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Abstract Sulforaphane (SFN), a natural anti-tumor compound from cruciferous vegetables, has been

reported to induce protective autophagy to cancer cells, which might impair the anti-tumor efficiency

of SFN. However, the accurate function and mechanism of SFN inducing autophagy in cancers are still

obscure, especially in esophageal squamous cell carcinoma (ESCC), one of malignancies with high inci-

dence in North China. Here, we mainly explored the potential function of autophagy upon SFN treatment

in ESCC and molecular mechanism. We demonstrated that SFN could inhibit cell proliferation and

induce apoptosis by activating caspase pathway. Moreover, we found activation of NRF2 pathway by

SFN was responsible for the induction of autophagy and also a disadvantage element to the anti-tumor

effects of SFN on ESCC, indicating that SFN might induce protective autophagy in ESCC. We, therefore,

investigated effects of autophagy inhibition on sensitivity of ESCC cells to SFN and found that chloro-

quine (CQ) could neutralize the activation of SFN on NRF2 and enhance the activation of SFN on caspase

pathway, thus improved the anti-tumor efficiency of SFN on ESCC in vitro and in vivo. Our study pro-

vides a preclinical rationale for development of SFN and its analogs to the future treatment of ESCC.
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1. Introduction
Esophageal cancer (EC) is a most prevalent cancer, which ranks as
the sixth deadly cause in cancers worldwide1. Esophageal squa-
mous cell carcinoma (ESCC), as a prevailing subtype of EC, is an
aggressive and lethal malignancy with high incidence in China1.
Although drugs targeting specific molecules and combination
chemotherapy have been developed to treat ESCC2,3, the 5 years
survival rate is lower than 20% in advanced ESCC patients due to
lymphatic metastasis or drug resistance4. Therefore, the develop-
ment of new treatment strategies and drugs is imperatively
required for ESCC.

Autophagy is a conserved evolutionarily cellular self-
degradation process for maintaining energy homeostasis, in
which the forming autophagosomes can capture intracellular ag-
gregates and organelles, and deliver them to lysosomes to be
degraded and recycled5,6. Autophagy plays a key role in plentiful
diseases such as cancers, immune diseases, infectious disorders,
and cardiovascular diseases7. Autophagy is recognized to play
dual roles in cancers8, and it can promote cell death through
excessive self-digestion to prevent of oxidative stress and genomic
instability, while high activity of autophagy also helps cancer cells
to cope with high proteotoxic and metabolic stress, thus promotes
cell survival8. Late researches have indicated that autophagy has
very major function in development and chemoresistance of
cancers9,10, and inhibiting autophagy can improve the cytotoxicity
of many chemotherapeutic and targeted therapeutic drugs11,12.

Nuclear factor-erythroid 2-related factor 2 (NRF2) is a pivotal
regulator in maintaining redox homeostasis through effecting the
level of antioxidant enzymes13. In general conditions, NRF2 in-
teracts with Kelch-like ECH-associated protein 1 (KEAP1) and is
degraded by proteasome13. For responding electrophiles and
oxidative stress, NRF2 could dissociate from KEAP1 and trans-
locate to cell nucleus, and then activate cytoprotective genes
including NAD(P)H quinone oxidoreductase 1 (NQO1) and heme-
oxygenase-1 (HO-1)14,15, overexpression of which in cancer cells
could promote cell proliferation and survival16. Moreover, there
are abundant evidences that have demonstrated that dysregulation
of autophagy results in persistent activation of NRF2 in a P62-
dependent manner17. Thus, the function of NRF2 and autophagy
is interdependent in cancers.

Many natural ingredients have been utilized for preventing and
treating diseases, particularly cancers18. Sulforaphane (SFN), a
kind of isothiocyanate (ITC) extracted from cruciferous vegeta-
bles, and its analogs such as benzyl isothiocyanate (BITC) and
phenethyl isothiocyanate (PEITC) have been demonstrated to have
promising chemo-preventive activity in many cancer models,
including prostate cancer and ovarian cancer19e22. Researches
showed that SFN and its analogs could induce autophagy through
up-regulating autophagy-related protein microtubule-associated
protein 1 light chain 3 (LC3) and recruiting LC3 to the autopha-
gosomes23,24, which plays a protective effect to cancer
cells20,25,26.

In this study, we aim to investigate the potential function of
autophagy upon the basic active molecule SFN treatment in ESCC
and the molecular mechanism. Firstly, the effects of SFN on
proliferation, apoptosis and autophagy of ESCC cells were
explored. Next, function and molecular mechanism of SFN on cell
autophagy were investigated. Most importantly, we investigated
effects of inhibiting autophagy using inhibitor chloroquine (CQ)
and beclin-1-shRNA on chemoprevention of SFN to ESCC in vitro
and in vivo as well as potential molecular mechanisms.

2. Materials and methods

2.1. Reagents

Primary antibodies recognizing LC3B (#3868), P62 (#8025),
ATG5 (#4445), ATG7 (#4445), BCL-2 (#15071), BAX (#5023),
cleaved-caspase 9 (#7237), beclin-1 (#3495 S) and HO-1 (#43966)
as well as the secondary antibodies were purchased from Cell
Signaling Technology (Danvers, MA, USA). Primary antibody
NRF2 (sc-365,949) was purchased from Santa Cruz (Dallas, TX,
USA). Beclin-1-shRNA and negative control shRNA (NC-
shRNA) vectors were purchased from GenePharma Co., Ltd.
(Shanghai, China). Sulforaphane (HY-13755), chloroquine (HY-
17589), Z-VAD-FMK (HY-16658 B) and NRF2 inhibitor ML385
(HY-100523) were purchased from MedChemExpress (Monmouth
Junction, NJ, USA).

2.2. Cell culture and transfection

EC9706 and ECa109 cell lines were purchased from Cell Bank of
Type Culture Collection of the Chinese Academy of Sciences
(Shanghai, China). Cells above were incubated with RPMI-1640
medium containing 10% FBS (BI, Israel), 100 U/mL of penicillin
and 100 g/mL of streptomycin in an incubator with 5% CO2 and
saturated humidity at 37 �C. Human normal esophageal Het-1A
cells were obtained from American Type Culture Collection.
After EC9706 cells were seeded in 6-well plates and transfected
with NC-shRNA and beclin-1-shRNA vector using Lipofect-
amine™ 3000 (Invitrogen, Carlsbad, CA, USA), cells with NC-
shRNA or beclin-1-shRNA were screened using 400 mg/mL
G418 (Beijing Solarbio Science & Technology Co., Ltd., Beijing,
China). The sequence of beclin-1-shRNA and NC-shRNA was 50-
GGA CAA CAA GTT TGA CCATGC-30 and 50-GTT CTC CGA
ACG TGT CAC GT-30, respectively.

2.3. Cell proliferation assay

Cells were seeded in 96-well plates and disposed with different
measures, and then 10 mL CCK-8 reagents (Beyotime Biotech-
nology, Shanghai, China) were dropped into per well. Optical
densities of cells were detected by a microplate reader (Bio-Bad
Laboratories, Hercules, CA, USA) after cells were cultured for
another 4 h.

2.4. Clonogenic assay

After cells seeded in 6-well plates with 1 � 103 cells each well
were suffered with different treatment and cultured for 7 days, the
formed clones rinsed with PBS for thrice were fixed with 1 mL of
4% paraformaldehyde for 20 min and stained with 1 mL of 1%
crystal violet for 30 min. After washed with PBS, the clones were
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counted and analyzed by Image J software (NIH, Bethesda, MA,
USA). Colony formation rate was counted according to Eq. (1):

Colony formation rate (%) Z Clone number in treatment group/
Clone number in control group � 100 (1)
2.5. Cell apoptosis assay

Cell apoptosis was detected using Annexin V-FITC Apoptosis
Detection Kit (Sungene Biotech Co., Ltd., Tianjin, China) as
described in the instruction of manufacture. Briefly, cells inocu-
lated in 6-well plates with 3 � 105 cells each well were suffered
with different treatment, and then collected and resuspended in
1 mL of 1 � buffer. 100 mL of cell suspension above was trans-
ferred into a new EP tube and incubated with 5 mL of Annexin V-
FITC as well as 5 mL of propidium iodide (PI) at room temper-
ature (r.t.) for 5 min in a dark environment. After 500 mL of PBS
was dropped, apoptosis of cells was detected by a flow cytometer
(BD Accuri™ C6, Piscataway, NJ, USA) and the results were
analyzed by FlowJo 7.6 software (Tree Star Inc., Marina Del Rey,
CA, USA).

2.6. Western blot analysis

As previously described27, proteins with equal quality (30 mg)
were isolated using SDS-PAGE and shifted onto nitrocellulose
membrane. After the membrane was blocked in 5% skimmed milk
for 2 h at r. t., it was incubated with appropriate primary antibody
overnight at 4 �C. Subsequently, the membrane was incubated
with corresponding secondary antibody for 2 h at RT and the
bands on membrane were visualized by enhanced chem-
iluminescence (ECL) reagent (Thermo Fisher Scientific, Waltham,
MA, USA). The membrane was rinsed with PBS for thrice be-
tween the incubations described above. Every experiment was
repeated separately for thrice and the bands were quantified by
Image J software.

2.7. Immunofluorescence

Cells were seeded into culture plates with glass bottom (NEST
Biotechnology Co., Ltd., China) at the density of 1 � 104 cells/
well at 37 �C overnight. After suffered different dispose, cells
were fixed with 4% of paraformaldehyde for 20 min and pene-
trated using 0.1% Triton X-100 for 10 min at r. t., then cells were
blocked using 5% of BSA for 1 h and incubated with primary
antibody overnight at 4 �C. Subsequently, cells were incubated
with secondary antibody anti-rabbit Alexa 488 (#4412) for 1 h and
10 mg/mL of DAPI for 15 min in a dark environment. Cells were
rinsed with PBS for thrice between the incubations described
above. Immunofluorescence of cells was observed under a
confocal microscope (A1R/A1, Nikon, Tokyo, Japan).

2.8. mRFP-GFP-LC3 adenovirus infection

After ECa109 and EC9706 cells inoculated in 6-well plates with
3 � 105 cells each well were cultured overnight and infected with
mRFP-GFP-LC3 adenovirus (Hanbio Biotechnology Co., Ltd.,
Shanghai, China) for 48 h, cells were collected and inoculated in
culture dishes with glass bottom at the density of 1 � 104 cells/
well. Cells were disposed with SFN (10 mmol/L) and bafilomycin
A1 (100 nmol/L) for 24 h and fixed with 4% of paraformaldehyde
for 20 min. After cells were rinsed with PBS for thrice, the
fluorescent puncta in cells were supervised using a confocal mi-
croscopy (A1R/A1, Nikon).

2.9. Nuclear and cytoplasmic protein extraction

Proteins of nucleus and cytoplasm were extracted with a Nuclear
and Cytoplasmic Protein Extraction Kit (P0027, Beyotime
Biotechnology, Shanghai, China) as described in manufacturer’s
instruction. In brief, cells treated with 0, 5 and 10 mmol/L of SFN
were collected and disposed with cytoplasmic extraction reagent
A and PMSF for 15 min as well as cytoplasmic extraction reagent
B for 1 min, followed by being centrifuged with 12,000�g at 4 �C
for 5 min, and the supernatant sucked was the cytoplasmic pro-
teins. Subsequently, nuclear extraction reagent and PMSF were
added into the sediment above for 30 min, followed by being
centrifuged with 12,000�g at 4 �C for 10 min, and the supernatant
sucked was the nuclear proteins.

2.10. Animal studies

After 4e6 weeks athymic BALB/c male nude mice (Silikejingda
Experimental Animal Ltd., Changsha, China) were adaptive fed
for one week in IVC system, ECa109 cells (1 � 107 cells in
0.2 mL PBS) were subcutaneously inoculated into the right flank
of mice. When tumor volume reached 90e120 mm3, mice were
divided randomly into four groups (n Z 5): Control (saline
0.2 mL), SFN (5 mg/kg), CQ (60 mg/kg) and SFN þ CQ. Drugs
were injected intraperitoneally (i.p) into mice every other day for
two weeks. The tumor was measured with caliper every day and
the volume (V) was computed according to Eq. (2) for graphing
tumor growth curve:

V ZLength�Width2 �p=6 ð2Þ

When treatment was finished, blood or serum from mice were
used to measure routine haematological parameters and alanine
aminotransferase (ALT), aspartate aminotransferase (AST), uric
acid (UA) and creatinine (Cr), which are regular toxicity markers
of kidney and liver. After mice were sacrificed, tumors were
separated, weighed and fixed with 4% paraformaldehyde or stored
at �80 �C. Heart, liver, kidney, spleen and lung tissues were
weighed separately to calculate the relative organ weight (%), and
then fixed with 4% paraformaldehyde buffer. Efficiency of drugs
on tumor was evaluated according to “tumor inhibitory rate (%)”
and “relative tumor growth rate (T/C%)”.

Tumor inhibitory rate ð%Þ
Z ðTumor weight in control group

�Tumor weight in treatment groupÞ=
Tumor weight in control group� 100 ð3Þ

Relative tumor volumeðRTVÞ Z Vt=V0 ð4Þ



Figure 1 SFN inhibited proliferation of ESCC cells. (A) After ECa109 and EC9706 cells were incubated with various concentrations (0, 10, 20,

40, 60 and 80 mmol/L) of SFN for 24, 48 and 72 h, viability of cells was determined by CCK-8 assay (n Z 3). (B) Effects of SFN on proliferation

of normal esophageal Het-1A cells (n Z 3). (C) Clonogenic assay of cells treated with SFN (0, 5, and 10 mmol/L) for 7 days and the number of

colonies in three independent experiments were quantified and statistically analyzed (n Z 3). ***P < 0.001 compared to control group.

Autophagy induced by Sulforaphane in ESCC 1249
T=C ð%ÞZTRTV=CRTV� 100 ð5Þ

where V0 was tumor volume at the beginning of treatment, Vt was
tumor volume at every treatment, TRTV was the mean of RTV in
experiment group during the treatment, and CRTV was the mean
of RTV in the control group during the treatment. T/C%�40% and
P < 0.05 were considered as effective treatment, T/C%>40% was
considered as invalid treatment. Operation in animal experiment
was agreed by the Animal Ethics Committee, Zhengzhou Uni-
versity, and accordance with the ARRIVE guidelines.
2.11. H&E staining and TUNEL assay

Liver, kidney and xenograft tissues fixed in 4% paraformaldehyde
buffer were embedded using paraffin and sliced to 4 mm sections
for hematoxylin and eosin staining (H&E staining) as described
previously28. Moreover, cell apoptosis in sections from xenografts
was detected by Terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) assay using In Situ Cell Death Detection
Kit (Roche, Oceanside, CA, USA) as described previously29. The
number of TUNEL-positive cells (brown-stained) was counted
based on an examination of 1500 tumor cells of each section.
2.12. Statistical analysis

All cellular experiments were independently repeated no less than
three times. Statistical analysis was done by SPSS 21.0 software
(SPSS Inc., Chicago, IL, USA) and the cell experiment and
Western blotting results are expressed as mean � standard devi-
ation (SD). Independent samples t-test or one-way ANOVA was
employed to analyze the possible differences between groups, and
statistical significance was estimated when P < 0.05.
3. Results

3.1. SFN inhibits proliferation of ESCC cells

After ECa109, EC9706 and Het-1A cells were treated with
different concentrations (0, 10, 20, 40, 60 and 80 mmol/L) of SFN
for 24, 48 and 72 h, cell viability was investigated by CCK-8
assay. The results demonstrate that SFN could inhibit proliferation
of ECa109 and EC9706 cells along with the increase of SFN
concentration and time (Fig. 1A). The IC50 values of SFN were
47.36 � 1.68, 20.77 � 1.32 and 15.20 � 1.18 mmol/L in
ECa109 cells and 75.30 � 1.88, 40.97 � 1.70 and
17.50 � 1.24 mmol/L in EC9706 cells at 24, 48 and 72 h,
respectively. However, SFN also had proliferation-inhibiting ef-
fects on Het-1A cells and the IC50 value was 34.09 � 1.53 and
21.30 � 1.33 mmol/L at 48 and 72 h, respectively.

Clonogenic assay was performed to further confirm the effects
of SFN on cell proliferation ability after ECa109 and
EC9706 cells, respectively, were treated with 0, 5 and 10 mmol/L
SFN. As shown in Fig. 1C, SFN significantly inhibited the colony
formation of ECa109 and EC9706 cells. The results indicate that
SFN could suppress proliferation of ESCC cells in a time- and
dose-dependent manner.

3.2. SFN induces apoptosis of ESCC cells by activating caspase
pathway

Induction of apoptosis is a prominent mode of cytotoxicity for
many chemotherapeutic drugs, we therefore investigated cell
apoptosis by flow cytometry after ECa109 and EC9706 cells
were treated with SFN (0, 10, 20, and 30 mmol/L) for 72 h. As
shown in Fig. 2A, SFN significantly increased the apoptotic
population of ECa109 and EC9706 cells in a dose-dependent



Figure 2 SFN induced apoptosis of ESCC cells by activating caspase pathway. (A) Apoptosis of ECa109 and EC9706 cells treated with SFN

(0, 10, 20 and 30 mmol/L) for 72 h was analyzed by flow cytometry. Late stage apoptosis rate (Q2) and early stage apoptosis (Q4) of cells were

quantified (n Z 3). (B) Expression of apoptotic markers BCL-2, BAX and cleaved-caspase 9 was investigated by Western blot after ECa109 and

EC9706 cells were treated with 10 mmol/L of SFN for 0, 3, 6, 12 and 24 h (n Z 3). (C) Viability of ECa109 and EC9706 cells treated with SFN

(40 mmol/L) and Z-VAD-FMK (20 mmol/L) alone or combination for 48 h was detected by CCK-8 assay (n Z 3). (D) Apoptosis of ECa109 and

EC9706 cells treated with SFN (40 mmol/L) and Z-VAD-FMK (20 mmol/L) alone or combination for 48 h was analyzed by flow cytometry. Late

stage apoptosis rate (Q2) and early stage apoptosis (Q4) of cells were quantified (n Z 3). *P < 0.05, and ***P < 0.001 compared to control

group;
###

P < 0.001 compared to single-drug treatment group.
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manner compared to control group. Moreover, we analyzed the
expression of several apoptotic markers, such as cleaved-
caspase 9, pro-apoptotic protein BAX and anti-apoptotic pro-
tein BCL-2 by Western blot in ECa109 and EC9706 cells treated
with 10 mmol/L of SFN for 0, 3, 6, 12 and 24 h, respectively. As
shown in Fig. 2B, SFN increased the levels of cleaved-caspase 9
in a time-dependent manner, but not BAX and BCL-2, which
indicated that SFN could induce cell apoptosis through acti-
vating caspase pathway.

To further confirm that SFN-induced cell death is mediated
by an activation of caspase pathway, Z-VAD-FMK (20 mmol/L),
a specific inhibitor of caspase, was used alone or combined with
SFN (40 mmol/L) to treat ECa109 and EC9706 cells, then cell
proliferation and apoptosis were detected by CCK-8 assay and
flow cytometry, respectively. As shown in Fig. 2C, Z-VAD-FMK
had no obvious effects on cell proliferation, while the inhibiting
effects of SFN on cell proliferation became weaken after cells
treated with Z-VAD-FMK, indicating that Z-VAD-FMK could
impair the inhibiting effects of SFN on proliferation. Moreover,
Z-VAD-FMK abolished partly the inducing-effects of SFN on
cell apoptosis (Fig. 2D). In brief, our data demonstrate that SFN
could induce cell apoptosis by activating caspase pathway in
ESCC cells.

3.3. SFN induces autophagy by activating autophagy flux in
ESCC cells

To explore effects of SFN on autophagy of ESCC cells, we firstly
investigated the expression of LC3B-II and P62, the key proteins
in autophagy, by Western blot after ECa109 and EC9706 cells
were treated with 10 mmol/L of SFN for 0, 3, 6, 12 and 24 h,
Figure 3 SFN induced autophagy flux in ESCC cells. (A) Expression

EC9706 cells were treated with 10 mmol/L of SFN for different times (0, 3, 6

immunofluorescence assay under a confocal microscope after ECa109 and E

24 h (nZ 3). (C) Expression of P62 and LC3 was investigated by Western b

and CQ (20 mmol/L) alone or combination for 48 h (n Z 3). (D) autophag

and quantified using a confocal microscopy after ECa109 and EC9706 ce

(10 mmol/L) or bafilomycin A1 (100 nmol/L) for 24 h (n Z 3). *P < 0.05,
##P < 0.01 and ###P < 0.001 compared to single-drug treatment group. Sc
respectively. As shown in Fig. 3A, expression of increased LC3B-
II and decreased P62 was observed in ESCC cells along with the
extension of treatment time, indicating that SFN could affect
expression of LC3B-II and P62 in a time-dependent manner in
ESCC. Next, we detected the distribution and expression of LC3
by immunofluorescence assay and Western blot after ECa109 and
EC9706 cells were treated with SFN (10 mmol/L) and CQ
(20 mmol/L), an autophagy lysosomal inhibitor, alone or combined
for 24 h. The results of immunofluorescence show that SFN and
CQ alone markedly induced the aggregation of GFP-LC3 puncta
in ESCC cells, while LC3 level had a further elevation when cells
were treated with SFN combined with CQ compared to cells
treated with SFN or CQ alone (Fig. 3B). In Western blot experi-
ment, CQ alone promoted expression LC3B-II and P62, while in
cells treated with CQ combined with SFN, expression of LC3B-II
increased and P62 had a mild decrease compared to cells treated
with CQ, indicating that SFN might promote the autophagy flux in
ESCC cells (Fig. 3C). In addition, in order to further confirm the
autophagy-inducing effects of SFN, fluorescent dots were
analyzed by confocal microscopy after ECa109 and EC9706 cells
were infected with mRFP-GFP-LC3 adenovirus vector and treated
with 10 mmol/L of SFN or 100 nmol/L of bafilomycin A1, a
regular function of lysosome inhibitor, for 24 h. As shown in
Fig. 3D, compared to control cells, many yellow puncta were
observed in cells treated with bafilomycin A1, while many yellow
puncta and red puncta were observed in cells treated with SFN
because of the green immunofluorescence quenched in the process
of autophagosomes transforming to autolysosomes, indicating that
SFN could promote the formation of autophagosomes and auto-
lysosomes. Collectively, our data indicate that SFN could induce
autophagy of ESCC cells by promoting the autophagy flux.
of LC3 and P62 was investigated by Western blot after ECa109 and

, 12 and 24 h), respectively (nZ 3). (B) Puncta of LC3 were detected by

C9706 cells were treated with SFN (10 mmol/L) and CQ (20 mmol/L) for

lot after ECa109 and EC9706 cells were treated with SFN (10 mmol/L)

osomes (Green þ Red) and autophagolysosomes (Red) were observed

lls infected with mRFP-GFP-LC3 adenovirus were treated with SFN

**P < 0.01 and ***P < 0.001 compared to control group;
#
P < 0.05,

ale Z 50 mm.



Figure 4 SFN induced protective autophagy by activating NRF2 pathway in ESCC cells. (A) Expression of ATG5, ATG7 and ATG3 was

investigated by Western blot analysis after ECa109 and EC9706 cells were treated with 10 mmol/L of SFN for different times (0, 3, 6, 12 and

24 h), respectively (n Z 3). (B) Expression of NRF2 in nuclear and cytoplasm was detected by Western blot after ECa109 and EC9706 cells were

treated with SFN (0, 5 and 10 mmol/L) for 48 h, respectively (n Z 3). (C) Expression of NRF2 and HO-1 was investigated by Western blot after

ECa109 and EC9706 cells were treated with ML385 (0, 5, 10, 20 and 30 mmol/L) for 48 h, respectively (n Z 3). (D) Expression of LC3 and P62

was determined by Western blot after ECa109 and EC9706 cells were treated with SFN (10 mmol/L) and ML385 (20 mmol/L) alone or com-

bination for 48 h (n Z 3). (E) Viability of ECa109 and EC9706 cells was detected using CCK-8 assay after cells were treated with ML385 (0, 5,

10, 50, 100 and 200 mmol/L) for 48 and 72 h, respectively (n Z 3). (F) Clone formation ability of ECa109 and EC9706 cells was investigated by

clonogenic assay after cells were treated with SFN (0, 5 and 10 mmol/L) for 7 days, respectively, and the number of colonies in three independent

experiments were quantified and statistically analyzed (n Z 3). **P < 0.01 and ***P < 0.001 versus control group;
###

P < 0.001 versus single-

drug treatment group.
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Figure 5 Autophagy inhibition by CQ improved antitumor responses of ESCC cells to SFN. (A) Cell proliferation was detected by CCK-8

assay after ECa109 and EC9706 cells were treated with 20 mmol/L of SFN alone or combined with 20 mmol/L of CQ or serum-free starva-

tion, respectively, for 72 h (nZ 3). (B) Cell proliferation was detected by CCK-8 assay after ECa109 and EC9706 cells were treated with SFN (0,

20, 40, and 80 mmol/L) alone or combined with 20 mmol/L of CQ for 24, 48 and 72 h, respectively (n Z 3). (C) Clone formation ability of cells

was investigated by clonogenic assay after ECa109 and EC9706 cells were treated with 5 mmol/L of SFN and 10 mmol/L of CQ alone or

combination for 7 days, and the number of colonies in three independent experiments was quantified and statistically analyzed (n Z 3). (D)

Apoptosis of ECa109 and EC9706 cells treated with SFN (10 mmol/L) and CQ (20 mmol/L) alone or combination for 72 h was analyzed by flow

cytometry. Late stage apoptosis rate (Q2) and early stage apoptosis (Q4) of cells were quantified. (E) Expression of BCL-2, BAX and cleaved-

caspase 9 was investigated by Western blot after ECa109 and EC9706 cells were treated with SFN (10 mmol/L) and CQ (20 mmol/L) alone or

combination for 48 h, respectively (n Z 3). (F) Expression of NRF2 in nuclear and cytoplasm was detected by Western blot after ECa109 and

EC9706 cells were treated with SFN (10 mmol/L) and CQ (20 mmol/L) alone or combination for 48 h (n Z 3). (G) Puncta of NRF2 were detected

by immunofluorescence assay under a confocal microscope after ECa109 and EC9706 cells were treated with SFN (10 mmol/L) and CQ

(20 mmol/L) alone or combination for 24 h (n Z 3). *P < 0.05, **P < 0.01 and ***P < 0.001 versus control group;
#
P < 0.05, ##P < 0.01 and

###P < 0.001 versus single-drug treatment group. Scale Z 50 mm.
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3.4. SFN induces protective autophagy by activating NRF2
signaling in ESCC cells

To further explore molecular mechanism of SFN inducing auto-
phagy, we firstly investigated the expression of autophagy-related
gene ATG3, ATG5 and ATG7 by Western blot after ECa109 and
EC9706 cells were treated with 10 mmol/L of SFN for 0, 3, 6, 12
and 24 h, respectively. As shown in Fig. 4A, the expression of
ATG3, ATG5 and ATG7 has no changes after ESCC cells were
treated with SFN, indicating that SFN inducing autophagy of
ESCC cells had no relationship with autophagy-related genes.

SFN has been previously shown to stimulate NRF2 signaling in
many cancers30 and the translocation of NRF2 to the nuclear is a
crucial step for its activation13. To determine whether SFN
increased the transcriptional activity of NRF2 in ESCC, the
expression of NRF2 in cytoplasm and nuclear was evaluated by
Western blot analysis after ECa109 and EC9706 cells were treated
with SFN (0, 5, and 10 mmol/L), GAPDH and histone H3 were
used as markers of cytosolic and nuclear fractions, respectively.
As shown in Fig. 4B, NRF2 was mainly expressed in cell nucleus
and SFN increased the expression of NRF2 in nucleus of ECa109
and EC9706 cells, indicated that SFN could significantly activate
NRF2 signaling in human ESCC cells. In addition, we treated
cells with ML385 (0, 5, 10, 20, and 30 mmol/L), a specific NRF2
inhibitor, for 24 h, and found ML385 decreased expression of
NRF2 and HO-1 in a dose-dependent manner in ESCC (Fig. 4C),
while when we treated ECa109 and EC9706 cells with 10 mmol/L
of SFN and 20 mmol/L of ML385 alone or combined for 24 h, we
found ML385 alone inhibited LC3B-II and promoted P62
expression, and thus relieved the increase of LC3B-II and decrease
of P62 caused by SFN when combined with SFN (Fig. 4D).
Moreover, we also investigated effects of ML385 on cell prolif-
eration and colony formation, and found that ML385 significantly
inhibited cell viability and colony formation (Fig. 4E and F),
indicating that targeting NRF2 could inhibit cancer and the acti-
vation of NRF2 was a disadvantage element for anti-tumor effects
of SFN, just as shown in previous reports31,32. These results
indicate that SFN inducing autophagy was mediated by activating
NRF2 pathway, which might impair the sensitivity of ESCC cells
to SFN, that is, SFN might induce protective autophagy in ESCC
cells.

3.5. Autophagy inhibition improves antitumor responses of
ESCC cells to SFN

According to the results above, we supposed that autophagy in-
hibition might improve sensitivity of ESCC cells to SFN, we,
therefore, explored the effects of inhibiting autophagy by CQ on
the anti-tumor effects of SFN through detecting proliferation,
colony formation and apoptosis of ESCC cells treated with SFN
combined with CQ. Cell proliferation was firstly detected by
CCK-8 assay after ECa109 and EC9706 cells were treated with
20 mmol/L of SFN alone or combined with 20 mmol/L of CQ and
serum-free starvation, respectively, for 72 h. As shown in Fig. 5A,
CQ enhanced while serum-free starvation impaired the
proliferation-inhibiting effects of SFN (P < 0.001). We also
investigated cell proliferation by CCK-8 assay after ECa109 and
EC9706 cells were treated with different concentration of SFN (0,
10, 20, 40 and 80 mmol/L) alone or combined with 20 mmol/L CQ
for different times (24, 48 and 72 h). The results also demonstrate
that CQ enhanced the proliferation-inhibiting effects of SFN
(P < 0.05, P < 0.01 or P < 0.001, Fig. 5B). Subsequently, colony
formation ability of ESCC cells was detected by clonogenic assay
after ECa109 and EC9706 cells were treated with 5 mmol/L of
SFN alone or combined with 10 mmol/L of CQ for 7 days. The
results demonstrate that SFN and CQ co-treatment strongly
reduced the number of colonies formed compared to cells treated
with SFN alone (P < 0.01 or P < 0.001, Fig. 5C). Moreover, we
explored cell apoptosis by flow cytometry after ECa109 and
EC9706 cells were treated with 10 mmol/L of SFN and 20 mmol/L
of CQ alone or combination for 72 h. As shown in Fig. 5D, CQ
had no obvious effects on cell apoptosis, while compared to cells
treated with SFN alone, SFN and CQ co-treatment significantly
increased apoptosis rates of ECa109 and EC9706 cells, which
indicated that inhibition of autophagy by CQ could promote SFN-
induced apoptosis in ESCC cells. The results above indicate that
autophagy inhibition with CQ could enhance the anti-tumor ef-
fects of SFN on ESCC.

In order to gain some insights in the molecular mechanisms of
CQ enhancing the anti-tumor effects of SFN on ESCC, expression
of proteins in apoptosis pathway was detected by Western blot
after ECa109 and EC9706 cells were treated with 10 mmol/L of
SFN and 20 mmol/L of CQ alone or combined for 48 h. The results
are shown as Fig. 5E, SFN and CQ co-treatment decreased BCL-2
and increased cleaved-caspase 9 expression compare with control
or SFN-treated cells (P < 0.001). Moreover, expression of NRF2
in nucleus and cytoplasm was investigated by Western blot and
immunofluorescence assay after ECa109 and EC9706 cells were
treated as described above. As shown in Fig. 5F, NRF2 had no
obvious expression in the cytoplasm of ECa109 and EC9706 cells,
SFN promoted the expression of NRF2 in cell nucleus, while CQ
markedly inhibited the activation of SFN to NRF2 when cells
were treated with CQ and SFN combination (P < 0.001). The
results of immunofluorescence assay further demonstrate the low
expression of NRF2 (green fluorescence) in nucleus of cells co-
treated with SFN and CQ (Fig. 5G). These results indicate that
inhibition of autophagy by CQ could improve the sensitivity of
ESCC cells to SFN through eliminating the activation of SFN to
NRF2 in nucleus.

In addition, we also investigated effects of inhibiting auto-
phagy by down-regulating beclin-1, an important protein to
regulate early step of autophagosome formation, in EC9706 cells
using beclin-1-shRNA on the sensitivity of ESCC cells to SFN.
The results are shown as Fig. 6, beclin-1-shRNA down-regulated
markedly expression of beclin-1, and improved the proliferation-
and colony formation-inhibiting effects of SFN on ESCC cells,
suggesting that inhibiting autophagy by down-regulating auto-
phagy protein beclin-1 also could improve the anti-tumor effects
of SFN on ESCC.

3.6. CQ increases chemosensitivity of ESCC cells to SFN in vivo

We investigated the effects of CQ on the anti-tumor efficiency of
SFN on ESCC using xenografts in nude mice, the results are
shown in Fig. 7. SFN and CQ combination significantly inhibited
tumor growth, the inhibition efficiency was obvious better than the
two single-drug treatment groups (Fig. 7A and B), and the weight
of tumors in CQ þ SFN group were less than that in control or the
two single-drug treatment groups (Fig. 7C). The anti-tumor effi-
ciency of the treatments was shown as Table 1, tumor suppression
rate were 30.75%, 24.32%, and 63.48%, respectively, and relative
tumor growth rate (T/C%) were 58.57%, 72.46% and 39.77%
(P < 0.05) in SFN group, CQ group, and combination group,
respectively. According to the judgment criteria, SFN and CQ



Figure 6 Autophagy inhibition by downregulating beclin-1 improved antitumor responses of ESCC cells to SFN. (A) Expression of beclin-1

was investigated by Western blot after EC9706 cells were transfected with NC-shRNA or beclin-1-shRNA (n Z 3). (B) Viability of EC9706 cells

with beclin-1-shRNA or NC-shRNA was detected using CCK-8 assay after cells were treated with SFN (0, 5, 25, 50 and 100 mmol/L) for 72 h

(n Z 3). (C) Colony formation ability of EC9706 cells with beclin-1-shRNA or NC-shRNAwas investigated by clonogenic assay after cells were

treated with 5 mmol/L SFN for 7 days, and the number of colonies in three independent experiments was quantified and statistically analyzed

(n Z 3). ***P < 0.001 versus control group;
#
P < 0.05 and ###P < 0.001 versus single-drug treatment group.
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alone in this dosage had no obvious efficiency on tumor growth,
while the combination of SFN and CQ had obvious anti-tumor
effects on ESCC. Moreover, tumor tissues from nude mice were
analyzed by H&E staining and TUNEL assay (Fig. 7D). In the
results of H&E staining, some morphological changes associated
with cell apoptosis such as condensed nuclei, cytoplasmic
vacuolization and cell shrinkage were observed in SFN and
SFN þ CQ group, especially in the latter group. The results of
TUNEL assay show that there were large number of TUNEL
positive cells (brown staining) in SFN and SFN þ CQ group
compared with that in control group, especially in SFN þ CQ
group.

The toxicity of SFN and CQ to nude mice was primary eval-
uated through measuring body weight, toxicity markers of kidney
and liver such as aminotransferase (ALT), aspartate aminotrans-
ferase (AST), uric acid (UA) or creatinine (Cr), haematological
parameters, as well as relative organ weights. The results show
that body weight of mice in every group had no obvious differ-
ences during the therapeutic period (Fig. 7E) and no obvious
pathological lesions associated with the treatment were observed
in liver and kidney according to H&E staining results (Fig. 7F).
Moreover, compared to control group, no significant differences in
plasma levels of ALT, AST, UA or Cr, haematological parameters
as well as relative organ weights were observed in every experi-
ment group (Tables 2e4), indicating that therapeutic doses of SFN
and CQ had no obvious toxicity to nude mice.

Molecular mechanism of CQ enhancing the anti-tumor effects
of SFN in vivo was explored by Western blot using the tumors
from nude mice. As shown in Fig. 7G, compared to control group,
SFN increased of LC3B-II and decreased P62 expression
(P < 0.001). Compared to SFN group, the level of accumulated
LC3B-II and P62 further increased in SFN and CQ co-treatment
group, indicating SFN induced autophagy of ESCC cells and
CQ inhibited the inducing effects of SFN on autophagy in vivo. In
addition, SFN and CQ co-treatment inhibited the expression of
NRF2 and HO-1 (P < 0.001), and activated the caspase pathway
through decreasing BCL-2 and increasing cleaved-caspase 9
expression (P < 0.001) compare with that SFN alone. These re-
sults are accordance with the data we demonstrate in vitro, which
further indicate that SFN could inhibit ESCC through activating
apoptosis pathway while promote protective autophagy to ESCC
cells by activating NRF2 pathway, and autophagy inhibitor CQ
could enhance the anti-tumor effects of SFN on ESCC by inhib-
iting the activation of SFN to NRF2.
4. Discussion

ESCC is one kind of malignant gastrointestinal cancer and 90% of
ESCC happens in countries of Asia33. Although many new ther-
apeutic and diagnostic measures have been employed, ESCC is
still beyond cure because of its inferior prognosis and high relapse
rate, especially the chemoresistance. Thus, exploration of new
effective drugs for ESCC treatment is significantly urgent.

Many evidences indicated that natural ingredients may be
dominant drugs for cancer treatment, for example, curcumin,
paclitaxel, resveratrol, epigallocatechin gallate19,34 and
SFN19,34,35. SFN is an anti-tumor ingredient from cruciferous
vegetables, which has been suggested as a promising anticancer
agent without significant adverse effects by recent clinical
studies30. In this study, we discovered that SFN was able to inhibit
viability and induce apoptosis of ESCC cells by activating caspase



Figure 7 CQ increased chemosensitivity of ESCC cells to SFN in vivo (n Z 5). (A) Tumors from xenograft mice at the end of treatment

(nZ 5). (B)Tumor growth curves of every group (nZ 5). (C) Tumor weight of every group at the end of treatment (nZ 5). (D) Cells apoptosis of

tumor tissues were analyzed by H&E staining and TUNEL assay (nZ 5). (E) The body weight curve of every group (nZ 5). (F) H&E staining of

liver and kidney tissues (n Z 5). (G) Expression of LC3, P62, NRF2, HO-1, BCL-2, BAX and cleaved-caspase 9 in tumor tissues were analyzed

by Western blot analysis (nZ 3). *P < 0.05, **P < 0.01 and ***P < 0.001 versus control group;
##
P < 0.01 and ###P < 0.001 versus single-drug

treatment group. Scale Z 100 mm.
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pathway (Figs. 1 and 2). Research has been showed that SFN can
block tumor initiation via inhibiting phase I enzymes, which could
promote tumorigenesis by converting procarcinogens to carcino-
gens, and inducing phase II enzymes, which could prevent
tumorigenesis by detoxifying and promoting excretion of carcin-
ogens36. Moreover, SFN can suppress cancer development through
affecting various molecular targets in proliferation, apoptosis, and
cell cycle36, such as BCL-2 family proteins, caspases, and cyclin-
dependent kinases37 as well as proteins in MAPK and PI3K/AKT/
mTOR pathway36, and effectively enhance the anticancer activity
of chemotherapeutic drugs by inhibiting tumor stem cell growth38.
In addition, SFN could activate NRF2, thus regulates its down-
stream cytoprotective genes through modifying KEAP1 cysteine
residues39. In the recent years increasing evidences suggest that
NRF2 plays seemingly contradictory roles in cancer40,41, phar-
macological activation of NRF2 is, therefore, regarded as a
promising therapeutic approach for several chronic diseases, such
as cardiovascular, neurodegenerative, and metabolic diseases42.
However, in the last decade, many studies have described that
NRF2 is activated in cancers and high activity of NRF2 can



Table 1 Relative growth rates of tumor and tumor inhibitory rates.

Group RTV T/C

(%)

Tumor weight

(g)

Tumor

inhibitory

rate (%)

Control 8.29 e 1.24 � 0.09 e

SFN 4.86 58.57 0.86 � 0.19 30.75

CQ 6.01 72.46 0.94 � 0.08 24.32

SFN þ CQ 3.30 39.77* 0.45 � 0.23 63.48

After mice were treated with SFN and CQ alone or combination for two weeks, the xenografts were collected and weighed separately to calculated

“tumor inhibitory rate (%)” and “relative tumor growth rate (T/C%)”. *P < 0.05 compared to control group.

Table 2 Level of ALT, AST, UA and Cr in serum of xenograft mice.

Parameter Control SFN CQ SFN þ CQ

AST/GOT (U/L) 18.97 � 5.41 20.24 � 4.17 18.61 � 2.85 18.24 � 3.83

ALT/GPT (U/L) 3.36 � 1.78 5.34 � 1.92 6.27 � 1.35 5.90 � 2.16

UA (mmol/L) 131.82 � 18.17 139.09 � 7.25 127.27 � 5.63 119.09 � 16.33

Cr (mmol/L) 23.97 � 5.46 23.38 � 3.69 21.70 � 3.97 16.42 � 2.38

At the end of treatment, serum samples were used to measure the levels of ALT, AST, UA or Cr using their assay kit, respectively, for evaluating the

toxicity of drugs to liver and kidney of mice. No statistically significant differences were found.

Table 3 Haematological parameters of xenograft mice.

Parameter Control SFN CQ SFN þ CQ

WBC ( � 109/L) 5.41 � 1.08 4.18 � 0.48 4.71 � 0.99 4.03 � 0.66

RBC ( � 1012/L) 8.83 � 0.24 8.59 � 0.83 8.60 � 0.38 8.91 � 0.34

HGB (g/L) 145.50 � 3.27 139.00 � 13.78 140.67 � 6.31 143.50 � 5.50

HCT (%) 44.52 � 1.28 42.62 � 4.07 43.05 � 1.75 44.12 � 1.78

MCV (fL) 50.40 � 0.37 49.62 � 0.55 50.10 � 0.78 49.50 � 0.44

RDW (%) 16.47 � 0.19 16.18 � 0.08 16.38 � 0.08 16.07 � 0.16

MCH (pg) 14.77 � 0.54 15.20 � 0.65 15.28 � 0.28 15.62 � 0.41

MCHC (g/L) 327.00 � 3.41 326.17 � 3.82 326.67 � 4.50 325.33 � 3.08

PLT ( � 109/L) 889.00 � 101.40 867.83 � 134.68 941.00 � 45.99 935.67 � 107.55

MPV (fL) 6.78 � 0.26 6.62 � 0.17 6.52 � 0.13 6.67 � 0.19

At the end of treatment, blood samples were used to measure the routine haematological parameters. No statistically significant differences were

found.
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promote cell viability and invasion40,43, as well as lead to
excessive expression of specific antioxidant enzymes, phase II
enzymes and transporters, which will hinder drugs entering into
cells and block decomposition and efflux of drugs, and result in
the decrease of drugs efficacy40. In this study, we demonstrate
SFN could activate NRF2 in ESCC and NRF2 inhibitor ML385
could inhibit proliferation and clonogenic formation of ESCC
cells (Fig. 4E and F), indicating that the activation of NRF2
might be a disadvantage element for the anti-tumor effects of
SFN on ESCC.

Autophagy, an evolutionarily conserved catabolic process,
could degrade cytoplasmic components such as proteins and
defective organelles7. Each stage of autophagy could be tightly
regulated by specific autophagy complexes44. At the initial stage
of autophagy, Unc-51 like autophagy activating kinase 1 (ULK1)
protein kinase complex is activated and localized to the phag-
ophore for activating class III PI3K45, then beclin-1 is involved in
class III PI3K complex to regulate an early step of autophagosome
formation45. Meanwhile, LC3-I in cell cytoplasm is sheared and
modified by ubiquitination, and combines with PE on the surface
of autophagosome membrane to form LC3-II for binding with
degraded substrates, the process above is catalyzed by ATG7, E2-
like ATG3, and the ATG12eATG5 conjugate46. Moreover, P62
(sequestosome) protein preferentially recognizes and recruits
polyubiquitinated proteins into the phagocytic vesicles through
interacting with LC3-II, and then degrades together with of these
proteins47. Therefore, increase of LC3-II companied with decrease
of P62 was recognized the mark of autophagy activity48. In recent
years, autophagy has been recognized as a vital mechanism in the
chemoresistance induced by NRF249. Research has shown that
NRF2 promotes resistance of cisplatin by activating autophagy in
ovarian cancer14 and isodeoxyelephantopin could induce protec-
tive autophagy through regulating NRF2-P62-KEAP1 feedback
loop in lung cancer50. However, the cross-talk of NRF2 and
autophagy is still obscure. HO-1 is the main cytoprotective gene
downstream of NRF215, and some evidences indicated that



Table 4 Relative organ weights (%) of xenograft mice.

Organ Control SFN CQ SFN þ CQ

Heart 0.54 � 0.07 0.63 � 0.13 0.59 � 0.06 0.59 � 0.10

Liver 6.38 � 0.34 6.74 � 0.35 6.42 � 0.26 5.72 � 0.73

Spleen 0.77 � 0.07 0.79 � 0.14 0.78 � 0.09 0.72 � 0.12

Lung 0.69 � 0.07 0.72 � 0.19 0.66 � 0.07 0.64 � 0.06

Left kidney 0.84 � 0.12 0.84 � 0.19 0.86 � 0.08 0.82 � 0.08

Right kidney 0.83 � 0.08 0.98 � 0.17 0.79 � 0.07 0.81 � 0.07

During necropsy, the heart, liver, kidney, spleen and lung tissues were collected and weighed separately to calculate the relative organ weight (organ

weight/body weight � 100). No statistically significant differences were found.
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chemotherapy drugs could promote ROS-dependent apoptosis and
autophagy via the NRF2/HO-1 pathway51,52.

There are contradictory opinions about the roles of autophagy
in cancer progression8, and autophagy can function as a survival
mechanism or as an alternative pro-apoptosis mechanism in tu-
mors7. Majority studies support that SFN could induce protective
autophagy20,25, while autophagy is also a initiator or executioner
of cell death53. In the present study, we demonstrated that SFN
could induce cell autophagy by promoting the formation of
autophagosome and autolysosome in ESCC (Fig. 3), but SFN had
no effects on ATGs, which indicated that SFN inducing autophagy
might have no relationship with autophagy-related genes
(Fig. 4A). To explore the molecular mechanism of SFN inducing
autophagy, we investigated effects of SFN on expression of NRF2
in ESCC and found SFN promoted the expression of NRF2 in
nucleus (Fig. 4B), while NRF2 inhibitor ML385 could inhibit
autophagy and impair the inducing effects of SFN on cell auto-
phagy by inhibiting expression of NRF2 and HO-1 (Fig. 4C and
D), indicating that SFN could induce autophagy in ESCC cell by
Figure 8 Working model summarizing the results obtained in this wo

induced by SFN in ESCC.
activating NRF2. Moreover, the results that NRF2 inhibitor
ML385 inhibiting proliferation and colony formation of ESCC
cells (Fig. 4E and F) suggest that SFN activating NRF2 might
induce a protective autophagy for ESCC cells, and thus impairs
the anti-tumor effects of SFN on ESCC.

Recently studies have been reported that autophagy can
promote chemoresistance in cancers, including ESCC54, just
as we show above that SFN induced the protective autophagy
for ESCC cells. Large numbers of researches, therefore,
highlight the potential of autophagy as a therapeutic target to
overcome drug-resistant problems in tumor therapy, and
inhibiting autophagy using miRNA, 3-methyl adenine (3-MA)
or CQ improves chemoresistance in many cancers55. Thus,
targeting autophagy may be a potential strategy for elimi-
nating therapeutic resistance in cancers. In our study, we
confirm that inhibiting autophagy using CQ or beclin-1
shRNA could enhance the sensitivity of ESCC cells to SFN
(Fig. 5AeD and Fig. 6). We explored the molecular mecha-
nism and found that CQ could enhance the activating effects
rk. A short schematic diagram that how NRF2 regulates autophagy



Autophagy induced by Sulforaphane in ESCC 1259
of SFN on caspase pathway and offset the activation of SFN
on NRF2 in ESCC. Furthermore, we validated that CQ
improved significantly the inhibition efficiency of SFN on
tumor growth in nude mice and the co-treatment of CQ and
SFN had no obvious toxicity. In addition, to highlight effects
of autophagy on the antitumor effects of SFN, the dosage of
SFN we chose to treat animals was lower (5 mg/kg) than that
other studies21,56 and the volume of tumor at the beginning of
treatment was bigger (90e120 mm3) than that in other studies
(60e80 mm3)27,57, which caused that SFN alone in this study
had no obvious anti-tumor effects on ESCC according to our
judgment criteria. The molecular mechanism that CQ
enhancing the sensitivity of xenografts to SFN was accor-
dance with that we confirmed in vitro.

5. Conclusions

Our findings demonstrate that SFN could inhibit ESCC by acti-
vating caspase pathway while induce protective autophagy to
ESCC cells by activating NRF2, and CQ could enhance the
sensitivity of ESCC cells to SFN in vitro and in vivo by enhancing
the activating effects of SFN on caspase pathway and neutralizing
the activation of SFN to NRF2 in ESCC (Fig. 8). Our study
provides a preclinical rationale for development of SFN and its
analogs to the future treatment of ESCC.
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