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Abstract
Background: Xuanwei district in Yunnan Province has the highest incidence of
lung cancer in China, especially among non-smoking women. Cruciferous vegeta-
bles can reduce lung cancer risk by prompting a protective mechanism against res-
piratory tract inflammation caused by air pollution, and are rich in sulforaphane,
which can induce changes in gene expression. We investigated the effect of
sulforaphane-induced apoptosis in Xuanwei lung adenocarcinoma cell line (XWCL-
05) to explore the value of sulforaphane in lung cancer prevention and treatment.
Methods: Cell growth inhibition was determined by methyl thiazolyl tetrazolium
assay; cell morphology and apoptosis were observed under transmission electron
microscope; cell cycle and apoptosis rates were detected using flow cytometry;
B-cell lymphoma 2 (Bcl-2) and Bcl-2-like protein 4 (Bax) messenger RNA
expression were determined by quantitative PCR; and p53, p73, p53 upregulated
modulator of apoptosis (PUMA), Bax, Bcl-2, and caspase-9 protein expression
were detected by Western blotting.
Results: Sulforaphane inhibited XWLC-05 cell growth with inhibitory concen-
tration (IC)50 of 4.04, 3.38, and 3.02 μg/mL at 24, 48, and 72 hours, respectively.
Sulforaphane affected the XWLC-05 cell cycle as cells accumulated in the G2/M
phase. The proportion of apoptotic cells observed was 27.6%. Compared with the
control, the sulforaphane group showed decreased Bcl-2 and p53 expression, and
significantly increased p73, PUMA, Bax, and caspase-9 protein expres-
sion (P < 0.05).
Conclusion: Sulforaphane induces Xuanwei lung adenocarcinoma cell apoptosis.
Its possible mechanism may involve the upregulation of p73 expression and its
effector target genes PUMA and Bax in lung cancer cells, downregulation of the
anti-apoptotic gene Bcl-2, and activation of caspase-9. It may also involve down-
regulation of the mutant p53 protein.

Introduction

Lung cancer is the leading cause of malignant tumor-related
death. It is estimated that 650 000 people in China are
diagnosed with lung cancer every year, and that about
530 000 people die of the disease.1,2 Most patients are
diagnosed at a late stage, and the average life expectancy
of lung cancer patients without treatment is 7.15 months,

with a five-year survival rate of 16.1%.3,4 Xuanwei district
in Yunnan Province has the highest lung cancer incidence
in China. The district has a population of 1.46 million,
96% of which are agricultural workers. The mortality rate
of lung cancer in Xuanwei between 1973 and 1979 (men
27.75 per 100 000; women 24.50 per 100 000) was higher
than the national average (men 7.17 per 100 000; women
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3.69 per 100 000).5 Xuanwei women do not have high
rates of smoking, but do have one of the highest rates of
lung cancer among non-smoking women in the world. In
1987, women in Laibin town had a lung cancer incidence
rate as high as 400 per 100 000, 20 times the national
average.6 Epidemiological studies have found that lung
cancer incidence in Xuanwei is closely related to the high
indoor emissions of bituminous coal combustion from
stoves.7 Since the 1980s, the local government has taken
active measures to help residents replace their stoves to
reduce indoor air pollution, but after 30 years, the data
show that lung cancer mortality in Xuanwei continues to
increase (83.28 per 100 000 in 2004–2005; 30.83 per
100 000 national average.).5

Cruciferous vegetables have been shown to significantly
reduce the risk of lung cancer.8 This protection is inde-
pendent of the smoking factor. Cruciferous vegetables also
prompt a protective mechanism against respiratory tract
inflammation caused by air pollution, and are rich in glu-
cosinolate, which can be hydrolyzed into sulforaphane by
myrosinase contained in the plant or by human colonic
microbes.9,10 Sulforaphane can induce changes in gene
expression, especially in the differential expression of
genes. Genes regulated by sulforaphane mainly include
those involved in the metabolism of exogenous substances,
antioxidation, cell cycle regulation, apoptosis, and stress
reaction.11 The chemopreventive effect of sulforaphane has
thus been widely noted.
In order to investigate the preventive effect and treat-

ment value of sulforaphane in Xuanwei lung cancer and to
provide a theoretical basis for new approaches to lung can-
cer prevention, we used the Xuanwei lung adenocarcinoma
cell line (XWLC-05) to conduct in vitro experiments to
assess the effect of sulforaphane on proliferation and apop-
tosis in lung cancer cells.

Methods

Materials

Cell lines
The Institute of Oncology of Yunnan Provincial Tumor
Hospital Human provided XWLC-05 and immortal human
bronchial epithelial cell line (BEAS-2B).

Experimental drugs
Sulforaphane (Shaanxi Parnell Bio-Technology, Shanxi,
China, batch number PB0140526), purity ≥98%, stored at
−20�C, and cisplatin (DDP; Luoxin Pharmaceutical Co.,
Ltd., Shandong, China, batch number 1106103) were used
in this study. The drugs were diluted with physiological
saline before use.

Main reagents and instruments
The following main reagents and instruments were utilized
for this study: fetal bovine serum (FBS), culture medium
RPMI 1640, culture medium high glucose Dulbecco’s mod-
ified Eagle medium (HDMEM), trypsin, phosphate buffer
solution (PBS), antibodies (Hyclone, Logan, UT, USA);
methyl thiazolyl tetrazolium (MTT), dimethyl sulfoxide
(DMSO), propidium iodide (PI), the TUNEL apoptosis kit,
Trizol lysate, rabbit anti-human monoclonal antibodies
against p53, p73, p53 upregulated modulator of apoptosis
(PUMA), B-cell lymphoma 2 (Bcl-2), Bcl-2-like protein
4 (Bax), caspase-9 and secondary antibodies (Signalway
Antibody, College Park, MD, USA); primer synthesis, a
RevertAid First Strand cDNA Synthesis Kit, SYBR Green
master mix, electrochemiluminescence detection reagent,
high speed refrigerated centrifuge (Thermo Scientific, Wal-
tham, MA, USA); radioimmunoprecipitation assay protein
lysate, KODAK X-OMAT BT film (Solarbio Life Sciences,
Beijing, China); polyvinylidene difluoride membrane
(Millipore, Temecula, CA, USA); transmission electron
microscopy (JEOL, Akishima, Tokyo, Japan, model JEM-
1011); flow cytometry (Beckman, Indianapolis, IN, USA,
model EPICS ALTRA 8 CLR); quantitative (q)PCR (ABI,
Oyster Bay, NY, USA); gradient PCR, a vertical electropho-
resis apparatus and film transfer device, horizontal electro-
phoresis apparatus (Bio-Rad, Hercules, CA, USA); and a
gel imaging system (Syngene, Frederick, MD, USA).

Methods

Cell culture and passage
XWLC-05 and BEAS-2B cells were respectively cultured in
RPMI 1640 and HDMEM medium containing 10% FBS
and maintained at 37�C and 5% CO2 in an incubator. At
70% confluency, cells were passaged using 0.25% trypsin.

Cell growth inhibition
XWLC-05 and BEAS-2B cells in the logarithmic growth
phase were adjusted to a suspension concentration of
5 × 105/mL using complete medium. Aliquots of
5 × 103cells were seeded into a 96-well plate, with 100 μL
of suspension in each well. The following day, sulforaphane
was added at concentrations of 0.5, 1, 2, 3, 4, and 5 μg/mL
to the experimental groups, and appropriate controls were
included. MTT experiments were performed 24, 48, and
72 hours later. MTT solution (20 μL/well) was added and
cells were incubated for four hours. After removal of
supernatant, DMSO was added at 150 μL/well and the
plate was shaken for 10 minutes. Absorbance (A) was
measured at 490 nm in an enzyme-linked immunosorbent
detector, and the inhibitory concentration (IC)50 rate was
calculated for each group. Cell growth inhibition rate = (1
− treatment group A values/control group A values) ×
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100%. IgIC50 = Xm – I (P−(3 − Pm − Pn)/4) (Xm: Ig maxi-
mum dose, I:Ig (maximum dose/associated dose); P = the
sum of positive reaction rates, Pm = maximum positive
reaction rate; and Pn = minimum positive reaction rate).

Observation of cell apoptosis under
transmission electron microscopy
XWLC-05 and BEAS-2B cells were grown to adherence for
24 hours. Medium was replaced with complete medium
containing 1 μg/mL of sulforaphane, followed by culturing
for another 48 hours. Cells were collected in an agar cen-
trifuge tube and 4% paraformaldehyde was added for fixa-
tion. After washing, dehydrating, saturating, embedding,
and ultrathin slicing, apoptosis was observed using a trans-
mission electron microscope.

Detecting cell cycle changes by flow cytometry
XWLC-05 cells in the logarithmic growth phase were
digested into single-cell suspension. Aliquots of
5 × 106 cells/well were seeded into a six-well plate at 2 mL
suspension in each well. Following 24 hours of culture,
complete medium containing 1 μg/mL of sulforaphane was
added, and cells were cultured for a further 48 hours while
blank control groups were established. Cells were digested
and collected, and 5 mL of 70% pre-cooled ethanol was
added for fixation. After washing, centrifugation, and cell
resuspension, cells were treated with PI for 20 minutes,
protected from light. The percentage of cells in G1/G0, S,
and G2/M phases was measured by flow cytometry at
488 nm excitation and 525 nm emitting wavelength.

Detection of apoptosis by flow cytometry using
TUNEL assay
XWLC-05 cells were cultured in six-well plates and treated
with 1 μg/mL sulforaphane, as described previously. After
digestion, collection, washing, and centrifugation, cells
were resuspended in PBS. Cell concentration was adjusted
to 1 × 106/mL, and cells were added to 1.5 mL tubes with
200 μL of 4% paraformaldehyde after washing and centrif-
ugation. Cells were then incubated for 30 minutes at 4�C,
200 μL of 70% alcohol was added after washing and cen-
trifugation, and then cells were incubated for a further
30 minutes at −20�C. Next, 30 μL of terminal deoxynu-
cleotidyl transferase reaction solution or negative control
solution was added after washing and removing the super-
natant, and cells were incubated for 1 hour at 37�C. After
washing and centrifugation, 20 μL of RNAse and 200 μL
Triton were added, and cells were incubated for 15 min-
utes at 37�C. Finally, cells were treated with 1 mL PI dye
for 20 minutes, protected from light, and flow cytometry
was performed within 24 hours. The percentages of apop-
totic (labeled with fluorescein isothiocyanate) and dead
(non-fluorescein isothiocyanate labeled, hypodiploid

position) cells were calculated, and the phase in which
apoptotic cells were found was evaluated.

Evaluation of B-cell lymphoma 2 (Bcl-2)/ Bcl-2-
like protein 4 (Bax) messenger (m)RNA
expression by real-time fluorescent
quantitative PCR
XWLC-05 cells in the logarithmic growth phase were
digested into a single-cell suspension, and 5 × 106 cells/
well were seeded into six-well plates with 2 mL suspension
per well. After 24 hours of culture, the medium was
replaced with complete culture medium containing 1 μg/
mL of sulforaphane or 1 μg/mL cisplatin (DDP) and cells
were cultured for 72 hours. Cells were harvested and cen-
trifuged, lysed using Trizol, shaken after the addition of
chloroform, and centrifuged. Isopropanol was added to the
aqueous phase, incubated at 4�C, and centrifuged. The pre-
cipitate was washed twice with 75% ethanol. The air-dried
precipitate was then dissolved with the RNase-free water to
obtain RNA. Next, 3-μL aliquots of RNA solution were
placed into 0.5 mL RNA enzyme removal tubes.
RNA was reverse transcribed to cDNA using a RevertAid

First Strand cDNA Synthesis kit. The following primers were
designed for qPCR: Bcl-2 R: GAGCAGAGTCTTCAGAGA,
F: TGCCTTTGTGGAACTGTA; Bax F: AAGAAGCT-
GAGCGAGTGT, R: GGCGGCAATCATCCTCTG;
glyceraldehyde 3-phosphate dehydrogenase:
R: GCTGTTGTCATACTTCTC, F: AAAGGGTCAT-
CATCTCTG. The following were added in order to each
tube: 12.5 μL of 2×SYBR Green Master Mix, 0.5 μL
upstream primer, 0.5 μL downstream primer, 1 μL cDNA
template, and 10.5 μL nuclease-free PCR water to achieve
a final reaction solution of 25 μL. Mixtures were added to
the wells of a 96-well PCR plate, which was placed into an
ABI 7300 cycler. The following PCR cycle reaction condi-
tions were used: pre-denaturation for 10 minutes at 95�C;
40 cycles of denaturation for 15 seconds at 95�C and
annealing/extension for 30 seconds at 60�C; and melting
curve analysis for 15 seconds at 95�C, 30 seconds at 60�C,
and 15 seconds at 95�C. Finally, cycle threshold (Ct) value
analysis was performed.

Determination of p53, p73, p53 upregulated
modulator of apoptosis (PUMA), Bax, Bcl-2, and
caspase-9 protein expression by Western
blotting
XWLC-05 cells were cultured in six-well plates, as
described previously, and treated with 1 μg/mL of sulfora-
phane or DDP for 48 or 72 hours. After washing in cold
PBS, lysis buffer was added, and the contents of the well
were collected into 1.5 mL tubes using a cell scraper and
centrifuged at 12 000 rpm for 30 minutes at 4�C. Superna-
tant was aliquoted into 1.5 mL centrifuge tubes and stored
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at −20�C until use. For Western blotting, protein concen-
tration was determined to calculate sample loading volume,
and loading buffer was added to each sample before dena-
turation in boiling water for 15 minutes. Following electro-
phoresis, proteins were transferred to a polyvinylidene
difluoride membrane, which was placed in 5% skimmed
milk. After washing, primary antibody was added and
membranes were incubated at 4�C overnight. Incubation
with secondary antibody was performed for two hours at
room temperature, membranes were washed, and substrate
luminescence and film exposure were performed
immediately.

Statistical analysis
SPSS version 18.0 (IBM Corp., Armonk, NY, USA) was
used for data analysis, Data with normal distribution were
expressed as mean � standard deviation. For data with
\skewed distribution, the central tendency was described
using the median and dispersion was described using the
interquartile range. The F test was used to test the homoge-
neity of variance. Data that conformed with the homogene-
ity of variance and normal distribution were subjected to
t-tests. Data characterized by inhomogeneity of variance,
skewed distribution, and small sample size were subject to
a non-parametric rank-sum test. P values <0.05 were con-
sidered statistically significant.

Results

Inhibitory effect of sulforaphane on
Xuanwei lung adenocarcinoma cell line
(XWLC-05) cell growth

Proliferation was inhibited in XWLC-05 cells at sulfora-
phane concentrations of 0.5, 1, 2, 3, 4, and 5 μg/mL. Inhi-
bition gradually increased with increasing sulforaphane
concentration (Fig 1). IC50 was 4.04, 3.38, and 3.02 μg/mL
at the time points of 24, 48, and 72 hours, respectively.

Effect of sulforaphane on XWLC-05 cell
cycle

Changes in cell cycle were detected by PI using flow cyto-
metry. After 1 μg/mL of sulforaphane was applied to
XWLC-05 cells for 48 hours, the percentage of cells in the
G0/G1 phase decreased while those in the G2/M phase
increased. No significant difference was observed, however,
in cells in the S phase compared with the control, while
the differences mentioned above were statistically signifi-
cant (P < 0.05; Fig 2).

Apoptosis in XWLC-05 cells induced by
sulforaphane

Transmission electron microscopy
Early-stage apoptosis was observed in XWLC-05 cells
48 hours after treatment with 1 μg/mL sulforaphane.
Nuclear chromatin was concentrated at the boundary of
the nuclear membrane. As apoptosis progressed, the nuclei
shrank and formed irregular shapes. Gas bubbles appeared
in the condensed cytoplasm, and cell membranes burst,
producing further bubbles. As shown in Figure 3, apoptotic
bodies and apoptosis were observed. BEAS-2B cells were
treated with the same concentration of sulforaphane, but
nuclei and cell membranes remained intact and apoptosis
was not observed.

Flow cytometry using TUNEL assay
In XWLC-05 cells treated for 48 hours with 1 μg/mL sul-
foraphane, apoptosis at a rate of 27.6% was observed by
flow cytometry. This effect was statistically different from
the control group (P < 0.05; Fig 4, Table 1).

Sulforaphane downregulated Bcl-2 mRNA
expression and upregulated Bax mRNA
expression

Based on the calibration samples in the control group, dif-
ferential gene expression among the experimental groups
was analyzed using qPCR (2−ΔΔCt). Analysis was repeated
three times per sample, and the average Ct value was used
to calculate ΔCt, ΔΔCt, and 2−ΔΔCt, where ΔCt = detected
gene Ct–reference gene Ct; and ΔΔCt = ΔCt (test sam-
ple) − ΔCt (calibration sample). The 2−ΔΔCt value repre-
sents relative gene expression in test samples compared
with calibration samples. The results are shown in Table 2.
Compared with the control group, Bcl-2 expression in the
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sulforaphane group was significantly decreased, while Bax
was significantly increased (P < 0.05). Similarly, the Bcl-2
messenger (m)RNA expression level also decreased signifi-
cantly, while that of Bax mRNA increased significantly in
the DDP group (P < 0.05). Compared with the DDP
group, Bax and Bcl-2 expression levels in the sulforaphane
group did not show significant differences (P > 0.05).

Sulforaphane downregulated Bcl-2
and p53 protein expression

Compared with the control, Bcl-2 and p53 protein expres-
sion in the sulforaphane group was significantly decreased
(P < 0.05); the change was even more obvious 72 hours
after treatment. Bcl-2 protein expression in the DDP group
decreased significantly (P < 0.05), but there were no signif-
icant changes in p53 protein expression (P > 0.05). Com-
pared with the DDP group, no significant differences in

Bcl-2 expression were exhibited (P > 0.05), while p53 pro-
tein expression was significantly lower in the sulforaphane
group (P < 0.05; Fig 5).

Sulforaphane upregulated p73, PUMA, Bax,
and caspase-9 protein expression

Compared with the control, the sulforaphane group
showed significantly increased expression levels of p73,
PUMA, Bax, and caspase-9 proteins (P < 0.05), particularly
at 72 hours (Fig 6).

Discussion

Apoptosis is an important mechanism for regulating cell
proliferation under physiological and pathological condi-
tions. It also plays a key role in the occurrence and devel-
opment of tumors. Apoptosis control in malignant cells is
usually abnormal, allowing cells to escape cell death. Indu-
cing apoptosis in malignant cells is thus an important
objective in research for cancer prevention and control.
XWLC-05, a Xuanwei lung adenocarcinoma cell line, was
established in 2007 to represent lung cancer found in
women in Xuanwei, Yunnan, and is ideal in an in vitro
experimental model for studying Xuanwei lung cancer pre-
vention and control.12 This study showed that sulforaphane
inhibits the proliferation of and induces apoptosis in
XWLC-05 cells, similar to results from other studies on the
growth inhibition effects of sulforaphane in colon, cervical,
lung, prostate, and bladder cancers.13–17 Sulforaphane at a
specific concentration (1 μg/mL) inhibited the proliferation
of XWLC-05 cells but had no obvious effect on the struc-
ture and proliferation of normal (BEAS-2B) cells.
B-cell lymphoma 2 overexpression is commonly

observed in lung cancer. A meta-analysis indicated approx-
imately 76 and 35% positive Bcl-2 protein expression in
tissue samples from small cell and non-small cell lung
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Table 1 Xuanwei lung adenocarcinoma cell line cell apoptosis follow-
ing sulforaphane treatment (1 μg/mL, 48 h)

Group

Apoptosis and cell death rates (n = 9)

Apoptosis rate (%) Cell death rate (%)

Sulforaphane 27.68 � 1.11* 2.00 � 0.19*
Control 6.01 � 0.52 0.50 � 0.12

*Versus control, P < 0.05.

Table 2 mRNA expression of Bcl-2 and Bax in Xuanwei lung adenocar-
cinoma cell line cells (72 hours)

Group

2−ΔΔCt value (n = 9)

Bcl-2 mRNA Bax mRNA

Sulforaphane 0.71 (0.67, 0.76)* 1.65 (1.59, 1.73)*
DDP 0.68 (0.61, 0.76)* 1.55 (1.39, 1.71)*
Control 1 1

*Versus control, P < 0.05. Bcl-2, B-cell lymphoma 2; DDP, cisplatin;
mRNA, messenger RNA.
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cancer patients, respectively.18 Studies have shown a posi-
tive Bcl-2 expression rate of 78.16% in Xuanwei lung can-
cer patients, higher than in patients from mining regions
and other areas in Yunnan Province (37.73 and 47.74%,
respectively).19 Overexpression of anti-apoptotic Bcl-2 pro-
tein often leads to resistance to apoptosis and treatment in
many tumor cell types. Downregulation of Bcl-2 is thus a
strategy for treating malignant tumors. Studies have found
that sulforaphane can downregulate Bcl-2 and Bcl-xL pro-
teins in cervical cancer HeLa cells and hepatocellular carci-
noma HepG2 cells, and can upregulate pro-apoptotic
protein Bax, activate caspase-3 protein, and degrade/cleave
poly-ADP ribose polymerase, thereby inducing apoptosis.15

Here, we showed that sulforaphane can downregulate Bcl-2
protein in Xuanwei lung adenocarcinoma cells. Bcl-2 is an
important regulating factor in the mitochondrial apoptosis
pathway. Similar concentrations of sulforaphane and the
chemotherapeutic drug DDP showed an equal effect in
downregulating Bcl-2.
The p53 protein is a transcriptional product of the p53

gene. Wild-type p53 (wt p53) is an important tumor sup-
pressor gene; its transcriptional protein is only activated
under cell stress or damage. Through upregulation of pro-
apoptotic genes, such as Bax, it prevents cells with destruc-
tive genetic information from entering into the cell cycle
and thereby induces apoptosis, inhibiting the occurrence of
cancer. Mutation type p53 gene (mt p53) exists in more
than 50% of tumors and its protein is often expressed at a
high level without influence from environmental stimuli.
Mt p53 cannot promote cell growth, apoptosis, or DNA
repair, and thus changes from a cancer suppressor gene to
a cancer-inducing oncogene.20 The spatial conformation of
mt p53 is changed, with a prolonged half-life, and can be
detected in tissue and cells, while the wt p53 protein is
generally undetectable as its half-life is less than 20 min-
utes. Mt p53 protein has a negative regulatory effect on wt
p53 protein; it inhibits the function of the wt p53 protein,
leading to inefficient activation of apoptosis and promotion
of tumor development. Therefore, destroying the stable
expression of mt p53 protein is a molecular target for can-
cer prevention and treatment. Our study found that sulfor-
aphane significantly induced apoptosis in Xuanwei lung
adenocarcinoma cells while significantly lowering p53
protein expression. DDP had no significant effect on p53
protein expression in these cells, possibly because it is a
non-specific broad-spectrum anti-tumor drug that inhibits
DNA replication in cancer cells, while the type of p53 pro-
tein downregulated by sulforaphane is mt p53 protein. The
mutation rate of the p53 gene is about 60–70, 50–70, and
75% in lung squamous carcinoma, lung adenocarcinoma,
and small cell lung cancer, respectively.21 p53 gene muta-
tion is typically observed in cells from lung cancer patients

R
e
la

ti
v
e
 p

5
3
 p

ro
te

in
 e

x
p

re
s
s
io

n

P = 0.00 P = 0.00

R
e
la

ti
v
e
 B

c
l-

2
 p

ro
te

in
 e

x
p

re
s
s
io

n

C
ontr

ol (
72

h)

Sulfo
ra

phan
e 

 (7
2h

)

D
D
P (7

2h
)

C
ontr

ol (
72

h)

Sulfo
ra

phan
e 

 (7
2h

)

D
D
P (7

2h
)

0.0

0.2

0.4

0.6

0.8

0.0

0.2

0.4

0.6

0.8

p53

a

b

c

45kD

26kD

37kD

Contro
l 4

8h

Contro
l 7

2h

SF 48h

SF 72h

DDP 72h

DDP 48h

Bcl-2

GAPDH

P = 0.00

P = 0.00

Figure 5 p53 and B-cell lymphoma 2 (Bcl-2) protein expression in
Xuanwei lung adenocarcinoma cell line cells. (a) Western blot assay of
Bcl-2 and p53. Relative protein expression of (b) p53 and (c) Bcl-2.DDP,
cisplatin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; SF,
sulforaphane.

22 Thoracic Cancer 8 (2017) 16–25 © 2016 The Authors. Thoracic Cancer published by China Lung Oncology Group and John Wiley & Sons Australia, Ltd

Sulforaphane apoptosis in lung cancer L. Zhou et al.



R
e
la

ti
v
e
 p

7
3
 p

ro
te

in
 e

x
p

re
s
s
io

n

0.0

0.5

1.0

1.5
p73

a b

c d

e

70kD

23kD

21kD

46kD

37kD

PUMA

Bax

Caspase9

GAPDH

control 48h

SF48h
contro

l 72h

SF72h

P = 0.00

R
e
la

ti
v
e
 P

U
M

A
 p

ro
te

in
 e

x
p

re
s
s
io

n

0.0

0.2

0.4

0.6

0.8

1.0 P = 0.00

R
e
la

ti
v
e
 B

a
x
 p

ro
te

in
 e

x
p

re
s
s
io

n

0.0

0.5

1.0

1.5 P = 0.00

R
e
la

ti
v
e
 C

a
s
 p

a
s
e
 9

 p
ro

te
in

 e
x
p

re
s
s
io

n

C
ontr

ol (
72

h)

Sulfo
ra

phan
e 

(7
2h

)

C
ontr

ol (
72

h)

Sulfo
ra

phan
e 

(7
2h

)

C
ontr

ol (
72

h)

Sulfo
ra

phan
e 

(7
2h

)

C
ontr

ol (
72

h)

Sulfo
ra

phan
e 

(7
2h

)

0.0

0.5

1.0

1.5

P = 0.00

Figure 6 Expression of p73, p53 upregulated modulator of apoptosis (PUMA), Bax and caspase-9 proteins in Xuanwei lung adenocarcinoma cell line
cells. (a) Western blot assay of p73, PUMA, Bax, and caspase-9. Relative protein expression of (b) p73, (c) PUMA, (d) Bax, and (e) caspase-9. SF,
sulforaphane.
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from Xuanwei, at a mutation rate significantly higher than
that of lung cancer patients in other regions of Yunnan
and Guangdong Provinces.22,23 Previous studies also found
that the benzyl isothiocyanate and phenethyl isothiocya-
nate isomers of sulforaphane could dependently transcribe
and selectively deplete mt p53 protein levels without losing
wt p53 protein functionality.24 The mechanism behind this
effect may be that nitrogen = carbon = sulfur-containing
phenethyl isothiocyanate compounds are highly electro-
philic and susceptible to reaction with sulfur, nitrogen, and
oxygen in amino acids. At cellular and molecular levels,
covalent binding to intracellular molecules leads to changes
in spatial conformation, thus consuming mt p53 protein.
As a member of the p53 transcription factor family, p73

has become one the most extensively studied proteins since
its discovery in 1997. The p73 gene shares homologous
structures and functions with the p53 gene, and has similar
cell functions, such as the binding and transcriptional acti-
vation of p53-responsive genes, and the induction of cell
apoptosis and cell cycle arrest. Research has shown that
the p73 gene is rarely mutated in human cancer (<1%) and
the functions of p53 and p73 overlap. This indicates that
p73 may play a role in tumor cell apoptosis by substituting
p53 in the case of p53 mutation or deactivation.25 This
study showed that p73 protein expression increased during
the induction of apoptosis by sulforaphane in Xuanwei
lung cancer cells. p53 upregulated modulator of apoptosis
(PUMA) is an apoptosis-regulatory factor directly tran-
scriptionally activated by p73, which is capable of transmit-
ting various apoptotic signals to important media in
intracellular mitochondria. The effector target gene PUMA
and the downstream pro-apoptotic gene Bax of p73 were
analyzed in this study. The expression levels of both genes
were upregulated. Melino et al. found that the kinematics
of p73 in regulating cell apoptosis corresponded to mito-
chondrial translocation but did not completely match the
increased level of Bax protein, indicating that PUMA can
also promote cell apoptosis through other pathways.26

Thus, we conducted further investigation of Bcl-2 protein
expression, and the results show that Bcl-2 expression sig-
nificantly decreased while that of its corresponding apop-
totic protease caspase-9 significantly increased. Our study
revealed that p73 promoted the translocation of Bax via
PUMA, triggered cell apoptosis in the mitochondrial path-
ways, weakened the blocking effect of the anti-apoptotic
Bcl-2 protein in mitochondria, activated caspase, and
caused the apoptosis of lung cancer Xuanwei cells.27

In summary, sulforaphane exerts apoptotic effects on
Xuanwei lung adenocarcinoma cells, with few toxic or side
effects. Its possible mechanism of action may involve the
upregulation of p73 and its effector target genes PUMA
and Bax in lung cancer cells, downregulation of anti-
apoptotic Bcl-2, activation of the apoptotic protease

caspase-9, and promotion of cell apoptosis. The pro-
apoptotic effect may also be associated with the downregu-
lation of mutant p53 protein. The results of this study rep-
resent a preliminary theoretical basis for new approaches
to prevent lung cancer in Xuanwei.
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