaphane-induced tumor growth was
accompanied by Nrf2-mediated induction of antioxidant
enzymes, upregulated expression of anti-apoptotic pro-
teins, and increased mitochondrial biogenesis and respi-
ration, intriguingly only in the cells harboring the active
p53 gene (Fig. 7). In addition, p53-deficient cells seemed
to easily undergo apoptotic cell death in response to sul-
foraphane, compared to p53-expressing cells.
Sulforaphane treatment, as expected, activated Nrf2
in HCT116 cells in a dose-dependent manner regardless
of the presence of p53. Moreover, sulforaphane-treated
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Fig. 5 Sulforaphane induced cytoprotective response in p53-positiveWT xenografts. The nuclear and cytoplasmic proteins were fractionated from
the dissected xenograft tissues. a, b Sulforaphane treatment tended to increase the protein levels of Nrf2 (a) and HO-1 (b) in p53-WT xenografts
compared to those in p53-KO xenografts. ¢, d Sulforaphane treatment increased the expression of apoptotic markers, a ratio of Bcl-2 to Bax (c)

and cytochrome C (d), in p53-KO xenografts but not in p53-WT xenografts. Values represent mean 4 SD (n=5 or 6). Different lower and upper
cases indicate statistically significant differences among p53-WT and p53-KO xenografts, respectively. Asterisks indicate statistically significant
differences between WT and KO xenografts within the same treatment group. e, f Sectioned tumor slices from p53-WT (e) or p53-KO xenografts

(f) were subjected to immuno-staining with a FITC-conjugated anti-PCNA (green fluorescence) and TUNEL staining with a rhodamine-conjugated
anti-digoxigenin (red fluorescence). Representative images were obtained at 100X or 400X magnifications. Sulforaphane-treated p53-WT xenografts
exhibited a higher ratio of PCNA-positive cells over TUNEL-stained cells than p53-KO xenografts
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Fig. 7 An illustrative summary of the observations in this study

HCT116 cells displayed hormetic growth; that is, cell
growth was stimulated at sulforaphane concentrations
of <5 uM but suppressed at concentrations of >10 uM,
and this effect was prominent in the presence of p53.
This biphasic growth was attenuated by treatment with
an antagonist of either Nrf2 or HO-1, suggesting that sul-
foraphane-induced HCT116 cell propagation is mediated
via the Nrf2 signaling pathway exclusively in p53-existing
circumstance.

p53-associated biphasic growth of sulforaphane-
treated HCT116 cells was also observed in the xenograft
mouse model. A low dose of sulforaphane (2.5 mg/kg
BW) increased tumor volume in mice transplanted with

p53-WT HCT116 cells, with concomitant activation of
Nrf2 and its downstream enzymes. This was consistent
with the in vitro observation. Interestingly, both p53-W'T
and p53-KO xenografts highly expressed apoptosis-
associated proteins when exposed to a high dose of sul-
foraphane. Furthermore, p53-WT xenografts contained
more number of proliferating cells than p53-KO xeno-
grafts following low-dose sulforaphane treatment. This
indicates that sulforaphane-induced biphasic growth of
p53-expressing HCT116 cells in vitro and in vivo is gov-
erned by summation of Nrf2-mediated cytoprotective
response and differential p53-mediated cell signaling,
depending on the dose of sulforaphane.

It has been reported that p53, a tumor suppressor,
restricts Nrf2-dependent upregulation of antioxidant
enzymes by directly binding to their promoter ele-
ments [14, 25]. Conversely, p53 can promote cell sur-
vival in a p21-dependent manner: p21, a downstream
target gene of p53, stabilizes Nrf2 by enhancing Keapl
disruption through p62-mediated autophagic degrada-
tion, thereby causing upregulation of Nrf2 downstream
genes [14, 26, 27]. In response to certain factors stimu-
lating intracellular ROS generation, p53 upregulates the
expression of antioxidant genes, protecting cells from
ROS-induced insults under low levels of ROS, while
under high levels of ROS, p53 is highly expressed and
activates prooxidant genes, resulting in apoptosis [28].
This suggests that p53 plays a crucial role in cell fate
decision-making [28-30], that is, p53 coordinates
intracellular mechanisms either to endure by activat-
ing Nrf2-mediated antioxidant response or to perish by
triggering the prooxidant process and apoptosis upon
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oxidative insults. In this regard, sulforaphane-stimu-
lated p53-WT HCT116 colorectal cancer cell growth
at the relatively low doses in vitro and in vivo is most
likely attributable to enhanced Nrf2-mediated cell sur-
vival and inhibited apoptotic cell death.

Following treatment with sulforaphane, p53-WT
HCT116 cells displayed a higher ratio of LC3-II to
LC3-I and expressed abundant mtDNA and PGCla
protein compared to p53-KO cells, indicating that
p53-deficient cells underwent less active autophagy and
mitochondrial biogenesis than p53-expressing cells.
This suggests that sulforaphane-induced HCT116 cell
proliferation is associated with mitochondrial function
under the control of p53.

p53 is well known to modulate autophagy through
the orchestrated work of its downstream genes, such
as TP53-induced glycolysis and apoptosis regulator
(TIGAR) or damage-regulated autophagy modulator
(DRAM) [31, 32]. Considering that dysregulation of
autophagy leads to accumulation of damaged proteins,
increased oxidative stress, and dysfunctional mitochon-
dria [33], the upregulation of autophagy in the pres-
ence of p53 is likely to be advantageous for cancer cell
survival.

Our quantitative PCR results demonstrated that mito-
chondrial abundance assessed by mitochondrial DNA
content relative to nuclear DNA content was remark-
ably altered by sulforaphane treatment in p53-KO cells,
compared to that in p53-WT cells. This implies that p53
contributes to mitochondrial dynamics [34] and struc-
tural homeostasis [35, 36] in response to an exogenous
Nrf2 activator. Moreover, Nrf2 activation can stimulate
the expression of proteins involved in mitochondrial bio-
genesis [37, 38] and attenuate oxidative stress-induced
mitochondrial decay [39]. These findings suggest that
mitochondrial function is regulated by the Nrf2 signaling
pathway [40—43] in the presence of functional p53. How-
ever, a detailed understanding of the cross-talk mecha-
nisms between mitochondrial biogenesis and colorectal
cancer cell proliferation requires further study.

The present study demonstrated that sulforaphane
induced HCT116 cell proliferation in vitro and in vivo
through the Nrf2 signaling pathway in a biphasic and
p53-dependent manner. HCT116 cell growth is asso-
ciated with increased Nrf2-mediated cytoprotective
response, attenuated apoptotic cell death, and enhanced
mitochondrial function in the presence of functional p53.
These observations suggest that the intake of Nrf2-acti-
vating phytochemicals by colorectal cancer patients car-
rying the WT p53 gene, would be potentially harmful.

Sulforaphane, a typical Nrf2 activator, is commonly
generated from glucoraphanin by the enzyme myrosi-
nase. The content of sulforaphane in broccoli and its
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sprout is ranged from 6 to 1555.95 pg/g dry weight,
depending on varieties and parts [44, 45]. As the dose
of 2.5 mg/kg BW sulforaphane that increased tumor
growth in mice can be converted to 14 mg for a human
weighting 70 kg [46], the intake of about 10 g of dried
broccoli sprout could increase tumor proliferation in the
worst case. However, it is least likely that a normal diet
with vegetables has any significantly harmful effect on
cancer patients as most cruciferous vegetables, includ-
ing red cabbage, radish, and cabbage, reportedly contain
sulforaphane 200 pg/g dry weight or lower [47]. None-
theless, it is recommended that cancer patients avoid
excessive intake of cruciferous vegetables with high levels
of sulforaphane or its precursor glucoraphanin.
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