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Sonic hedgehog (Shh), a ligand of Hedgehog signaling pathway, is considered an

important oncogene and an exciting potential therapeutic target in several can-

cers. Comprehensive understanding of the regulation mechanism of Shh in cancer

cells is necessary to find an effective approach to selectively block its tumorigenic

function. We and others previously demonstrated that nuclear factor-kappa B

(NF-jB) activation and promoter hypomethylation contributed to the overexpres-

sion of Shh. However, the relationship between transcriptional and epigenetic

regulation of Shh, and their roles in the malignant phenotype of cancer cells are

still not clearly elucidated. In the present study, our data showed that the level

of Shh was higher in breast cancer tissues with positive NF-jB nuclear staining

and promoter hypomethylation. In addition, survival analysis revealed that Shh

overexpression, but not hypomethylation and NF-jB nuclear staining, was a poor

prognosis indicator for breast cancers. Moreover, in vitro data demonstrated that

both NF-jB activation and hypomethylation in promoter region were positively

associated with the overexpression of Shh. Mechanistically, the hypomethylation

in Shh promoter could facilitate NF-jB binding to its site, and subsequently

cooperate to induce transcription of Shh. Furthermore, the biological function

data indicated that overexpressed Shh enhanced the self-renewal capacity and

migration ability of breast cancer cells, which could be augmented by promoter

demethylation and NF-jB activation. Overall, our findings reveal multiple and

cooperative mechanisms of Shh upregulation in cancer cells, and the roles of Shh

in tumor malignant behavior, thus suggesting a new strategy for therapeutic

interventions to reduce Shh in tumors and improve patients’ prognosis.

S onic hedgehog (Shh) was first identified as a ligand of
Hedgehog signaling pathway that is crucial to the growth

and patterning in a wide variety of tissues during embryonic
development.(1,2) In the past decade, Shh has been reported to
play an essential role in the development of multiple cancers.(3,4)

In addition, overexpression of Shh has been found to be indica-
tor of poor outcome in several cancers, including oral squamous
cell carcinoma,(5) breast cancer,(6) gastric cancer,(7) gallbladder
carcinoma,(8) glioma,(9) bladder cancer,(10) prostate cancer(11)

and colon cancer.(12) Furthermore, it is well demonstrated that
the ligand-dependent activation of the Shh pathway plays criti-
cal roles in developing cancer stem cells (CSC) and leads to
angiogenesis, migration, invasion and metastasis.(13,14) These
findings suggest that Shh may be a viable therapeutic target for
treatment of cancer.
Understanding the mechanism of its gene regulation is cru-

cial as Shh emerges as an important target in cancer therapy.
It has been proposed that the transcription nuclear factor-kappa
B (NF-jB) plays a regulatory role in Shh expression.(15,16) The
NF-jB pathway is the means of oncogenic signaling that
orchestrates inflammatory responses, cellular proliferation,

angiogenesis, migration, invasion, differentiation and self-
renewal by human cancer cells.(17,18) It is activated by diverse
stimuli that include cellular stress, pro-inflammatory cytokines
and growth factors.(18) These stimuli can prompt the active
NF-jB to translocate into the nucleus where it binds with NF-
jB-specific DNA binding sites to transcriptionally activate its
target genes. Kasperczyk et al. report that NF-jB regulates
Shh expression, which contributes to NF-jB-mediated prolifer-
ation and apoptosis resistance in pancreatic cancer.(16) Our
group and others have previously shown that the level of Shh
protein is positively related to the activation of NF-jB in mul-
tiple cancers, including breast cancer.(19–21) These studies dem-
onstrate that NF-jB might be a transcription activator of Shh
gene.
Another plausible mechanism resulting in overexpression of

Shh is epigenetic regulation. It has been reported that aberrant
hypomethylation within the promoter is correlated with
increased expression of Shh in several tumors.(16,22) In addi-
tion, we previously demonstrated that 5-azacytidine, a DNA
methyltransferase inhibitor, could reduce the methylation of
Shh promoter and increase the expression of Shh protein in
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breast cancer cells.(16) Interestingly, the NF-jB binding site is
included in the hypomethylation area of Shh promoter, which
suggests a possible correlation between transcriptional and epi-
genetic regulation of Shh expression.
The aims of the present study were to investigate whether

there is a correlation between transcriptional and epigenetic
regulation of Shh expression, and how the transcriptional and
epigenetic regulations affect the malignant phenotype, particu-
larly in cancer stem cell phenotype, of breast cancer.

Materials and Method

Patients and clinical information. A total of 106 patients with
breast cancer were consecutively recruited from 2006 to 2010
at the First Affiliated Hospital of China Medical University.
All patients were followed up with telephone calls, letter inter-
views or clinic visitations every quarter during the first 3 years
of the study and semi-annually thereafter. Breast cancer death
was regarded as the follow-up end, and the cut-off time was
104 months from the first diagnosis. A total of 14 cases failed
to follow up (the deaths unrelated to breast cancer were
regarded as “failed to follow up”). As such, there were 92
cases in this prognosis analysis. Clinicopathological informa-
tion on the patients regarding age, tumor size, histological
type, stage and lymph node metastasis were obtained from
patient records, and are summarized in Table S1. Ethical over-
sight and approval were obtained from the Institutional Review
Board of the First Affiliated Hospital of China Medical Uni-
versity.

Immunohistochemistry. Four-micron thick sections were pre-
pared from the paraffin-embedded tissues. Following antigen
retrieval and blocking, the sections were immunostained using
antibodies against Shh (1:150 dilution; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA) and NF-jB (p65) (1:100 dilution;
Cell Signaling, Danvers, MA, USA) with detection using the
avidin–biotin complex method (DAKO, Produktionsvej,
Glostrup, Denmark) visualized by DAB. Slides were lightly
counterstained with hematoxylin. Evaluation of both the inten-
sity of immunohistochemical staining and the proportion of
positively stained epithelial cells were previously described.(23)

Briefly, the intensity of immunostaining (1 = weak, 2 = mod-
erate and 3 = intense) and the percentage of positive cells (0,
<5%; 1, 5–25%; 2, 26–50%; 3, 51–75%; and 4, >75%.) were
assessed in at least 5 high power fields (9400 magnification).
The scores of each sample were multiplied to give a final
score of 0, 1, 2, 3, 4, 6, 8, 9 or 12, and the tissues were finally
determined as negative if score <4 the mean of immunoreac-
tivity score (I.S.); and positive expression if score ≥4 the mean
of I.S.

DNA extraction, bisulfite treatment and methylation-specific

PCR. The different samples genomic DNA were extracted from
cell lines and tissues using the DNeasy Blood and Tissue Kit
(Qiagen, Hilden, Germany) and QIAamp DNA FFPE Tissue
Kit (Qiagen), respectively. Bisulfite modification of genomic
DNA was carried out using the EZ DNA Methylation Kit
(Zymo Research. Irvine, CA, USA) according to manufac-
turer’s recommendations. PCR primers were designed to
amplify denatured DNA, and included at least two CG dinucle-
otides. Primer sequences and PCR condition were consistent
with previous reports.(16) Unmethylated and methylated prod-
ucts were 179 and 169 bp long, respectively. After PCR, prod-
ucts were separated on a 2% agarose gel, and stained with
ethidium bromide. Bisulfite treatment and methylation-specific
PCR (MS-PCR) assays were performed in duplicate for all

samples. Each experiment was done at least three times.
Results were confirmed by sequencing the methylated samples.

Cell lines and drug treatment. Human breast cancer cell lines
MCF-7, MDA-MB-231, MDA-MB-436 and Bcap37 were
maintained in DMEM (GIBCO, Grand Island, NY, USA) sup-
plemented with 10% FBS (GIBCO) with 100 units ⁄mL strep-
tomycin and 100 units ⁄mL penicillin in a humidified
atmosphere with 5% CO2. All cell lines used were between
passages 3 and 8 for each experiment and were demonstrated
to be free of mycoplasma using a Mycoplasma PCR Detection
Kit (Sigma, St. Louis, MO, USA).
5-azacytidine (5-Aza; Sigma-Aldrich) and PDTC (specific

NF-jB inhibitor, Sigma-Aldrich, St. Louis, MO, USA) were
freshly prepared in culture medium before use. A vehicle con-
trol consisting of culture medium alone was included in the
analysis. MDA-MB-231 and Bcap37 cells were cultured for
24 h, then treated with 20 lM 5-Aza or PDTC for 24–72 h.
Cells were collected by centrifugation, then genomic DNA,
RNA and proteins were extracted and analyzed by MS-PCR,
quantitative RT-PCR and western blot, respectively.

Western blot analysis. Western blot was performed as
described previously.(16) Briefly, the protein was extracted with
lysis buffer for 1 h at 4°C. The supernatants were centrifuged,
and total protein was harvested. Aliquots containing 20 lg of
proteins were separated on a 12% SDS-polyacrylamide gel and
transferred to PVDF membranes. After blocking, the blots were,
respectively, incubated with primary antibody directed against
Shh (1:500, Santa Cruz), NF-jB (1:500, Cell Signaling) or b-
actin (1:1000, Cell Signaling) overnight at 4°C and followed by
each corresponding second antibody at room temperature for
1 h at 37°C. Then the results were developed by ECL (Pierce,
Rockford, IL, USA). The experiments were repeated indepen-
dently three times.

Quantitative RT-PCR analysis. Total RNA was isolated from
cells using an RNeasy Mini Kit (Qiagen) as described in the
product insert. The RNA was reverse transcribed using a Re-
vertAid First Strand cDNA Synthesis Kit (Thermo, Waltham,
MA, USA) and PCR was done using iQ SYBR Green Super-
mix and the CFX96 Real-Time PCR Detection System (Bio-
Rad, Hercules, CA, USA). Primers used were glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). Reverse primer 50-CCC
TCA ACG ACC ACT TTG TCA-30 and forward primer 50-
TTC CTC TTG TGC TCT TGC TGG-30; Shh reverse primer
50-CAC CGA GCA GTG GAT ATG TG-30 and forward pri-
mer 50-AGT GGC CAG GAG TGA AAC TG-30.

Transient transfection. Human Shh full-length cDNA were
cloned into the pCMV expression vectors so that the Shh was
expressed. The pCMV-Shh (1 lg ⁄lL) was transiently trans-
fected into MDA-MB-231 cells by Lipofectamine 2000 (Invi-
trogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. Transfection efficiency was verified by western
blotting.

Cloning. To generate Shh luciferase reporter gene constructs,
a series of deletion constructs of promoter region were
obtained by PCR products generated by restriction site contain-
ing primers. The sequence of primers are shown in Table S2.
The resulting fragments were cloned upstream of the luciferase
gene into the pGL3 luciferase reporter vector (Promega, Madi-
son, WI, USA). All plasmids were controlled by sequencing.

Luciferase assays. The Dual-Luciferase Reporter Assay Sys-
tem (Promega) was used to determine luciferase activities
according to the manufacturer’s instructions. Cells in 96-well
plates were transfected with Shh-firefly luciferase vector and
Renilla luciferase vector under control of the ubiquitin pro-
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moter per well using Lipofactamine 2000. After 24 h, cells
were treated as indicated and lysed with Passive Lysis Buffer
(Promega). Measurements were performed with a Berthold lu-
minometer (Berthold Technologies, Bad Wildbad, Germany),
and firefly luciferase values were normalized to Renilla lucifer-
ase values.

ChIP. A ChIP assay kit was used according to the Upstate
Biotechnology ChIP protocol. Briefly, 5 9 106 cells were trea-
ted with 5-Aza (20 lM) and ⁄ or TNFa (20 ng ⁄mL) for the
indicated time periods. Protein-DNA complexes were immuno-
precipitated overnight at 4°C with antibodies against NF-jB
p65. Antibody complexes were pulled down for 4 h with
60 lL Protein A agarose ⁄ salmon sperm DNA. Unbound chro-
matin in the no-antibody sample was used as input. DNA from
both unbound and eluted chromatin was purified using the
PCR Purification Kit (Roche, Bromma, Sweden). The immuno-
precipitated DNA was quantified by real-time quantitative
PCR. Amplification was performed with the default PCR set-
ting using the following primers: 50-ATT CCA GCC CCT
GTC TGG GT-30 (forward) and 50-GTG CGT GTG CGC TCT
CTC T-30 (reverse). Input DNA was used as the endogenous
control.

Nuclear factor-kappa B DNA binding assay. To determine NF-
jB activation, we performed a DNA binding assay using the
TransAM NF-jB kit (Active Motif, Carlsbad, CA, USA)
according to the manufacturer’s instructions and as previously
described.(24) Briefly, MDA-MB-231 cells were treated with 5-
Aza (20 lM) or TNF-a (20 ng ⁄mL) for 24 h. Nuclear protein
extracts were prepared using a nuclear extraction kit (Invitro-
gen) according to the manufacturer’s instructions. Protein con-
centration was determined using the BCA Protein Assay Kit
(Pierce), and 20 lg of nuclear extract was added to the plates
precoated with an NF-jB consensus oligonucleotide sequence
and incubated at room temperature for 1 h with continuous
shaking. The plates were washed and incubated with a p65 pri-
mary antibody, followed by a secondary antibody, then sub-
strate solution was added. Next, the plates were read at a
reference wavelength of 655 nm.

Soft agar colony formation assay. A density of 500 cells ⁄mL
MDA-MB-231 cells were seeded onto a 24-well plate with
0.4 mL of 0. 3% low melting agarose (Sigma). After the
different treatment, including 5-Aza (20 lM), pCMV-Shh
(1 lg ⁄lL), TNF-a (20 ng ⁄mL) and cyclopamine (10 lM),
these cells were further cultured for 10 days. Colonies with
more than 50 cells were counted, and the colony formation
rate was calculated according to the following equation: Col-
ony formation rate (%) = (Number of colony formation ⁄Num-
ber of seeded cells) 9 100%.

Wound-healing migration assay. Wound healing migration
assay was performed as described previously.(25) Briefly,
Bcap37 cells were starved to inactivate cell proliferation and
then wounded by pipette tips. DMEM containing 5% FBS was
added with different agents, including 5-Aza (20 lM), pCMV-
Shh (1 lg ⁄lL), TNF-a (20 ng ⁄mL) and cyclopamine (10 lM).
Images of the cells were taken after 24 h incubation. Migrated
distance was quantified manually. Three independent experi-
ments were performed.

Cell proliferation assay. The in vitro cell proliferation effects
of Shh signaling were determined by MTT assay. The MDA-
MB-231 cells (1 9 105 cells ⁄mL) were seeded into 96-well
culture plates. After overnight incubation, the cells were trea-
ted with different agents, including 5-Aza (20 lM), pCMV-
Shh (1 lg ⁄lL), TNF-a (20 ng ⁄mL) and cyclopamine (10 lM),
for 48 h. Then 10 lL MTT solution (2.5 mg ⁄mL in PBS) was

added to each well, and the plates were incubated for an addi-
tional 4 h at 37°C. The medium with MTT was aspirated, fol-
lowed by the addition of 100 lL DMSO. The optical density
of each well was measured at 570 nm using a Biotek Synergy
HT Reader (BioTek Instruments, Winooski, VT).

Statistical analysis. Statistical analysis of group differences
was performed using Pearson’s v2-test and ANOVA. With regard
to survival analysis, we analyzed 92 breast cancer patients
using Kaplan–Meier analyses. P < 0.05 was regarded as statis-
tically significant. All statistical analyses were performed using
SPSS software (SPSS, Chicago, IL, USA).

Results

Correlation among Sonic hedgehog expression, nuclear factor-

kappa B expression, promoter hypomethylation and patients out-

come. To explore the correlation among Shh, NF-jB and pro-
moter methylation in breast cancer, we detected the expression
of Shh and NF-jB using the immunohistochemistry method,
and measured the promoter methylation status of Shh using MS-
PCR. Our data showed that the level of Shh was higher in tissues
with positive NF-jB nuclear staining and promoter hypomethy-
lation, whereas the level of Shh was lower in tissues with nega-
tive NF-jB nuclear staining and promoter hypermethylation (see
Fig 1a). In detail, the rate of positive Shh expression was 87.1%
in tissues with positive NF-jB nuclear staining and promoter hy-
pomethylation, but 28.6% in tissues with negative NF-jB
nuclear staining and promoter hypermethylation (see Fig 1b).
Statistical analysis data indicated a significant difference among
methylation (�) ⁄NF-jB (+), methylation (+) ⁄NF-jB (�), meth-
ylation (�) ⁄NF-jB (�) and methylation (+) ⁄NF-jB (+) in Shh
expression level (see Fig. 1b), suggesting a crucial role of the
hypomethylation along with NF-jB activation in the regulation
of Shh expression.
To elucidate the clinical significance of Shh, NF-jB and

promoter methylation in breast cancer, survival analysis was
performed using the Kaplan–Meier method. We found that
Shh promoter methylation status and NF-jB nuclear expres-
sion cannot predict patients’ overall survival (data not shown).
Further survival analysis revealed that the cases with Shh-posi-
tive expression experienced worse clinical outcome compared
with those with Shh-negative expression (see Fig. 1c), support-
ing the oncogenic role of Shh in breast cancer.

Correlation of NF-jB nuclear expression, promoter methylaion

status with Sonic hedgehog expression in breast cell lines. To
confirm the correlation among NF-jB nuclear expression, pro-
moter methylation status with Shh expression, several breast
cell lines, MCF-7, Bcap37, MDA-MB-436 and MDA-MB-231,
were used in our experiments. As shown in Figure 2a, MCF-7
cells expressed Shh at a relatively higher level, Bcap37 and
MDA-MB-231 cells displayed a moderate expression, but
MDA-MB-436 cells expressed Shh at a lower level. Interest-
ingly, a similar pattern was shown in NF-jB nuclear expres-
sion, suggesting a positive correlation between NF-jB and
Shh. As the transcription factor, NF-jB regulates target gene
expression in mRNA level. Thus, we also detected the expres-
sion of Shh in mRNA level using quantitative RT-PCR. Con-
sistent with protein expression data, Shh was expressed at a
higher level in MCF-7 cells, but not in Bcap37, MDA-MB-436
and MDA-MB-231 cells (see Fig. 2b), demonstrating that the
crucial regulation of Shh expression is presented in the tran-
scription level.
Next, we also detected the methylation status of Shh pro-

moter in MCF-7, Bcap37, MDA-MB-436 and MDA-MB-231
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cells. In agreement with our previous data,(16) Shh promoter
was methylated weakly in MCF-7 cells. However, the pro-
moter region was enhancedly methylated in MDA-MB-436,
Bcap37 and MDA-MB-231 cells (see Fig. 2c). Moreover, we
also investigated the effect of 5-Aza (20 lM), a DNA methyl-
transferase inhibitor, on the methylation status and protein
expression of Shh in MDA-MB-231 and Bcap37 cells, which
showed a moderate level of Shh expression and promoter
methylation. Our data revealed that 5-Aza treatment resulted
in a decrease in methylation in MDA-MB-231 and Bcap37
cells (Fig. 2c). Meanwhile, 5-Aza treatment also lead to an
increased expression of Shh in both cell lines (Fig. 2d). These
results strongly suggested that promoter methylation might be
another important regulation mechanism of Shh in breast
cancer.

Hypomethylation and nuclear factor-kappa B cooperate to

induce transcription of Sonic hedgehog gene. To elucidate the
characteristics of Shh promoter region, a series of pGL3-Shh-
promter-luciferase vectors were constructed, and the activities
of reporter genes were measured after being transfected in
MDA-MB-231 cells for 24 h. Our results indicated that pGL3-
Shh-P1 reporter and pGL3-Shh-P2 reporter displayed similar
activity, suggesting that the transcription factor Sp1 binding
site has no significant effect on activity of the Shh promoter
(Fig. 3a). In contrast, the deletion of the NF-jB binding site
(pGL3-Shh-P3 reporter) resulted in an obvious decrease
(Fig. 3a), indicating that the NF-jB binding site is crucial to
maintain transcription activity of the Shh promoter.
To investigate whether NF-jB regulates transcription

through NF-jB response elements, cells were transfected with

(a) (b)

(c) (d)Fig. 2. The correlation of nuclear factor-kappa B
(NF-jB) expression and promoter methylation status
with Sonic hedgehog (Shh) expression in breast cell
lines. (a) The expression of Shh and nuclear NF-jB
in breast cancer cell lines. (b) The expression of Shh
mRNA in breast cancer cell lines. MDA-MB-231
(MM231); MDA-MB-436 (MM436). (c) Methylation
status of Shh promoter in breast cell lines and the
effect of 5-azacytidine (5-Aza) treatment. MM231
and Bcap37 cells were treated with 20 lM 5-Aza for
72 h. The genomic DNA was extracted for
methylation-specific (MS)-PCR. M, methylated; UM,
non-methylated. (d) Expression of Shh in breast cell
lines after 5-Aza treatment.

(a)

(b) (c)

Fig. 1. Sonic hedgehog (Shh) expression, nuclear
factor-kappa B (NF-jB) expression and promoter
hypomethylation in breast cancer. (a) The
expression of Shh and NF-jB, and methylation
status of Shh promoter in representative breast
cancer tissues. M, methylation; UM, unmethylation.
Figures magnified 2009 or 4009. (b) The
correlation among Shh, NF-jB and promoter
methylation in breast cancer. A sample is defined as
Shh or NF-jB + if it has an IS ≥4. (c) Overall survival
according to expression of Shh in breast cancer.
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a luciferase construct containing pGL3-Shh-P2 and treated
with TNF-a, an NF-jB activator and ⁄or PDTC, a specific NF-
jB inhibitor. In MDA-MB-231 cells, TNF-a alone induced
transcription, but this could be completely reversed by the
addition of PDTC (Fig. 3b). To confirm the relevance of these
results, we studied the effect of TNF-a and ⁄or PDTC on the
transcription of Shh gene. As shown in Figure 3c, the expres-
sion of Shh was increased after treatment with TNF-a, but the
increase could be blocked by PDTC. These results demonstrate
that NF-jB plays an important role in the regulation of Shh.
Simultaneously, we also assessed the effect of 5-Aza on the

transcription activity of Shh. As shown in Figure 3d, treatment
with 5-Aza could induce the transcription of Shh in MDA-
MB-231, but this could be further enhanced by the addition of
TNF-a. The above results were further confirmed by the ChIP
experiments. The results revealed an increase in p65 binding
to the Shh promoter in cells treated with 5-Aza and TNF-a
alone. When 5-Aza and TNF-a were combined, an obvious
enhancement in p65 binding was observed (Fig. 3e). In addi-
tion, we further detected the NF-jB activation in MDA-MB-
231 cells after treatment with 5-Aza or TNF-a. The data
showed that TNF-a could induce an NF-jB activation in
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Fig. 3. The effects of promoter methylation and nuclear factor-kappa B (NF-jB) on the transcription of Sonic hedgehog (Shh) gene in MDA-
MB-231 cells. (a) Position and promoter activities of the Shh deletion pGL3 vector. Schematic representation of the promoter ⁄ luciferase con-
structs. Promoter activities of the cloned 50-untranscribed sequences of the Shh gene and deletion constructs. The promoter activities were mea-
sured using the Dual-Luciferase Reporter Assay System (Promega) after transfection into MDA-MB-231(MM231) cells. The bars represent average
luciferase activities compared with the control pGL3 vector. (b) The promoter activity of Shh-P2 reporter after being treated with TNF-a or ⁄ and
PDTC in MM231 cells. (c) The effect of TNF-a or ⁄ and PDTC on Shh mRNA expression in MM231 cells. The mRNA were analyzed for Shh levels by
quantitative PCR using specific primers as described in the Materials and Methods. GAPDH was used as control. (d) The effect of TNF-a or ⁄ and 5-
Aza on Shh mRNA expression in MM231 cells. (e) ChIP assays confirmed the binding of NF-jB(p65) to the promoter regions upstream of Shh
gene. Promoter 2 located in �83 to +80 upstream of Shh gene. (f) The effects of 5-Aza and TNF-a on NF-jB DNA binding activity. MM231 cells
were stimulated with TNF-a (20 ng ⁄mL) or 5-Aza (20 lM) for 24 h. Nuclear extracts from MM231 cells were assayed for NF-jB p65 activation.
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MDA-MB-231 cells (Fig. 3f). In contrast, NF-jB activity
could not be induced by 5-Aza treatment (Fig. 3f), suggesting
the impossibility of directly NF-jB activation by 5-Aza. Taken
together, our results demonstrate that the transcription of Shh
is regulated by cooperation between hypomethylation and NF-
jB in breast cancer.

Cooperation of hypomethylation, nuclear factor-kappa B and

Sonic hedgehog driving malignant potential of breast cancer

cells. It is well known that the activation of Shh signaling
would result in a malignant potential of cancer cells.(3,4)

Therefore, we next investigated whether hypomethylation, NF-
jB and Shh cooperate to drive the malignant potential of
breast cancer cells. As shown in Figure 4a, the overexpression
of Shh led to an increase in the colony formation rate of
MDA-MB-231 cells. Similarly, there was a significant increase
in the number of colony-forming cells after treatment with
TNF-a or 5-Aza. In addition, triple combination resulted in a
significant increase in the colony formation rate, indicating an
enhanced self-renewal capacity of these breast cancer cells.
Interestingly, pretreatment with cyclopamine, a specific inhibi-

tor of Shh signaling, led to an obvious decrease in the number
of colony-forming cells, suggesting that the induction of Shh
expression by 5-Aza and NF-jB is critical in the self-renewal
of breast cancer cells. Moreover, the migration ability of
Bcap37 cells was also measured. In agreement with the data
obtained from the colony formation assay, the migration cells
were increased after being treated with overexpressed Shh,
TNF-a or 5-Aza (see Fig. 4b). Meanwhile, the number of inva-
sion cells was significantly increased after the combination,
but obviously reversed by cyclopamine (see Fig. 4b). Further-
more, we also assessed the effect of Shh signaling on cell pro-
liferation. As shown in Figure S1, overexpression of Shh
resulted in an increase in the cell viability of MDA-MB-231
cells, whereas pretreatment with cyclopamine reversed Shh-
mediated cell proliferation. In contrast to colony formation and
migration results, a slight reduction of cell viability was shown
after treatment with TNF-a or 5-Aza. Taken together, our data
showed that hypomethylation, NF-jB and Shh cooperate to
drive self-renewal capacity and migration ability of breast
cancer cells.
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Fig. 4. The effects of Sonic hedgehog (Shh) overexpression, TNF-a, 5-Aza, cyclopamine or combination on colony formation and migration of
breast cancer cells. (a) MM231 colony formation was measured after different agents (5-Aza, pCMV-Shh, TNF-a and cyclopamine) were treated
for 72 h. (b) Bcap37 migration was measured by wound-healing migration assay after different agents (5-Aza, pCMV-Shh, TNF-a and cyclop-
amine) were treated for 24 h. All error bars are SEM. *P < 0.05 compare with control group; #P < 0.05 compare with combination group.

Cancer Sci | August 2015 | vol. 106 | no. 8 | 1089 © 2015 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.

Original Article
www.wileyonlinelibrary.com/journal/cas Duan et al.



Discussion

Gene expression is tightly regulated by both genetic and epige-
netic mechanisms. It has been well elucidated that cis and
trans-acting elements are basic requirements for gene expres-
sion regulation, and that promoter methylation can interfere
with gene transcription through regulating DNA-transcription
factor interactions.(26) In our previous study, we found that
overexpression of cancer-related gene Shh in human breast
cancer might be caused by the hypomethylation in the pro-
moter region and the activation of transcription factor NF-
jB.(16) Meanwhile, the question has been raised as to whether
two regulation mechanisms cooperate to regulate the expres-
sion of Shh in breast cancer. The present study revealed that
both the hypomethylation in promoter and the activation of
NF-jB directly contributed to the regulation of Shh gene in
breast cancer, and the demethylation in NF-jB binding ele-
ment by 5-Aza would be facilitate to the binding of NF-jB to
its cis-element, then led to an enhancement of transcription of
Shh. Using the genetic and epigenetic approach, our study, for
the first time, clearly elucidates the cooperative regulation
mechanisms of Shh gene.
DNA hyper- ⁄hypomethylation in the promoter of genes is

one of the powerful epigenetic modifications that regulates
gene transcription.(26) DNA methylation profiles of many genes
have been linked with cancer initiation and progression.(27) For
tumor suppressor genes, CpG methylation silences genes by
sterically impeding binding of transcription factors that recog-
nize sequences containing CG or by recruiting repressor pro-
teins that bind specifically to methyl-CpGs. In contrast, CpG
demethylation results in transcription activation of oncogenes.
In the present study, the demethylation by 5-Aza in breast can-
cer cells led to the transcription activation of Shh gene, which
is consistent with our and other previous group reports.(16,21)

Interestingly, we also demonstrated that the demethylation
facilitates the binding of NF-jB to the promoter region of
Shh, subsequently promote transcription, which could be
explained by the following facts. First, the promoter activity
and expression of Shh was enhanced by NF-jB activator TNF-
a, but was completely blocked by the addition of NF-jB
inhibitor PDTC (Fig. 3b,c), suggesting the crucial role of NF-
jB in the transcriptional regulation of Shh. Second, the expres-
sion of Shh and binding of p65 to Shh promoter was increased
by DNA methyltransferase inhibitor 5-Aza, and further
enhanced by the addition of TNF-a (Fig. 3d,e), which demon-
strated a synergistic regulation model of Shh transcription by
demethylation and NF-jB activation. Third, the NF-jB activity
could be induced by TNF-a but not by 5-Aza, suggesting that
the synergistic regulation of Shh by 5-Aza was mediated by
demethylation but not by direct activation of NF-jB. In fact, a
similar regulation approach has been reported in other cancer-
related genes. James et al.(28) found that the overexpression of
MAGEA11, a cancer germline antigen, is regulated by pro-
moter hypomethylation cooperating nucleosome occupancy.

Therefore, Shh regulation is highly instructive for understand-
ing mechanisms regulating oncogenes in human cancer.
The Shh signaling pathway plays a key role in tumor biol-

ogy, including cell proliferation, differentiation, apoptosis and
migration, and in the regulation of CSC self-renewal and
tumorigenic potential,(3,4) suggesting that Shh signaling could
be a promising therapeutic target in breast cancer. In the pres-
ent study, we found that the overexpression of Shh resulted in
an enhanced self-renewal capability and an increased migration
potential in breast cancer cells, suggesting a key role of Shh in
tumor progression. Interestingly, our data also showed that the
demethylation by 5-Aza and the activation of NF-jB by TNF-
a led to a malignant phenotype of breast cancer cells, and the
combination with Shh overexpression strengthens this alter-
ation, supporting a synergistic role of methylation, NF-jB and
Shh in tumor progression. In view of the limited efficacy of
Shh inhibitors,(29) due to compensated oncogenic mechanisms,
in the clinical study, the finding provides a new strategy for
the combination therapy of breast cancer.
Aberrant methylation changes in certain cancer-related genes

were also suggested to be a biomarker for prognosis of tumor
patients. For a series of cancer-related genes, including BMP
family genes,(30) LINE-1(31) and SPP1,(32) it has been reported
that the aberrant hypomethylation of their promoters is related
to a poor outcome of tumor patients. Here, we found that, in
contrast to Shh expression, both the methylation status of Shh
promoter and the activation of NF-jB were not associated with
patients’ prognosis. Consistent with the tissue results, our in vi-
tro data indicated that overexpression of Shh, but not demethy-
lation and activation of NF-jB, contributes to the cell
proliferation (see Fig. S1). The discrepancy between Shh and
its regulation factors in clinical value and biological function
of breast cancer could be elucidated by the following facts.
Whether demethylation or NF-jB activation could contribute
to a series of gene alterations, which subsequently mediates
complicated biological events.(18,33) Hence, it is possible that
Shh and its regulation factors exhibit a inconsistent biological
function.
In summary, the present study reveals that the cooperation

between promoter hypomethylation and NF-jB activation
results in the overexpression of Shh, which might contribute to
the acquisition of malignant tumor behavior in breast cancer.
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Additional supporting information may be found in the online version of this article:

Fig. S1. The effects of Shh overexpression, TNF-a, 5-Aza, cyclopamine on cell proliferation of breast cancer. MDA-MB-231 cell proliferation
was measured by MTT method after different agents (5-Aza, pCMV-Shh, TNF-a and cyclopamine) were treated for 48 h.

Table S1. Clinicopathological parameters in breast cancer patients.

Table S2. Primer sequence of Shh promoter construct.
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