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Abstract. The long pre-cancerous state of colorectal cancer 
(CRC) provides an opportunity to prevent the occurrence and 
development of CRC. The detoxification of CRC food‑borne 
carcinogenic heterocyclic amines is highly dependent on 
UDP glucuronosyltransferase 1A (UGT1A)-mediated gluc-
uronidation. Sulforaphane (SFN), a phytochemical, possesses 
antioxidant, anti‑inflammatory and anticarcinogenic effects 
on the prevention of CRC. Previous studies revealed that 
SFN upregulates the expression of UGT1A. The aim of the 
present study was to investigate the regulatory mechanism of 
SFN-induced UGT1A upregulation and provide novel under-
standing on the basic research and chemoprevention of CRC. 
In the present study, the viability and proliferation of CRC 
cells (HT‑29 and SW480) treated with SFN were assessed by 
MTT, colony formation and EdU assays. Flow cytometry was 
used to detect the cell cycle arrest and apoptosis of cells treated 
with different concentrations of SFN. The motility of cells was 
determined by wound healing and Transwell assays. Nuclear 
factor, erythroid 2 like 2 (Nrf2) short hairpin RNA (shRNA) 
and negative control shRNA lentiviruses were used for cell 
transfection. Reverse transcription-quantitative polymerase 
chain reaction and western blotting were employed to verify 
the role of Nrf2 in SFN-induced UGT1A. HT-29 and SW480 
cells were divided into a control, an SFN and a PD98059 [an 
extracellular signal‑regulated kinase (ERK) inhibitor] + SFN 
group. Western blotting detected the protein levels of Nrf2 
and UGT1A. Intracellular levels of reactive oxygen species 
(ROS) were detected using a reactive oxygen assay kit. The 

results revealed that SFN inhibits cell proliferation and colony 
formation, promotes apoptosis, and reduces the migratory 
ability of CRC cells. The phosphorylation of ERK induced by 
SFN promoted Nrf2 accumulation. Furthermore, a significant 
increase in the levels of UGT1A was observed, which coincided 
with SFN-induced upregulation of Nrf2 levels in nuclear frac-
tions. Pretreatment with PD58059 reversed the SFN-induced 
subcellular translocation of Nrf2 and the expression of UGT1A. 
In addition, SFN-induced high levels of ROS in CRC cells may 
be associated with the ERK signaling pathway. Collectively, 
these results indicated that SFN inhibited the proliferation of 
CRC cells and upregulated the expression of UGT1A in CRC 
cells via the ERK/Nrf2 signaling pathway.

Introduction

According to Global cancer statistics 2018 (1), colorectal 
cancer (CRC) ranks third in terms of incidence and second 
in terms of mortality among all cancers types in males and 
females. Among females, 9.2% of mortalities associated with 
cancer are due to CRC. Furthermore, the top three causes of 
mortality due to gastrointestinal diseases in the USA are CRC, 
followed by pancreatic cancer and liver cancer (2). Numerous 
cancer types are affected by lifestyle and environmental 
factors, and the incidence rates of the majority of cancers 
can be decreased by reducing potential risk factors. CRC is 
a potentially preventable cancer, and approximately 26.7% of 
CRC cases can be avoided by reducing the risk factors (3‑5). 
The transformation from normal mucosa to occult adenoma to 
adenocarcinoma is a complicated multi-step and multi-stage 
process. This long-term pre-cancerous state provides oppor-
tunities to intervene in the development and progression of 
CRC. Among the numerous risk factors for CRC, diet factors 
account for ~80% (6), which is mainly associated with a 
high‑fat, high‑protein and low‑fiber diet. A high intake of red 
meat and processed meat is an important factor in the patho-
genesis of CRC (7-9). Heterocyclic amines (HAs), produced by 
high-temperature cooking of meat are one of the carcinogens 
of CRC (6,10,11). A study involving 407,270 participants with 
an overall median follow-up of 13.8 years demonstrated that 
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the highest quintile of HAs was associated with increased risk 
of CRC (12). These HAs may cause chromosomal transloca-
tions, instability of cancer‑associated gene microsatellites, 
chain mutations and oncogene activation, leading to the occur-
rence of CRC (13).

The metabolism of HAs is mainly catalyzed by metabo-
lism II phase enzymes, and the polymorphic variations in the 
detoxifying enzymes may modulate the rate of conversion 
of toxic or carcinogenic compounds in the epithelium lining 
the lumen of the gastrointestinal tract (14). UDP glucurono-
syltransferase 1A (UGT1A) is an important member of the 
family of metabolism II phase enzymes and is considered as 
an important system of detoxification. UGT1A metabolizes 
HAs-DNA adducts through glucuronidation, and serves a 
role in gene protection, which may be of great value in cancer 
prevention and therapy (15). Therefore, inducing the overex-
pression of metabolism phase II enzymes may aid to protect 
cells from the toxicity of carcinogens and DNA damage caused 
by the formation of adducts. Our previous study revealed that 
UGT1A expression was reduced in adenocarcinoma tissues 
compared with normal colonic mucosa tissues, indicating 
that the expression of UGT1A is altered in the early stage of 
colonic malignant transformation, and UGTlA may be of great 
significance in preventing tumor formation (16).

Sulforaphane (SFN), a phytochemical and derivative of 
isothiocyanate, is rich in cruciferous plants, and possesses 
antioxidant, anti‑inflammatory, anticarcinogenic and preven-
tive effects on CRC (17-19). Our previous study demonstrated 
that SFN could upregulate the expression of UGT1A in CRC 
cells, and promote cell-cycle arrest and apoptosis in human 
CRC cells (20). Based on the aforementioned detoxifying 
capacity of UGT1A, it was hypothesized that UGT1A may be 
an important molecular target for SFN in the prevention of 
CRC.

There is a cis-regulated structure in the UGT1A gene 
promoter region termed anti-oxidant responsive element 
(ARE). Nrf2, one of the multiple transcription factors that 
binds to ARE, can be induced by external factors and is 
considered to serve a key role in activating the transcription of 
various antioxidant and detoxifying enzymes, which protect 
cells from external stress (21,22). Our previous research 
revealed that SFN can increase the mRNA expression and 
nuclear translocation of Nrf2 in CRC cells, indicating that 
SFN may induce UGT1A expression through the activation 
of Nrf2 (20). However, the specific mechanism by which 
SFN induces the expression of Nrf2 and promotes its nuclear 
translocation remains unclear. Detailed knowledge concerning 
the pharmacological mechanism of action of SFN may aid to 
explore strategies for CRC prevention.

The present study provided evidence that intranuclear Nrf2 
is upregulated and the extracellular signal-regulated kinase 
(ERK) signaling pathway is activated by SFN, which induces 
the expression of UGT1A.

Materials and methods

Cell culture and reagents. The human CRC cell lines HT-29 
and SW480 (Shanghai Zhong Qiao Xin Zhou Biotechnology 
Co., Ltd.) were used in the present study and the cell lines were 
authenticated using STR profiles. HT‑29 and SW480 cells were 

maintained in Dulbecco's modified Eagle's medium (DMEM) 
(Gibco; Thermo Fisher Scientific, Inc.) and RPMI‑1640 
medium (Gibco; Thermo Fisher Scientific, Inc.), respectively, 
supplemented with 10% fetal bovine serum (FBS) (Biological 
Industries) and antibiotics (100 U/ml penicillin and 0.1 mg/ml 
streptomycin) (EMD Millipore) under 5% CO2 in air at 37˚C. 
The cell culture medium, including treatments, was changed 
every 48 h. All treatments and controls contained a final dimethyl 
sulfoxide (DMSO) concentration <0.1%. The anti-β-actin 
antibody (product no. 4970; 1:1,000), anti‑phosphorylated‑p38 
(product no. 4511; 1:1,000) and anti-p38 (product no. 8690; 
1:1,000) were obtained from Cell Signaling Technology, Inc., 
while the anti‑Nrf2 (cat. no. ab62352; 1:1,000), anti‑Lamin B1 
(cat. no. ab133741; 1:1,000) and anti‑phosphorylated‑JNK (cat. 
no. ab124956; 1:1,000), anti‑JNK (cat. no. ab179461; 1:1,000) 
anti‑ERK (cat. no. ab184699; 1:10,000) antibodies were obtained 
from Abcam. The anti‑phosphorylated‑ERK (Thr202/Tyr204) 
antibody (clone S.812.9; cat. no. MA5‑15173; 1:1,000) was 
obtained from Invitrogen (Thermo Fisher Scientific, Inc.). The 
anti‑UGT1A antibody (cat. no. sc‑271268) was obtained from 
Santa Cruz Biotechnology, Inc. The horseradish peroxidase 
(HRP)conjugated goat anti‑rabbit immunoglobulin G (IgG) 
(cat. no. D110058; 1:5,000) and cyanine-3 (Cy3)-conjugated 
goat anti‑rabbit IgG (cat. no. D111107; 1:100) antibodies 
were obtained from Sangon Biotech Shanghai, Co., Ltd. The 
peroxidaseconjugated goat anti-mouse IgG (cat. no. ZB2305; 
1:2,500) was obtained from Beijing Zhongshan Golden Bridge 
Biotechnology Co., Ltd. SFN (≥90% purity; product no. S4441; 
Fig. 1A) and the ERK inhibitor PD98059 (≥98% purity; product 
no. P215) were obtained from Sigma‑Aldrich (Merck KGaA). 
All protocols of the manufacturers were followed.

MTT assay. The effect of SFN on HT-29 and SW480 cell 
viability was determined by MTT assay. Briefly, cells were 
seeded at a density of 5x103 cells in 96-well plates and treated 
with various concentrations of SFN (1.25, 2.5, 5, 10, 20, 40, 80 
and 160 µM) or blank medium for specific time‑points (24, 
48 and 72 h). Subsequently, 10 µl MTT reagent (5 mg/ml) was 
added to each well of the plates and the cells were incubated 
for 4 h at 37˚C. Next, the medium was discarded and 100 µl 
DMSO was added. Upon agitation at room temperature for 
10 min, the absorbance was measured at 550 nm using an 
Infinite M200 PRO Microplate Reader (Tecan Group Ltd.).

Colony formation assay. HT-29 and SW480 cells were 
inoculated into 6-well plates at a density of 700 cells/well 
and treated with various concentrations of SFN (0, 5, 10 
and 20 µM) for 14 days. Finally, the cells were fixed with 
methanol at room temperature for 30 min, washed with 
PBS and stained with 0.1% crystal violet staining solution 
(Beyotime Institute of Biotechnology) at room temperature 
for 10 min. Upon washing the cells with PBS, the clusters 
(≥50 cells) were photographed by a NIKON camera and their 
number was counted.

EdU assay. HT-29 and SW480 cells were inoculated into 
96-well plates at a density of 5x103 cells/well and treated 
with different concentrations of SFN (0, 10 and 20 µM) for 
24 h. An EdU detection kit (cat. no. C10310‑1; Guangzhou 
RiboBio Co., Ltd) was used to observe the groups. Cells were 
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incubated with 100 µl medium and 50 µM EdU for 2 h, and 
then the medium was discarded. Cells were washed twice 
with PBS. The cells were fixed with methanol for 30 min 
at room temperature and then washed with PBS. Samples 
were incubated for 10 min with PBS containing 0.5% Triton 
X‑100 (Beijing Solarbio Science & Technology Co., Ltd.) in a 
decolorization shaker and then washed with PBS. Cells were 
incubated with 100 µl 1X Apollo staining reaction solution for 
30 min on a decolorization shaker in the dark, and then the 
staining reaction solution was discarded. Cells were washed 
twice with PBS containing 0.5% Triton X-100 for 10 min. The 
nucleuses were stained with 1X Hoechst 33342 reaction solu-
tion at room temperature for 30 min, prior to observation and 
capture of images with a fluorescence microscope (magnifica-
tions, x100 and x200).

Analysis of apoptosis and cell cycle arrest. HT-29 and 
SW480 cells were cultured in 60-mm dishes at a density of 
60x104 cells/dish and treated with various concentrations 
(0, 10, 15 and 20 µM) of SFN for 24 h. An Annexin V‑fluorescein 
isothiocyanate (FITC)/propidium iodide (PI) apoptosis detec-
tion kit (cat. no. 556547; BD Biosciences) was used to observe 
the different states of the cells. Cells were washed twice with 
cold PBS and then resuspended in 1X Binding Buffer. Next, 5 µl 
Annexin V-FITC conjugate and 5 µl PI solution were added to 
the cell suspension, followed by incubation for 15 min at room 
temperature in the dark. Subsequently, 400 µl 1X Binding 
Buffer was added to each tube. The samples were analyzed by 
flow cytometry (BD Biosciences) within 1 h. 

Cell cycle arrest was also detected by flow cytometry. The 
cells were collected and fixed with 75% ethanol at 4˚C for 12 h, 

Figure 1. SFN‑induced cytotoxicity in colon cancer cells. (A) Structure of SFN, also known as 1‑isothiocyanato‑4‑(methylsulfinyl)‑butane (CAS, 4478‑93‑7; 
molecular formula, C6H11NOS2). (B) HT‑29 and SW480 cells were incubated with 0, 1.25, 2.5, 5, 10, 20, 40, 80 and 160 µM SFN for 24 h. (C and D) An MTT 
assay was used to detect cell viability after treatment with various concentrations of SFN or for different time‑points (24, 48 and 72 h). The statistical signifi-
cance of the results was analyzed by two‑way ANOVA. (E and F) Colon cancer cells (HT‑29 and SW480) were cultured with various concentrations of SFN 
(0, 5, 10 and 20 µM). A representative image of colony formation from 3 independent experiments is presented. (G) The number of colonies of various groups 
presented in the graphs of parts E and F were quantified. The statistical significance of the results was analyzed by one‑way ANOVA. The results are presented 
as the mean ± standard deviation of 3 independent experiments. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. SFN, sulforaphane; ANOVA, analysis of variance.
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followed by flow cytometric analysis on a flow cytometer after 
PI staining at 4˚C for 30 min.

Wound healing assay. Wound healing assays were carried out 
to evaluate the motility and metastatic potential of CRC cells. 
Cells were seeded in 6-well plates at a density of 6x105 cells/well. 
After 24 h, the cell monolayer was scratched with a 10-µl 
pipette tip. The wound healing assay was performed in mono-
layer culture, and then the cells were cultured in serum-free 
medium. Wounds were washed with PBS and incubated in 
serum-free medium in the presence of various concentrations 
of SFN (0, 10 and 20 µM). Images were captured at different 
time-points (0, 24 and 48 h). The wounded area was calculated 
using ImageJ software (V1.8.0.112; National Institutes of 
Health).

Transwell assay. Transwell assays were performed in 
Transwell chambers (pore size, 8.0 µm; Costar; Corning, Inc.). 
HT-29 and SW480 cells were cultured in medium containing 
various concentrations of SFN (0, 10 and 20 µM) for 2 days. 
Cells (2x105) were allowed to migrate from the upper chamber 
containing medium without FBS to the lower chambers 
containing medium with 30% FBS. The migrating cells were 
fixed with methanol at room temperature after 48 h of incuba-
tion and stained with 0.1% crystal violet at room temperature 
for 10 min. The cells that had migrated through the polycar-
bonate membrane were counted under a light microscope 
(5 random fields/well).

Lentivirus‑mediated RNA interference. Lentiviral particles 
and Polybrene were purchased from Shanghai GenePharma 
Co., Ltd. The short hairpin RNA (shRNA) target sequence 
was 5'‑GGG AGG AGC TAT TAT CCA TTC‑3', and the negative 
control (NC) sequence was 5'‑GTT CTC CGA ACG TGT CAC 
GT‑3'. Nrf2 shRNA and NC shRNA were cloned into vectors 
containing the green fluorescent protein (GFP) gene. Then, 
the plasmid vectors were packed into lentiviral particles. Cells 
were seeded in 6-well plates at a density of 1x105 cells/well. 
Lentiviral particles with a multiplicity of infection of 80 were 
added to the cells. The GFP-expressing cells were detected 
using fluorescence microscopy, and puromycin was used for 
7 days to screen stable‑transfected cells with resistance to 
puromycin.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was isolated from the cells using 
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) 
according to the manufacturer's protocol. RT reactions were 
carried out with 3 µg RNA, oligo-dT primer and M-MLV 
Reverse Transcriptase (Invitrogen; Thermo Fisher Scientific, 
Inc.) in a volume of 20 µl with the Eppendorf Mastercycler 
nexus PCR instrument. The presence of Nrf2 and UGT1A 
transcripts was analyzed by qPCR, based on general fluores-
cence detection with SYBR-Green (Takara Bio, Inc.). β-actin 
was used as an internal control for normalization of the 
differences in RNA quantity and quality across samples. The 
qPCR conditions were 30 sec at 95˚C followed by 40 cycles 
of 5 sec at 95˚C, 10 sec at 60˚C and 30 sec at 72˚C. The data 
were quantified using the 2-ΔΔCq method (23), ΔΔCq=(Cq of 
target gene-Cq of β-actin) treatment-(Cq of target gene-Cq of 
β-actin)control. The gene‑specific primers used were derived 
from PrimerBank and are summarized in Table I. All primers 
were synthesized by BioSune following sequence alignment 
with Basic Local Alignment Search Tool (National Center for 
Biotechnology Information).

Separation of the nucleus from cytoplasm. A Nucleoprotein 
extraction kit (BB-3102, BestBio Science) was used in the sepa-
ration of the nucleus from cytoplasm. The cells were washed 
three times with cold PBS and collected into 1.5 ml-Eppendorf 
tubes using a cell scraper. Cells were centrifuged at 500 x g for 
3 min at 4˚C and then the supernatants were discarded. Cell 
lysates were added to the precipitates. The Eppendorf tubes 
were then vortexed for 15 sec every 5 min, three times in total. 
Subsequently, the suspensions were centrifuged for 5 min at 
12,000 x g and the supernatants contained the cytoplasmic 
proteins. The nuclear lysates were added to the precipitates. 
After vortexing for 15 sec every 10 min, four times in total, 
the suspensions were centrifuged for 10 min at 12,000 x g and 
the supernatants contained the cytoplasmic proteins.

Immunocytochemistry. Cells were seeded into 24-well cell 
culture plates (6x104 cells/well) and divided into three groups: 
A control group, an SFN group and a PD98059 + SFN group. 
PD98059 was added to the medium 60 min prior to SFN addi-
tion, and cells were incubated for 24 h in the PD98059 + SFN 
group. Ultimately, the cells were fixed with methanol (chilled 
at ‑20˚C) for 15 min and then washed three times with cold 
PBS. Samples were incubated for 30 min with PBS containing 
0.2% Triton X-100 and then washed three times with cold PBS. 
Cells were next incubated in PBS containing 3% bovine serum 
albumin for 30 min at room temperature and washed three 
times with PBS. Then, cells were incubated with an anti‑Nrf2 
primary antibody (1:400) overnight at 4˚C. The next day, the 
solution was removed and the cells were washed three times 
in PBS. Cells were then incubated with a Cy3‑conjugated goat 
anti‑rabbit IgG for 1 h at room temperature in the dark, prior to 
observation and capture of images with a fluorescence micro-
scope (magnification, x400).

Western blotting. Protein were isolated using the protein 
extraction kit (R0010; Beijing Solarbio Science & Technology 
Co., Ltd.). Protein extracts were heated at 99˚C for 5 min and 
cooled in ice. The protein concentration was detected using a 

Table I. Primer sequences for RT‑qPCR.

Gene name Primer sequence (5'→3')

Nrf2 Forward: TTCCCGGTCACATCGAGAG
 Reverse: TCCTGTTGCATACCGTCTAAATC
UGT1A Forward: TCGAATCTTGCGAACAACACG
 Reverse: ATGAAGGCCACTGTCAGCACG
β-actin Forward: CATGTACGTTGCTATCCAGGC
 Reverse: CTCCTTAATGTCACGCACGAT

UGT1A, UDP glucuronosyltransferase 1A; Nrf2, nuclear factor, 
erythroid 2 like 2; RT-qPCR, reverse transcription-quantitative poly-
merase chain reaction.
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BCA assay kit (Tiangen Biotech Co., Ltd.). A total of 30 µg 
protein of each sample was loaded and separated on a 10% 
SDS polyacrylamide gel and electrophoretically transferred 
onto a polyvinylidene fluoride membrane. The membrane was 
blocked with 5% fat‑free milk in TBS‑Tween‑20 (TBST) for 
2 h and incubated with a specific primary antibody in Primary 
Antibody Diluent overnight at 4˚C. The blots were washed 
three times for 5 min with TBST and then incubated with a 
secondary antibody for 1.5 h. After washing the membrane 

three times for 5 min with TBST, antibody binding was 
detected by ImageQuant LAS 4000 system (GE Healthcare 
Life Sciences). The optical density results were calculated 
using ImageJ 1.52 software.

Measurement of intracellular ROS. Intracellular ROS levels 
were detected using a Reactive Oxygen assay kit (Beyotime 
Institute of Biotechnology). Dichloro-dihydro-fluorescein 
diacetate was added to the medium to a final concentration 

Figure 2. SFN promotes the apoptosis of colon cancer cells and inhibits cell proliferation. (A and B) HT‑29 and SW480 cells were treated with different concen-
trations of SFN in complete medium, and cell viability was assessed by EdU staining at 24 h. (C) HT‑29 and SW480 cells were exposed to medium containing 
SFN for 24 h, and cell cycle arrest was detected by flow cytometry. (D) The cell cycle arrest of various groups was quantified. The statistical significance of 
the results was analyzed by Student's t‑test. (E and F) HT‑29 and SW480 cells were exposed to various conditions for 24 h, and cell apoptosis was detected by 
flow cytometry. (G) The cell apoptosis of various groups presented in the graphs of parts E and F was quantified. The statistical significance of the results was 
analyzed by two‑way analysis of variance. The results are presented as the mean ± standard deviation of 3 independent experiments. **P<0.01, ***P<0.001 and 
****P<0.0001. SFN, sulforaphane; EdU, 5‑Ethynyl‑2'‑ deoxyuridine. 
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of 10 µM and incubated for 20 min in a 37˚C incubator. ROS 
levels were observed directly and images were obtained with a 
fluorescence microscope (magnification, x100).

Statistical analysis. GraphPad Prism 8.0.1 software (GraphPad 
Software, Inc.) was used for statistical analysis. The results are 
presented as the mean ± standard deviation of ≥3 independent 
experiments. The statistical significance of the results was 
analyzed by Student's t‑test, one‑way analysis of variance 

(ANOVA) with Dunnett's post hoc test and two‑way ANOVA. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

SFN inhibits the proliferation and clone formation of CRC 
cells. To evaluate the anticancer effect of SFN on CRC cells, 
the CRC cell lines HT-29 and SW480 were treated with 

Figure 3. SFN intervention decreases wound healing rates and cell migration. (A and C) HT-29 and SW480 cells were treated under different conditions, and 
their cell migratory ability was assessed by wound healing assay (magnification, x40). (B and D) The wound healing rates of various groups presented in the 
graphs of parts A and C were quantified. The statistical significance of the results was analyzed by two‑way ANOVA. (E) A total of 10x104 HT-29 or SW480 
cells in 200 µl serum‑free Dulbecco's modified Eagle's medium with different concentrations of SFN were seeded on the upper chamber, and cell migration 
was assessed by Transwell assay. Representative images are presented (magnification, x100 and x200). (F) The number of cells per field of various groups of 
part E was quantified. The statistical significance of the results was analyzed by two‑way ANOVA. The results are presented as the mean ± standard deviation 
of 3 independent experiments. *P<0.05, **P<0.01 and ***P<0.001. SFN, sulforaphane; ANOVA, analysis of variance.
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different concentrations of SFN. An MTT assay was used 
to determine cell viability under various concentrations of 
SFN (0, 1.25, 2.5, 5, 10, 20, 40, 80 and 160 µM), as well as 
different treatment durations with SFN (24, 48 and 72 h). As 

presented in Fig. 1B, SFN significantly suppressed the cell 
viability relative to the control group in a dose‑dependent and 
time-dependent manner (Fig. 1B-D). Next, the role of SFN 
in the colony-forming assay was assessed. Compared with 

Figure 4. SFN upregulates Nrf2 and UGT1A in colon cancer cells. Cells were treated with different concentrations of SFN. (A and B) The transcriptional levels 
of Nrf2 and UGT1A were quantified by RT‑qPCR and illustrated by a bar legend. (C‑E) The Nrf2 expression level in the nucleus was assessed by immunoblot-
ting and illustrated by a bar legend. (F‑L) The immunoreactivity of p‑ERK was normalized to that of total ERK. The immunoreactivity of Nrf2 and UGT1A, 
which was normalized to the expression of β‑actin, and the immunoreactivity of p‑JNK and p‑p38 were normalized to that of total JNK and p38 was measured 
by immunoblotting and represented by respective bar graphs revealing the mean ± SD. Fold changes in optical density with the 0 h group normalized to 1. The 
statistical significance of the results was analyzed by two‑way analysis of variance. The results are expressed as the mean ± SD of 3 independent experiments. 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. SFN, sulforaphane; Nrf2, nuclear factor, erythroid 2 like 2; UGT1A, UDP glucuronosyltransferase 1A; ERK, extra-
cellular signal-regulated kinase; p-ERK, phosphorylated ERK; JNK, c-Jun NH2-terminal kinase; p-JNK, phosphorylated-JNK; p38, p38 kinase; SD, standard 
deviation; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.
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the control group, the number of colonies in the SFN groups 
was significantly reduced (Fig. 1E and G). Furthermore, EdU 
staining was used to detect the effect of SFN on the prolifera-
tion of CRC cells (Fig. 2A and B). The results of EdU assay 
revealed that the cell proliferation activity in the SFN groups 
significantly decreased compared with the control group. All 
these results indicated that SFN may inhibit the proliferation 
of CRC cells.

SFN induces G0/M1‑phase arrest and the apoptosis of CRC 
cells. To confirm the effect of SFN in cell cycle and apoptosis 

of HT-29 and SW480 cells, cells were treated with various 
concentrations (0, 10, 15 and 20 µM) of SFN for 24 h. Cells 
were analyzed by flow cytometry, and the results are presented 
in Fig. 2C-G. The results indicated that SFN could induce 
the G0/G1-phase arrest. Following treatment with SFN 
(Fig. 2C and D), there was a higher percentage of cells in 
the G0/G1 phase (HT-29: 51.20±0.96; SW480: 44.09±2.11%) 
compared with the control group (HT-29: 43.09±0.91; SW480: 
28.14±0.37%). The accumulation of cells in the G0/G1 phase 
was accompanied by a decrease in the percentage of cells in 
the S phase (HT-29: 43.59±2.19 (control), 33.24±1.30 (SFN); 

Figure 5. Effect of Nrf2 on UGT1A expression induced by SFN. The Nrf2 gene was knocked down in SW480 and HT‑29 cells. (A and B) The Nrf2 protein 
levels in HT‑29 and SW480 cells were assessed by immunoblotting. (C) The expression levels of Nrf2 were quantified by ImageJ and illustrated by a bar legend. 
The statistical significance of the results was analyzed by Student's t‑test. ****P<0.0001 vs. NC shRNA. (D) The transcriptional level of Nrf2 was quantified by 
RT‑qPCR and illustrated by a bar legend. ****P<0.0001 vs. NC shRNA. The statistical significance of the results was analyzed by Student's t‑test. (E and F) The 
expression levels of UGT1A in HT-29 and SW480 cells decreased in Nrf2-knockdown cells, and the induction effect of SFN on UGT1A expression decreased 
upon Nrf2‑gene knockdown. (G and H) The UGT1A expression in various groups presented in the images of parts E and F was quantified by ImageJ. The sta-
tistical significance of the results was analyzed by two‑way analysis of variance. *P<0.05, **P<0.01, ***P<0.001 vs. the SFN 0 µM group; ##P<0.01, #####P<0.0001 

vs. the NC shRNA group. The results are expressed as the mean ± standard deviation of 3 independent experiments. SFN, sulforaphane; Nrf2, nuclear factor, 
erythroid 2 like 2; NC, negative control; shRNA, short hairpin RNA; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.
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SW480: 51.54±0.77 (control), 42.26±1.43% (SFN). The apop-
tosis rates (Fig. 2E and G) in HT-29 cells were 5.56±0.16, 
7.97±0.93, 9.49±1.34 and 11.49±0.182% under treatment of 
SFN in 0, 10,15 20 µM, respectively. In addition, the apoptosis 
rates in SW480 cells were 10.50±0.70, 16.56±0.79, 18.43±1.38 
and 23.67±2.12%. SFN could induce G0/G1 phase arrest and 
apoptosis in colorectal cancer. 

SFN inhibits the motility of CRC cells. HT-29 and SW480 
cells were treated in complete medium with or without 
various concentrations of SFN. Changes in the motility and 
migration capacity of the CRC cell lines HT-29 and SW480 
were detected and analyzed by wound healing and Transwell 
assays. Decreased cell motility was observed in HT‑29 

and SW480 cell lines treated with SFN (Fig. 3A-D). The 
48-h wound healing rates in HT-29 cells were 60.67±3.68, 
29.48±7.30 and 13.59±1.76% (for 0, 10, 20 µM SFN, respec-
tively), while in SW480 cells they were 70.77±9.90, 40.86±4.52 
and 16.69±7.15% (for 0, 10, 20 µM SFN, respectively). The 
migrating capacity of cells was decreased in the SFN treat-
ment group compared with the control group (Fig. 3E and F). 
The number of HT‑29 cells migrating into the lower chamber 
were 201.33±15.04, 149.33±24.09 and 63.33±7.57 (for 0, 10, 
20 µM SFN, respectively). The number of SW480 cells were 
89.00±1.73, 63.33±2.52 and 51.33±2.52 (for 0, 10, 20 µM SFN, 
respectively). The results demonstrated that the metastasis of 
HT‑29 and SW480 cells was significantly inhibited when SFN 
was added.

Figure 6. SFN induces UGT1A expression through ERK-dependent regulation of Nrf2. HT-29 and SW480 cells were pretreated with PD98059 (an ERK 
inhibitor) for 1 h. (A and B) p‑ERK expression levels were assessed by immunoblotting. HT‑29 and SW480 cells were pretreated with or without PD98059 
for 1 h followed by 24 h of incubation with SFN. (C) The immunoreactivity of p‑ERK was normalized to that of total ERK, and represented by a bar graph 
presenting the mean ± SD. Fold changes in optical density compared with the control group were normalized to 1. The statistical significance of the results 
was analyzed by Student's t‑test. (D and E) UGT1A and Nrf2 expression levels of total protein were assessed by immunoblotting. (F and G) Bar graphs 
presenting the mean ± SD fold changes in OD (with the control group set as 1) of p‑ERK normalized to ERK and UGT1A normalized to β-actin. The statistical 
significance of the results was analyzed by Student's t‑test. (H and I) Nrf2 expression level in the nucleus and cytoplasm were assessed by immunoblotting. 
(J) Bar graph revealing the immunoreactivities (mean ± SD fold changes in OD, with control group set at 1) of Nrf2 normalized to Lamin B1 (marker for the 
nucleus). The statistical significance of the results was analyzed by Student's t‑test. The results are presented as the mean ± SD of 3 independent experiments. 
*P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 vs. the control; #P<0.05, vs. SFN. SFN, sulforaphane; Nrf2, nuclear factor, erythroid 2 like 2; UGT1A, UDP 
glucuronosyltransferase 1A; ERK, extracellular signal-regulated kinase; SD, standard deviation; OD, optical density; p-, phosphorylated.
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Effect of SFN on Nrf2 and UGT1A expression in CRC cells. 
To assess the expression of Nrf2 regulated by SFN, CRC cells 
were treated with various concentrations (0, 10, 15 and 20 µM) 
of SFN for 48 h. As presented in Fig. 4A and B, treatment 
with SFN increased Nrf2 and UGT1A mRNA levels in a 
dose‑dependent manner. Western blotting was used to detect 
the protein levels of Nrf2 and UGT1A with various concentra-
tions of SFN. Fold-change values of Nrf2 expression in the 
nucleus (Fig. 4C and D) and total protein (Fig. 4F and G) are 

presented in Fig. 4E and I. In addition, significant increases in 
UGT1A expression (Fig. 4J) were observed in SFN treatment 
groups, which coincided with upregulation of Nrf2 levels in 
nuclear fractions. 

Nrf2 serves an important role in the SFN‑induced upregulation 
of UGT1A expression. The expression of Nrf2 in the nucleus 
and UGT1A were increased upon treatment with SFN in the 
present study. Nrf2 is one of the multiple transcription factors 

Figure 7. Nuclear translocation of Nrf2 and ROS levels observed by fluorescence microscopy. HT‑29 and SW480 cells were pretreated with PD98059 (an 
ERK inhibitor) for 1 h. (A and B) Nuclear translocation of Nrf2 in HT‑29 and SW480 cells. Fixed cells were incubated with anti‑Nrf2 and fluorescein 
isothiocyanate‑conjugated anti‑rabbit immunoglobulin G antibodies (magnification, x400). (C and D) Bar graphs revealing the fluorescence intensity (mean ± 
SD fold changes in OD, with control group set at 1) of Nrf2. (E and F) Intracellular ROS levels were observed by fluorescence microscopy (magnification, 
x100). (G and H) Bar graphs revealing the fluorescence intensity (mean ± SD fold changes in OD, with control group set at 1) of ROS. The results are presented 
as the mean ± SD of 3 independent experiments. *P<0.05, **P<0.01, ***P<0.001 vs. the control; #P<0.05, ##P<0.01, ###P<0.001 vs. SFN. SFN, sulforaphane; Nrf2, 
nuclear factor, erythroid 2 like 2; SD, standard deviation.
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that binds to ARE, which is a cis-regulated structure in the 
UGT1A gene promoter region (22). It was hypothesized that 
SFN upregulated UGT1A via Nrf2 binding to ARE. NC 
shRNA and Nrf2 shRNA were transfected into HT-29 and 
SW480 cells with lentiviruses, and stable‑transfected cells were 
screened by puromycin and used for subsequent experiments. 
The levels of Nrf2 mRNA and protein expression (Fig. 5A-D) 
were detected by RT‑qPCR and western blotting (P<0.0001). 
The NC shRNA and Nrf2 shRNA groups were cultured in 
complete medium containing 0, 10 and 20 µM SFN. Protein 
was collected after 48 h, and protein expression of UGT1A 
was detected by western blotting. The expression of UGT1A 
increased in the NC shRNA groups following treatment with 
SFN. However, the expression level of UGT1A decreased, and 
the induction effect of SFN on UGT1A expression disappeared 
upon inhibition of the expression of Nrf2 (Fig. 5E‑H). 

SFN promotes the expression of Nrf2 and UGT1A, and 
increases the levels of ROS through ERK. Notably, SFN treat-
ment significantly increased the phosphorylation of ERK in 
a dose-dependent manner (Fig. 4F-H). In addition, the effect 
on JNK and p38 was not significantly altered (Fig. 4K and L). 
The results revealed that SFN may activate the ERK signaling 
pathway in a dose‑dependent manner. PD98059 is a specific 
inhibitor of ERK and its inhibitory ability was verified 
in the present study (Fig. 6A-C). To confirm whether the 
SFN-modulated and Nrf2-induced UGT1A upregulation is 
associated with the ERK signaling pathway, cells were treated 
with PD98059 for 1 h to block the ERK pathway prior to 
treatment with SFN. Cells were divided into three groups: a 
control, an SFN and a PD98059 + SFN group. The control 

and SFN groups were treated with medium with and without 
SFN, respectively. The PD98059 + SFN group was pretreated 
with the ERK inhibitor PD98059 prior to being treated 
with SFN. Pretreatment with PD58059 reversed the nuclear 
accumulation of Nrf2 and the total protein levels of UGT1A 
(Figs. 6D-J and 7A-D). In addition to the aforementioned 
detection of the expression of Nrf2 and UGT1A, the levels of 
ROS were detected. The ERK inhibitor was able to inhibit the 
SFN-induced high levels of ROS in CRC cells (Fig. 7E-H).

Discussion

The roles of various phytochemicals in cancer prevention and 
treatment have recently attracted great attention. The present 
study investigated the antitumor effect and mechanism of 
SFN on the II phase metabolism phase enzyme UGT1A in 
colorectal cancer. UGT is one of the II phase metabolism phase 
enzymes. This supergene family has two subfamilies, UGT1A 
and UGT2, which can encode numerous isoenzymes. UGT1A 
encodes 9 isoenzymes, UGT1A1 and UGT1A3‑UGT1A10, with 
different levels of expression in the intestinal tract, which are 
involved mainly in the metabolism of exogenous compounds. 
Upregulation of the human detoxifying enzyme UGT1A can 
metabolize HAs‑DNA adducts through glucuronidation (24), 
which may aid to prevent the occurrence and development of 
CRC in advance. These HAs could be oxidized by cytochrome 
P450 family 1 subfamily A member 2 to N‑hydroxyl metabo-
lites along with the blood into the intestinal mucosa. Then, the 
N‑hydroxyl metabolites could be acetylated by N‑acetylase in 
intestinal epithelial cells and eventually bind to the DNA of 
intestinal epithelial cells to form DNA adducts. These adducts 

Figure 8. Mechanism of SFN on the II phase metabolism phase enzyme UGT1A. SFN, sulforaphane; UGT1A UDP glucuronosyltransferase 1A.
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have been extensively studied and reported to serve a key role in 
chemically induced carcinogenesis (25), resulting in a series of 
cytotoxic products, including electrophilic groups and oxygen 
radicals. The aforementioned changes in DNA may cause chro-
mosomal translocations, instability of cancer‑associated gene 
microsatellites and chain mutations, leading to the occurrence 
of CRC (13). In phase II metabolism, with the introduction 
of polar groups, coupling enzymes usually add endogenous 
substituents, which greatly increase water solubility and facili-
tate excretion (25), thus increasing cell protection. Therefore, 
the rate of activation of HAs in tissues with reduced UGT1A 
activity is relatively high and tends to form DNA adducts 
compared with tissues with normal UGT1A activity. In the 
preliminary stages of cancer, the polymorphism of metabolic 
enzymes is key in determining the effects of environmental 
carcinogens. The high expression of UGT1A in the intestinal 
tract indicates that these enzymes may serve an important role 
in the metabolism of detoxification. 

Our previous research revealed that the chemopreven-
tive agent SFN upregulates the phase II metabolism enzyme 
UGT1A (20), which has a detoxifying effect on food‑borne 
carcinogenic HAs. However, little is known concerning the 
signaling pathway that is involved in SFN-induced UGT1A 
expression. Consequently, the mechanism of action of 
SFN‑induced UGT1A expression must be further explored. 
Several studies have revealed that the Nrf2 signaling pathway 
can be predictably induced by low concentrations of sulfhy-
dryl-reactive molecules of various different chemical types, 
including SFN (26,27). In the present study, the expression of 
Nrf2 and UGT1A exhibited a synchronous increase following 
treatment of HT‑29 and SW480 cells with SFN. It was observed 
that the trend was more obvious in HT‑29 cells compared with 
in SW480 cells. Studies identified four consensus molecular 
subtypes (CMS) that expression subtypes have clinical 
relevance independent of the cancer stage. HT‑29 belongs 
to CMS‑3, and SW480 belongs to CMS‑4. Previous studies 
have demonstrated that different subtypes of CRC cell lines 
have differences in RNA, DNA, and protein levels (28,29). 
Colon cell lines were either CMS2 or CMS3, expressed higher 
levels of gastro-intestinal marker genes, including some key 
transcription factors such as HNF4A and MYB. All CMS4 
models were classified as undifferentiated, consistent with 
primary tumors. Concurrently, there are some differences in 
the sensitivity of different cell lines to the effects of drugs. 
This may explain the different expression levels of Nrf2 and 
UGT1A in the two cell lines examined in the present study. 
Next, the Nrf2 gene was knocked down to demonstrate that 
Nrf2 is crucial in the upregulation of UGT1A. The expression 
of UGT1A increased in the NC shRNA groups treated with 
SFN. However, the expression level of UGT1A decreased and 
the induction effect of SFN on UGT1A expression disappeared 
upon inhibition of the expression of the Nrf2 gene in the Nrf2 
shRNA group. These results demonstrated that Nrf2 serves 
an integral role as a transcription factor in the transcriptional 
expression of UGT1A.

ERK is a member of the mitogen‑activated protein kinase 
family. The ERK signaling pathway is known to be involved 
in numerous cell biological functions such as proliferation, 
migration, differentiation and death (30). A series of studies 
revealed that the regulation of Nrf2 may be associated with 

the activation of the ERK signaling pathway (31-33). In addi-
tion, a study observed that the expression of UGT1A was 
downregulated upon inhibition of the ERK signaling pathway 
with PD98059 (34). Subsequently, the present study verified 
the association between the ERK signaling pathway, Nrf2 and 
UGT1A through a series of experiments. Activation of ERK 
by phosphorylation was observed in the SFN group. To reveal 
the mechanism responsible for Nrf2 activation and to detect 
whether the activation of Nrf2 and the expression of UGT1A 
are associated with changes in the ERK signaling pathway, 
cells were pretreated with PD98059 to block the ERK 
signaling pathway, and then incubated in complete medium 
containing SFN. The present results revealed that SFN exhib-
ited the potential to activate the ERK signaling pathway in a 
dose-dependent manner and to increase the protein expres-
sion of Nrf2 and UGT1A, while ERK1/2 inhibition impaired 
this trend. These results acknowledge that ERK serves an 
essential role in SFN-induced triggering of Nrf2-mediated 
UGT1A expression in HT‑29 and SW480 cells, while inhibi-
tion of ERK attenuated the SFN-mediated upregulation of 
UGT1A transcription as well as the Nrf2 accumulation in 
nuclear compartments. The present study revealed for the first 
time that SFN upregulated the expression of UGT1A, which 
enhanced the metabolism of carcinogens via the ERK/Nrf2 
signaling pathway in CRC cells (Fig. 8). However, blocking the 
ERK signaling pathway only partially reversed the upregula-
tion of Nrf2 and UGT1A, and the pathway was not completely 
blocked. There may be other signaling pathways and multiple 
molecular regulatory mechanisms that may influence this 
process. It has been reported that SFN can activate Nrf2 via 
the PI3K/Akt pathway in arsenic-induced liver injury and 
nephrotoxicity (22,35). This effect may be associated with 
the high chemical electrophilicity of the central carbon of 
the isothiocyanate (-N=C=S) group. However, there is little 
research on this underlying mechanism for the activation of 
Nrf2 by SFN in colon cancer; therefore, further investigations 
are required.

In addition to the aforementioned detection of Nrf2 and 
UGT1A expression, the present study detected the levels of 
ROS. A study on SFN and bladder cancer revealed that SFN 
induced a significant increase in ROS levels, which was neces-
sary for SFN-induced mitochondrial dysfunction, serving an 
important role in SFN-induced apoptosis in cancer cells (36). 
In the present study, ROS levels were increased in CRC cells 
when these cells were cultured in SFN-containing medium. 
Notably, ERK inhibitors can inhibit SFN‑induced high levels of 
ROS in CRC cells. This suggests that SFN-induced high levels 
of ROS in CRC cells may also be associated with the ERK 
signaling pathway. Oxidative stress is involved in three stages 
of cancer development: Initiation, promotion, and progression. 
Low-to-intermediate levels of ROS promote the occurrence 
and progression of tumors, but high levels of ROS can increase 
intrinsic oxidative stress of cancer cells, inhibit cancer cells 
activity, promote apoptosis, induce autophagy and even cause 
cell death (37,38). SFN induces apoptosis in glioblastoma 
cells via ROS-dependent inactivation of STAT3 phosphory-
lation (39) and has an anti‑tumor effect on bladder cancer 
cells via the ROS-mediated intrinsic apoptosis pathway (36). 
Similar studies have also been performed in pancreatic cancer 
and hepatic cancer (40,41). These findings motivate further 



ONCOLOGY REPORTS  43:  1067-1080,  2020 1079

evaluation of SFN as a chemopreventive agent in cancer 
treatment. In addition, in studies investigating ROS-induced 
apoptosis, tumor necrosis factor-related apoptosis-inducing 
ligand (TRAIL) can preferentially activate apoptosis of malig-
nant cells; however, in a variety of human cancer cells the 
apoptosis induced by TRAIL is hard to control, resulting in 
TRAIL resistance. Notably, SFN induction of ROS can reduce 
the resistance and therefore SFN promotes TRAIL-induced 
cancer cell death (42). It was hypothesized that the inhibitory 
effect of SFN on colon cancer cells may be associated with the 
induction of high levels of ROS and may be regulated by the 
ERK signaling pathway. Collectively, these results indicated 
that the ERK signaling pathway and Nrf2 may represent stra-
tegic targets for the chemopreventive effects of SFN.

In a future experimental design, the mechanism may be 
studied and upstream and downstream channels may be 
further identified. In addition, given the opportunity, animal 
experiments may be added to the future experimental design 
and the mechanism may be studied thoroughly. Gene knockout 
mice would be designed and HA carcinogens could be used to 
establish mouse models with colorectal cancer. Colon tissues 
would be extracted for analysis at the gene, protein and cell 
levels to further explore the chemical preventive effect of SFN 
in colorectal cancer.

In addition, SFN is regarded as a sensitizer to anticancer 
drugs. A study has revealed that SFN analogs provide a novel 
approach to chemically sensitize CRC cells by modulating 
DNA damage/repair signaling pathways (43). In addition, 
SFN was revealed to inhibit the growth of C666 nasopha-
ryngeal carcinoma cells and enhance the anti-tumor effect of 
cisplatin (44). Selectively preconditioning cancer cells with 
non‑toxic amounts of a natural bioactive compound may safely 
enhance drug susceptibility. These compounds often activate 
drugs by upregulating the activity of drug metabolic enzymes; 
thus, they may significantly affect treatment outcomes despite 
low exposure (45-47). 

The latest data in CRC revealed that the incidence 
rate of CRC has declined in recent years but remains high. 
CRC can be treated by surgery as well as radiotherapy and 
chemotherapy, but the 5‑year survival rate is low, and the 
quality of life of patients is greatly reduced. As a multi-step 
and multi-stage process disease, CRC has a long precan-
cerous stage. Thus, it is advisable to prevent it at its origin. 
Furthermore, the phytochemical SFN is readily available, and 
is widely present in cruciferous plants. Numerous studies have 
demonstrated the role of SFN in preventing tumors, inhibiting 
tumors and sensitizing anticancer drugs in colorectal tumors. 
If SFN could be used to prevent CRC and promote its early 
commercialization, patients with cancer and high‑risk groups 
could be better protected. In summary, phytochemicals may 
aid to prevent CRC.
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