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Smad4 suppresses the 
tumorigenesis and aggressiveness 
of neuroblastoma through 
repressing the expression of 
heparanase
Hongxia Qu1,*, Liduan Zheng2,3,*, Wanju Jiao2,*, Hong Mei1, Dan Li1, Huajie Song1, Erhu Fang1, 
Xiaojing Wang1, Shiwang Li1, Kai Huang3 & Qiangsong Tong1,3

Heparanase (HPSE) is the only endo-β-D-glucuronidase that is correlated with the progression 
of neuroblastoma (NB), the most common extracranial malignancy in childhood. However, the 
mechanisms underlying HPSE expression in NB still remain largely unknown. Herein, through analyzing 
cis-regulatory elements and mining public microarray datasets, we identified SMAD family member 4 
(Smad4) as a crucial transcription regulator of HPSE in NB. We demonstrated that Smad4 repressed the 
HPSE expression at the transcriptional levels in NB cells. Mechanistically, Smad4 suppressed the HPSE 
expression through directly binding to its promoter and repressing the lymphoid enhancer binding 
factor 1 (LEF1)-facilitated transcription of HPSE via physical interaction. Gain- and loss-of-function 
studies demonstrated that Smad4 inhibited the growth, invasion, metastasis, and angiogenesis of 
NB cells in vitro and in vivo. Restoration of HPSE expression prevented the NB cells from changes in 
these biological features induced by Smad4. In clinical NB specimens, Smad4 was under-expressed and 
inversely correlated with HPSE levels, while LEF1 was highly expressed and positively correlated with 
HPSE expression. Patients with high Smad4 expression, low LEF1 or HPSE levels had greater survival 
probability. These results demonstrate that Smad4 suppresses the tumorigenesis and aggressiveness of 
NB through repressing the HPSE expression.

Neuroblastoma (NB), a malignancy derived from neural crest cells of sympathetic nervous system, accounts for 
approximately 15% of all cancer-related mortality in childhood1. The clinical features of NB are heterogeneous, 
ranging from spontaneous regression to rapid progression and resistance to multimodal therapy1. For high-risk 
NB patients, tumor invasion and metastasis are the main causes of death, suggesting the urgency to investigate 
the underlying mechanisms for improving the outcome of NB patients1. It has been established that extracellular 
matrix (ECM) is an important structure surrounding the cells and vessels, and provides a physical barrier for 
the migration of tumor cells2. During the process of tumor invasion and metastasis, degradation of ECM and 
basement membrane is an initial and essential step3, which is also linked with tumor angiogenesis3. Thus, identi-
fication of crucial proteolytic enzymes that drive ECM degrading and remodeling will provide novel insights to 
improve the therapeutic efficiency of NB.

Heparanase (HPSE) is the only mammalian endo-β -D-glucuronidase that degrades the heparan sulphate 
glycosaminoglycan within the ECM and basement membrane4. In normal tissues, HPSE is detectable in plate-
lets, neutrophils, and activated T lymphocytes 5. Meanwhile, up-regulation of HPSE has been demonstrated in 
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a number of primary human malignancies, such as bladder cancer, prostate cancer, melanoma, pancreas cancer, 
colorectal cancer, and gallbladder cancer6, and is correlated with increased metastatic potentials and decreased 
survival rates6. It has also been documented that HPSE is functionally related to the invasion and metastasis of 
tumor cells4. In addition, HPSE is tightly involved in tumor angiogenesis by releasing angiogenic factors stored 
in the ECM such as basic fibroblast growth factor7, and promoting vascular endothelial growth factor (VEGF) 
expression via activation of the Src pathway8. Our previous studies have shown that HPSE is highly expressed in 
NB tissues, and is a prognostic factor for poor outcome of NB patients9. However, the mechanisms underlying the 
HPSE expression in NB still remain largely unknown.

In the current study, through analyzing the cis-regulatory elements and mining public microarray datasets, we 
identified SMAD family member 4 (Smad4) as a crucial transcription regulator of HPSE expression in NB. We 
demonstrate, for the first time, that Smad4 is under-expressed and inversely correlated with HPSE expression in 
clinical NB specimens. In addition, Smad4 represses the expression of HPSE through directly binding to its pro-
moter and attenuating lymphoid enhancer binding factor 1 (LEF1)-facilitated transcription of HPSE via physical 
interaction, thus suppressing the growth, invasion, metastasis and angiogenesis of NB cells in vitro and in vivo, 
suggesting the tumor suppressive roles of Smad4 in the progression of NB.

Results
Smad4 represses the expression of HPSE in cultured NB cell lines. Mining the publicly availa-
ble databases Genomatix10 and R2: microarray analysis and visualization platform (http://r2.amc.nl) revealed 
three potential transcription factors correlated with HPSE expression in NB tissues, including Smad4, LEF1, and 
peroxisome proliferator-activated receptor gamma (PPARG) (Supplementary Fig. S1a). However, transfection 
of short hairpin RNA (shRNA) specific for PPARG did not affect the HPSE promoter activity in NB cell lines 
(Supplementary Fig. S1b). Meanwhile, one Smad4 binding site and three LEF1 binding sites were noted within the 
HPSE promoter, locating at bases − 2287/− 2277, − 1435/− 1419, − 1351/− 1335, and − 571/− 555 relative to the 
transcription start site (TSS), respectively (Fig. 1a). Notably, negative or positive correlation between HPSE and 
Smad4 or LEF1 expression was observed in different NB and neuroblastic tumor cohorts (Supplementary Fig. S1c).  
Lower Smad4 and higher HPSE levels were observed in NB cell lines than those in normal dorsal ganglia (DG; 
Fig. 1b).

To investigate the effects of Smad4 on HPSE expression in NB cells, we performed the Smad4 over-expression 
and knockdown experiments. Western blot and real-time quantitative RT-PCR assays indicated that stable trans-
fection of Smad4 into IMR32 and BE(2)-C cells obviously increased the expression of Smad4, and decreased the 
HPSE levels, than those of empty vector (mock)-transfected cells (Fig. 1c,d). In contrast, transfection of shRNAs 
targeting Smad4 (sh-Smad4) into SH-SY5Y and SK-N-SH cells resulted in decreased protein and transcript levels 
of Smad4 and increased HPSE expression in NB cells, when compared to those stably transfected with scramble 
short hairpin RNA (sh-Scb) (Fig. 1e,f). Nuclear run-on assay indicated that stable over-expression or knockdown 
of Smad4 decreased or increased the nascent transcript levels of HPSE in NB cells, respectively (Supplementary 
Fig. S2a). In SH-SY5Y and SK-N-SH cells, administration of transforming growth factor beta (TGF-β ) resulted 
in increased activity of Smad4 response element reporter (Supplementary Fig. S2b) and decreased HPSE levels 
(Fig. 1g and Supplementary Fig. S2c), which were abolished by knockdown of Smad4 (Fig. 1g, Supplementary 
Fig. S2b,c). However, treatment of IMR32 and BE(2)-C cells with either TGF-β  or inhibitor of its receptors 
(LY364947)11, did not affect the nuclear translocation of Smad4 and inhibition of HPSE expression induced by 
stable transfection of Smad4 (Supplementary Fig. S3a,b). Co-immunoprecipitation (Co-IP) and western blot 
assays indicated that transfection of D351H and R361H, two Smad4 constructs with mutation of the loop-helix 
region12, abolished the interaction of Smad4 with R-Smads, phosphorylated Smad1 and Smad2 (p-Smad1 and 
p-Smad2), in these NB cells (Supplementary Fig. S3c). In addition, transfection of D351H or R361H did not 
influence the expression levels and promoter activity of HPSE (Supplementary Fig. S3d–f). Treatment with 
activin A-neutralizing antibody did not diminish the activation of Smad4 response element reporter in IMR32 
and BE(2)-C cells stably transfected with Smad4 (Supplementary Fig. S3g). Instead, administration of LDN-
193189, the inhibitor of bone morphogenetic protein (BMP) type I receptors13, abolished the increased activity 
of BMP/Smad transcriptional reporter induced by BMP-2 (Supplementary Fig. S2h). Moreover, LDN-193189 
treatment also prevented the IMR32 and BE(2)-C cells from decrease in the expression of HPSE induced by stable 
transfection of Smad4 (Fig. 1h and Supplementary Fig. S3i). These results demonstrated that Smad4 considerably 
repressed the HPSE expression at the transcriptional levels in NB cells.

Smad4 represses the transcription of HPSE through direct binding to its promoter. To deter-
mine whether Smad4 could directly target its binding site, the HPSE promoter luciferase reporter vector and its 
truncates were transfected into NB cells stably transfected with empty vector (mock) or Smad4. Dual-luciferase 
assay indicated that − 3.5 to − 0.7 kb relative to TSS was essential for the negative control of HPSE promoter 
activity, and mutation of Smad4 binding site within this region resulted in increased HPSE promoter activity 
in cultured SH-SY5Y and SK-N-SH cells (Fig. 2a). Ectopic expression or knockdown of Smad4 attenuated and 
enhanced the promoter activity of HPSE in NB cells, respectively (Fig. 2b,c), and mutation of Smad4 binding 
site partially abolished these effects (Fig. 2b,c). In addition, BMP-2 treatment facilitated the decreased HPSE 
promoter activity in IMR32 cells stably transfected with Smad4, which was abolished by administration of 
LDN-193189 (Fig. 2d). Meanwhile, administration of TGF-β  attenuated the increase in HPSE promoter activity 
induced by stable knockdown of Smad4 in SK-N-SH cells, and these effects were abolished by LY364947 treat-
ment (Fig. 2d). Chromatin immunoprecipitation (ChIP) and quantitative PCR (qPCR) assays were applied to 
measure the enrichment of Smad4 on HPSE promoter with three tiled primer sets. In cultured NB cells, enrich-
ment of Smad4 was observed at the region (− 2347/− 2148) around its binding site (Fig. 2e). As controls, no HPSE 
promoter regions were immunoprecipitated with unspecific antibody (isotype IgG) (Fig. 2e). Stable transfection 
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Figure 1. Smad4 represses the expression of HPSE in cultured NB cell lines. (a) scheme of the potential 
binding sites of Smad4 and LEF1 within HPSE promoter, locating at bases − 2287/− 2277, − 1435/− 1419, 
− 1351/− 1335, and − 571/− 555 upstream the transcription start site (TSS). (b) western blot showing the 
expression levels of Smad4 and HPSE in normal dorsal ganglia (DG) and NB cell lines. (c,d) western blot and 
real-time quantitative RT-PCR indicating the protein and transcript levels of Smad4 and HPSE in IMR32 
and BE(2)-C cells stably transfected with empty vector (mock) or Smad4. (e,f) western blot and real-time 
quantitative RT-PCR showing the protein and transcript levels of Smad4 and HPSE in SH-SY5Y and SK-N-SH 
cells stably transfected with scramble shRNA (sh-Scb) or shRNA specific for Smad4 (sh-Smad4). (g,h) western 
blot indicating the expression levels of HPSE in NB cells stably transfected with sh-Scb, sh-Smad4, mock or 
Smad4, and those treated with TGF-β  or LDN-193189. *P <  0.01 vs. mock or sh-Scb.
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Figure 2. Smad4 represses the transcription of HPSE through direct binding to its promoter. (a) dual-
luciferase assay showing the activity of HPSE promoter reporter and its truncates and mutant in SH-SY5Y and 
SK-N-SH cells. (b,c) dual-luciferase assay indicating the activity of HPSE promoter and its mutant in NB cells 
stably transfected with empty vector (mock), Smad4, scramble shRNA (sh-Scb), or shRNA specific for Smad4 
(sh-Smad4). (d) dual-luciferase assay showing the activity of pGL3-HPSE-3.5 kb in IMR32 and SK-N-SH cells 
stably transfected with mock, Smad4, sh-Scb, or sh-Smad4, and those treated with BMP-2, LDN-193189,  
TGF-β  protein, or LY364947. (e) ChIP and qPCR assay indicating the enrichment of Smad4 on HPSE promoter 
in IMR32 and SK-N-SH cells stably transfected with mock, Smad4, sh-Scb, or sh-Smad4, and those treated with 
BMP-2, LDN-193189, TGF-β  protein, or LY364947. *P <  0.01 vs. pGL3-HPSE-3.5 kb, mock, sh-Scb, or IgG; 
ΔP <  0.01 vs. control untreated with BMP-2, LDN-193189, TGF-β  protein, or LY364947.
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of Smad4 or sh-Smad4 into IMR32 and SK-N-SH cells resulted in increased and decreased binding of Smad4 to 
HPSE promoter, respectively (Fig. 2e), which were abolished by treatment with LDN-193189 or TGF-β  (Fig. 2e). 
These results indicated that Smad4 directly interacted with the binding site within HPSE promoter to repress its 
transcription.

Smad4 represses the LEF1-facilitated transcription of HPSE in NB cells. Since previous stud-
ies indicate the interaction between Smad4 and LEF114,15, and combining above evidence showing the poten-
tial roles of LEF1 in HPSE expression, we further investigated the effects of Smad4 on LEF1-mediated HPSE 
expression. As shown in Fig. 3a,b, Co-IP and immunofluorescence assays revealed the endogenous protein 
interaction between Smad4 and LEF1 in cultured NB cells. To determine the domain essential for this inter-
action, a series of Myc-tagged Smad4 truncates were co-transfected with FLAG-tagged LEF1 construct into 
NB cells, and the results indicated that the 511–552 amino acids of Smad4 was crucial for the interaction with 
LEF1 (Fig. 3c). Dual-luciferase assay indicated that stable transfection of Smad4 attenuated the activity of 
T-cell factor (TCF)/LEF-responsive construct, and inhibited the LEF1-facilitated activity of HPSE promoter in 
IMR32 and BE(2)-C cells (Fig. 3d). ChIP and qPCR assays revealed the endogenous enrichment of LEF1 on 
the − 673/− 476 bp region, but not the − 2347/− 2148 or − 1505/− 1268 bp region, of HPSE promoter (Fig. 3e). 
Transfection of LEF1 increased the HPSE promoter activity in NB cells, while mutation of LEF1 binding site 
within − 673/− 476 bp region abolished these effects (Supplementary Fig. S4a). In addition, transfection of Smad4 
prevented the increased enrichment of LEF1 on HPSE promoter induced by ectopic expression of LEF1 (Fig. 3e). 
Dual-luciferase, nuclear run-on, real-time quantitative RT-PCR, and western blot assays further indicated that 
stable transfection of Smad4 prevented the NB cells from increased promoter activity and expression levels of 
HPSE induced by LEF1 over-expression (Supplementary Fig. S4a, Fig. 3f–h). These results indicated that Smad4 
repressed the LEF1-facilitated HPSE transcription in NB cells.

Smad4 suppresses the growth, invasion, and angiogenesis of NB cells in vitro. Since previous 
studies indicate that HPSE participates in the growth, invasion, and angiogenesis of cancer cells16,17, and com-
bining the evidence that Smad4 directly regulated the expression of HPSE, we investigated the effects of Smad4 
over-expression and HPSE restoration on cultured NB cells. As shown in Fig. 4a,b, transfection of HPSE increased 
the expression and activity of HPSE, and restored the decrease in HPSE expression and activity induced by Smad4 
in IMR32 and BE(2)-C cells. In MTT colorimetric and soft agar assays, stable transfection of Smad4 suppressed 
the viability and anchorage-independent growth of NB cells, when compared to those stably transfected with 
empty vector (mock) (Fig. 4c,d). In matrigel invasion assay, Smad4 over-expression decreased the invasion capa-
bility of IMR32 and BE(2)-C cells (Fig. 4e). The tube formation of endothelial cells was decreased by treatment 
with the medium preconditioned by stable transfection of NB cells with Smad4 (Fig. 4f). In addition, restoration 
of HPSE expression via transfection of HPSE vector prevented the NB cells from their decrease in growth, inva-
sion, and angiogenesis induced by stable over-expression of Smad4 (Fig. 4c–f).

On the other hand, we investigated the effects of Smad4 on LEF1-mediated HPSE activity, growth, invasion, 
and angiogenesis of NB cells. As shown in Supplementary Fig. S4b, increased HPSE activity was observed in NB 
cells stably transfected with LEF1. In MTT colorimetric and soft agar assays, LEF1 over-expression promoted the 
viability and anchorage-independent growth of IMR32 and BE(2)-C cells, when compared to those stably trans-
fected with mock (Supplementary Fig. S4c,d). Matrigel invasion assay showed that NB cells stably transfected 
with LEF1 presented an increased invasion capacity than mock-transfected cells (Supplementary Fig. S4e). The 
tube formation of endothelial cells was enhanced by treatment with the medium preconditioned by stable trans-
fection of NB cells with LEF1 (Supplementary Fig. S4f). In addition, transfection of Smad4 rescued the IMR32 
and BE(2)-C cells from their changes in HPSE activity, growth, invasion, and angiogenesis induced by ectopic 
expression of LEF1 (Supplementary Fig. S4b–f). Collectively, these results revealed the tumor suppressive roles of 
Smad4 in regulating the growth, invasion, and angiogenesis of NB cells.

Smad4 suppresses the growth, metastasis, and angiogenesis of NB cells in vivo . We next 
investigated the efficacy of Smad4 over-expression against tumor growth, metastasis, and angiogenesis in vivo. 
Stable transfection of Smad4 into BE(2)-C cells resulted in decreased growth and tumor weight of subcutaneous 
xenograft tumors in athymic nude mice, when compared to those stably transfected with empty vector (mock; 
Fig. 5a,b). In addition, stable transfection of Smad4 resulted in a decrease in CD31-positive mean vessel density 
within tumors (Fig. 5c). In the experimental metastasis studies, BE(2)-C cells stably transfected with Smad4 estab-
lished statistically fewer lung metastatic colonies and higher survival probability than mock group (Fig. 5d,e). 
Restoration of HPSE expression abolished these changes induced by stable over-expression of Smad4 (Fig. 5a–e). 
These results were consistent with the findings that Smad4 suppressed the growth, invasion, and angiogenesis of 
NB cells in vitro.

Smad4 and LEF1 are inversely or positively correlated with HPSE expression in NB tissues.  
Mining the publicly available data derived from Oncogenomics (https://pob.abcc.ncifcrf. gov/cgi-bin/JK) and 
TARGET (https://target.nci.nih.gov/dataMatrix/) indicated no copy number loss and low mutation frequency of 
Smad4 gene in NB (Supplementary Fig. S5a,b). To investigate the expression of Smad4 and LEF1 in NB tissues, 
paraffin-embedded sections from 42 well-established primary cases were collected. Immunohistochemical stain-
ing revealed that Smad4 and LEF1 were expressed in the nuclei of tumor cells (Fig. 6a). Smad4 expression was 
detected in 16/42 (38.1%) cases and the staining was weak in 8, moderate in 5, and intense in 3 (Supplementary 
Table S1). The Smad4 immunoreactivity was significantly lower in NB cases with poor differentiation (P <  0.001), 
higher mitosis karyorrhexis index (MKI) (P =  0.002), and advanced international neuroblastoma staging sys-
tem (INSS) stages (P =  0.016) (Supplementary Table S1). Notably, the immunostaining of HPSE was inversely 
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or positively correlated with that of Smad4 (correlation coefficient R =  − 0.583, P <  0.001) and LEF1 (correlation 
coefficient R =  0.553, P <  0.001) in NB cases, respectively (Fig. 6a and Supplementary Table S2). Western blot 
and real-time quantitative RT-PCR were applied to measure the expression levels of Smad4, LEF1, and HPSE 

Figure 3. Smad4 represses the LEF1-facilitated transcription of HPSE in NB cells. (a,b) Co-IP and 
immunofluorescence assays revealing the endogenous interaction between Smad4 and LEF1 in NB cells.  
(c) IP and western blot assays showing the interaction between Smad4 and LEF1 in IMR32 cells transfected with 
different Myc-tagged Smad4 truncates and FLAG-tagged LEF1 construct, running under the same experimental 
conditions (full-length blots are presented in Supplementary Figure S7). (d) dual-luciferase assay indicating the 
activity of TCF/LEF-responsive constructs TOP-FLASH and FOP-FLASH and the HPSE promoter reporter  
in NB cells stably transfected with empty vector (mock) or Smad4, and those co-transfected with LEF1.  
(e) ChIP and qPCR assay showing the enrichment of LEF1 on HPSE promoter in NB cells stably transfected 
with mock or Smad4, and those co-transfected with LEF1. (f,g) nuclear run-on and real-time quantitative RT-
PCR assays indicating the HPSE transcript levels in NB cells stably transfected with mock or Smad4, and those 
co-transfected with LEF1. (h) western blot assay showing the expression of Smad4, LEF1, and HPSE in NB 
stably transfected with mock or Smad4, and those co-transfected with LEF1. *P <  0.01 vs. mock or IgG.
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in 30 NB specimens and DG. As shown in Fig. 6b–d, lower Smad4 expression and higher LEF1 or HPSE levels 
were observed in NB tissues than those in DG, which was in line with the data derived from R2: microarray 
analysis and visualization platform (Supplementary Fig. S5c). In addition, lower Smad4 levels and higher expres-
sion of LEF1 or HPSE were observed in NB specimens with poorer differentiation (Fig. 6e), advanced INSS 

Figure 4. Smad4 suppresses the growth, invasion and angiogenesis of NB cells in vitro. (a) western blot 
indicating the expression of Smad4 and HPSE in IMR32 and BE(2)-C cells stably transfected with empty vector 
(mock) or Smad4, and those co-transfected with HPSE. (b) colorimetric assay for the HPSE activity in NB cells 
stably transfected with mock or Smad4, and those co-transfected with HPSE. (c,d) MTT colorimetric and soft 
agar assays [representation (left) and quantification (right)] showing the viability and anchorage-independent 
growth capability of NB cells stably transfected with mock or Smad4, and those co-transfected with HPSE.  
(e) representation (left) and quantification (right) of matrigel invasion assay indicating the invasion capability 
of NB cells transfected with mock or Smad4, and those co-transfected with HPSE. (f) representation (left) and 
quantification (right) of tube formation assay showing the angiogenic capability of NB cells transfected with 
mock or Smad4, and those co-transfected with HPSE. *P <  0.01 vs. mock.
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Figure 5. Smad4 suppresses the growth, metastasis and angiogenesis of NB cells in vivo. (a) tumor growth 
curve of BE(2)-C (1 ×  106) stably transfected with empty vector (mock) or Smad4, and those co-transfected with 
HPSE in athymic nude mice (n =  5 for each group), after hypodermic injection for 4 weeks. (b) representation 
(top) and quantification (bottom) of xenograft tumors formed by hypodermic injection of BE(2)-C cells stably 
transfected with mock or Smad4, and those co-transfected with HPSE. (c) immunohistochemical staining (top) 
and quantification (bottom) of CD31 expression within tumors formed by hypodermic injection of BE(2)-C 
cells stably transfected with mock or Smad4, and those co-transfected with HPSE. Scale bars: 100 μ m.  
(d) representation (left, arrowhead) and quantification (right) of lung metastasis in nude mice with injection 
of BE(2)-C cells (0.4 ×  106) stably transfected with mock or Smad4, and those co-transfected with HPSE via the 
tail vein (n =  5 for each group). Scale bars: 100 μ m. (e) Kaplan–Meier survival plots of athymic nude mice with 
injection of BE(2)-C cells (0.4 ×  106) stably transfected with mock or Smad4, and those co-transfected with 
HPSE via the tail vein (n =  5 for each group). *P <  0.01 vs. mock.
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stages (Supplementary Fig. S5d), or relapse (Supplementary Fig. S5d). There was an inverse correlation between 
Smad4 protein and HPSE transcript levels in NB tissues (correlation coefficient R =  − 0.725, P <  0.001, Fig. 6f), 
while LEF1 protein levels were positively correlated with HPSE transcript levels (correlation coefficient R =  0.734, 

Figure 6. Smad4 and LEF1 are inversely or positively correlated with HPSE expression in NB tissues. 
(a) immunohistochemical staining revealing the expression of Smad4, LEF1, and HPSE in NB specimens 
(arrowheads, brown). Scale bars: 100 μ m. (b–d) western blot and real-time quantitative RT-PCR assays showing 
the protein and transcript levels of Smad4, LEF1, and HPSE in NB tissues (n =  30) and normal dorsal ganglia 
(DG). (e) real-time quantitative RT-PCR indicating the transcript levels of Smad4, LEF1, and HPSE in NB 
tissues with well (WD) or poor differentiation (PD). (f–g) the correlation between Smad4 protein, LEF1 protein, 
and HPSE transcript levels in NB tissues (n =  30). (h) Kaplan–Meier survival plots of 102 well-defined NB 
cases derived from R2 microarray analysis and visualization platform (http://r2.amc.nl) showing the survival 
probability of patients with high or low expression of Smad4, LEF1 or HPSE. *P <  0.01 vs. DG or WD.

http://r2.amc.nl
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P <  0.001, Fig. 6g). Kaplan–Meier survival plots of 102 well-defined NB cases derived from R2 microarray analy-
sis and visualization platform revealed that patients with high Smad4 expression (P =  3.8 ×  10−3), low LEF1 levels 
(P =  2.4 ×  10−4), or low HPSE expression (P =  3.4 ×  10−3) expression had greater survival probability (Fig. 6h), 
which was further validated by different NB cohorts derived from R2 database (Supplementary Fig. S6). These 
results indicated that Smad4 and LEF1 were inversely or positively correlated with HPSE expression in NB tissues.

Discussion
Smad4, locating at chromosome 18q21, was first identified as a tumor suppressor gene in pancreatic cancer18. 
Subsequent studies show that Smad4 is involved in the TGF-β  family signaling pathways19. The TGF-β  family 
contains about 40 structurally related factors, including TGF-β , activin, inhibins, and BMPs, which exert sig-
naling through binding to their receptors; upon receptor activation, the receptor-regulated Smads (R-Smads), 
including Smad1, Smad2, Smad3, Smad5 and Smad8, are phosphorylated to associate with the common Smad, 
Smad4, and mediate the nuclear translocation of heteromeric complex that regulates gene transcription19,20. It has 
been indicated that Smad4 is down-regulated in many human cancers, as a result of mutation, homozygous dele-
tion, and heterozygous loss21. Mutation of Smad4 gene occurs frequently in pancreatic22 and colorectal cancer23. 
Transfection of Smad4 into pancreatic cancer cells reduces the anchorage-independent growth by more than 
50%, and inhibits xenograft tumor growth24. In addition, stable over-expression of Smad4 in colon cancer cells 
suppresses their growth in vivo25. However, few mutation of Smad4 gene is seen in the rest of human cancers26. In 
the current study, we searched the publicly available databases Oncogenomics and TARGET, and found no copy 
number loss and low mutation frequency of Smad4 in NB. We demonstrated the down-regulation of Smad4 in 
NB tissues and cell lines. Low Smad4 expression was associated with poor prognosis of NB patients, suggesting 
that Smad4 may be a potential outcome predictor for NB. In addition, we found that ectopic expression of Smad4 
suppressed the growth, invasion, metastasis, and angiogenesis of NB cells, suggesting the tumor suppressive roles 
of Smad4 in the progression of NB.

The heteromeric Smad complexes regulate target gene expression through direct binding to DNA, interaction 
with DNA-binding proteins, or recruitment of transcriptional co-activators or co-repressors19. Smad4 binds to 
the Smad-binding element, an 8-bp palindromic sequence (5′-GTCTAGAC-3′), for transcriptional regulation 
of TGF-β  target genes27. Through targeting the promoter regions, Smad4 induces the expression of p15ink4b to 
inhibit the growth of pancreatic cancer cells24. Enhanced Smad4 binding to the promoter of snail family zinc 
finger (Snail) contributes to its expression and epithelial-mesenchymal transition in skin carcinogenesis28. 
Over-expression of Smad4 induces the expression of p21waf1 in breast cancer cells in the presence or absence of 
TGF-β  stimulation, and Smad4 can bypass the TGF-β  receptor activation to increase p21waf1 levels in pancreatic 
cancer cells29. In addition, Smad4 positively regulates the c-Myc expression in a TGF-β -independent manner12. 
In this study, we demonstrated that HPSE was a novel transcriptional target gene of Smad4. Previous studies 
have shown the existence of TGF-β /Smad signaling in some NB cell lines. TGF-β  treatment facilitates the nuclear 
localization of Smad2 in SK-N-SH cells30. Ectopic over-expression of TGF-β  type II receptor suppresses the 
tumor-forming ability and induces differentiation in LAN5 cells31. However, TGF-β  and its receptors are usually 
down-regulated in aggressive or advanced stage NB32,33. Our findings indicated that TGF-β /Smad4 signaling was 
able to repress the HPSE expression in two non-MYCN amplified NB cells (SK-N-SH and SH-SY5Y), but not in 
MYCN amplified ones. In IMR32 and BE(2)-C cells, the Smad4-repressed HPSE expression was abolished by 
disruption of its interaction with p-Smad1 or p-Smad2, two R-Smads activated by BMP and activin receptors19,20. 
Since administration of activin A-neutralizing antibody did not affect the activity of Smad4 response element 
reporter in these cells, we ruled out the possible involvement of activin A signaling. Instead, as a member of 
BMP family expressing mainly in the nervous system, BMP-2 activated the BMP/Smad transcriptional reporter 
and facilitated the down-regulation of HPSE induced by Smad4 in IMR32 and BE(2)-C cells, which were abol-
ished by the inhibitor of BMP type I receptors. It has been indicated that BMP-2 induces the phosphorylation of 
Smad1/5/834, and is capable of facilitating growth arrest and neuronal differentiation in NB cells35. We believe that 
both TGF-β -dependent and -independent R-Smad activation occurs in NB cells to regulate the Smad4-mediated 
repression of HPSE expression in a context-dependent manner.

Human HPSE gene is located at chromosome 4q21.3, and its expression is regulated at the transcriptional levels36.  
The HPSE promoter contains GC-rich sequences and lacks a typical TATA or CCAAT box36. Previous studies 
indicate that transcription factors specific protein 1 and ETS are associated with basal HPSE promoter activity 
in thyroid tumor cells37, while early growth response 1 is implicated in inducible transcription of HPSE gene in 
prostate cancer cells38. In glioblastoma, glioma-associated oncogene homolog 1 facilitates the transcription of 
HPSE to promote tumor angiogenesis and aggressive growth39. Nuclear factor κ B mediates the hypoxia-induced 
up-regulation of HPSE in pancreatic caner cells40. In addition, HPSE is induced in tumor cells by hepatocyte 
growth factor41, basic fibroblast growth factor41, and platelet-derived growth factor41. On the other hand, tumor 
suppressor p53 negatively regulates HPSE gene expression, suggesting that p53 gene mutation may contribute 
to increased HPSE expression in tumors42. Despite extensive studies on the regulation of HPSE expression dur-
ing tumorigenesis, little is known about HPSE gene transcription in NB. In this study, we demonstrated that 
LEF1 facilitated the HPSE transcription via directly binding to its promoter. Previous studies indicate that LEF1 
forms a complex with Smad4 to activate the promoter of msh homeobox 2 in murine embryonic stem cells15. 
However, in palate medial-edge epithelial cells, LEF1 is activated by forming a complex with Smad4 to bind with 
the E-cadherin promoter to repress its transcription14. Our evidence shows that Smad4 is able to interact with 
LEF1 to abolish its binding to proximal HPSE promoter region. Over-expression of Smad4 rescued the NB cells 
from LEF1-facilitated growth, invasion and angiogenesis, suggesting that Smad4 may exert its tumor suppressive 
functions, at least in part, through interacting and repressing the LEF1 activity in regulation of HPSE expression 
in NB.
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In summary, we have shown that Smad4 is down-regulated in NB tissues, and inhibits the growth, invasion, 
metastasis, and angiogenesis of NB cells in vitro and in vivo. Furthermore, Smad4 suppresses the expression of 
HPSE via targeting its binding site within the promoter and attenuating LEF1-faclitated transcription in NB cell 
lines. This study extends our knowledge about the regulation of HPSE at the transcriptional level by transcription 
factors, and suggests that Smad4 and LEF1 may be of potential values as novel therapeutic targets for human NB. 
Meanwhile, the roles and underlying mechanisms of down-regulation of Smad4 in TGF-β  family signaling path-
ways during the tumorigenesis and aggressiveness of NB warrant further investigation.

Methods
Cell culture. Human NB cell lines SK-N-AS (CRL-2137), SH-SY5Y (CRL-2266), SK-N-SH (HTB-11), 
SK-N-BE(2) (CRL-2271), NB-1643, BE(2)-C (CRL-2268), and IMR32 (CCL-127), and human endothelial cell line 
HUVEC (CRL-1730) were purchased from American Type Culture Collection (Rockville, MD) and Type Culture 
Collection of Chinese Academy of Sciences (Shanghai, China). Cell lines were authenticated by the provider, 
used within 6 months after resuscitation of frozen aliquots, and grown in RPMI1640 medium (Life Technologies, 
Inc., Gaithersburg, MD) supplemented with 10% fetal bovine serum (Life Technologies, Inc.), penicillin  
(100 U/ml) and streptomycin (100 μ g/ml). Cells were maintained at 37 °C in a humidified atmosphere of 5% CO2, 
and applied for transfection or treatment with TGF-β  protein, LY364947, BMP-2 protein, LDN-193189 (Sigma, 
St. Louis, MO), or activin A-neutralizing antibody (R&D Systems Inc., Minneapolis, MN) as indicated.

Gene over-expression and knockdown. Human Smad4 cDNA (1659 bp) was provided by Dr. Anna 
Coppa43 and subcloned into pcDNA3.1 (Invitrogen, Carlsbad, CA) with primer indicated in Supplementary Table S3.  
The 6Myc-tagged truncates and FLAG-tagged construct of Smad4 were provided by Dr. Ralf Janknecht44 and 
Dr. Caroline S. Hill45, respectively. The Smad4 mutant constructs (D351H and R361H) were generated with 
GeneTailorTM Site-Directed Mutagenesis System (Invitrogen) and PCR primers (Supplementary Table S3). Human 
HPSE cDNA (1632 bp) and LEF1 cDNA (1200 bp) were amplified from NB tissue (Supplementary Table S3),  
and subcloned into pcDNA3.1 (Invitrogen) and pCMV-3Tag-1A (Addgene, Cambridge, MA), respectively. The 
empty vector (mock) and Smad4 or HPSE constructs were transfected into tumor cells, and stable cell lines were 
screened by administration of neomycin or puromycin (Invitrogen). The mock-transfected cells were applied 
as controls. To restore the Smad4-induced down-regulation of HPSE, stable cell lines were transfected with the 
recombinant vector pcDNA3.1-HPSE or pCMV-3Tag-1A-LEF1. The oligonucleotides encoding shRNA specific 
for Smad4 or PPARG, and their scramble sequences were subcloned into GV102 (Genechem Co., Ltd, Shanghai, 
China; Supplementary Table S3), and transfected into tumor cells with Genesilencer Transfection Reagent 
(Genlantis, San Diego, CA).

Luciferase reporter assay. Human HPSE promoter luciferase reporter constructs were kindly provided 
by Dr. Xiulong Xu (Rush University Medical Center)16,17,46,47. The TCF/LEF-responsive reporter (TOP-FLASH 
and FOP-FLASH), Smad4 response element reporter (pSBE4-Luc), and BMP/Smad transcriptional reporter 
(pGL3-BRE-Luc) plasmids were obtained from Millipore (Billerica, MA) and Addgene, respectively. Mutation 
of Smad4 or LEF1 binding site was performed with GeneTailorTM Site-Directed Mutagenesis System (Invitrogen) 
and PCR primers (Supplementary Table S3). Dual-luciferase assay was performed as previously described16,17,46,47.

Nuclear run-on assay. Nuclear run-on assay was performed based on the incorporation of biotin-16-uridine-  
5’-triphosphate into nascent transcripts as previously described16,17,48,49. Total RNA was extracted using 
Trizol (Invitrogen), and biotinylated nascent RNA was purified using agarose-conjugated streptavidin beads 
(Invitrogen). Beads were then eluted, and biotinylated RNA was isolated for real-time quantitative RT-PCR assay 
with primers (Supplementary Table S4).

Western blot. Tissue or cellular protein was extracted with 1×  cell lysis buffer (Promega, Madison, WI). 
Western blot was performed as previously described47,50–53, with antibodies specific for Smad4, p-Smad1, 
p-Smad2, LEF1, HPSE, H3 histone, and β -actin (Santa Cruz Biotechnology, Santa Cruz, CA). ECL substrate kit 
(Amersham, Piscataway, NJ) was used for the chemiluminscent detection of signals with autoradiography film 
(Amersham).

Real-time quantitative RT-PCR. Total RNA was isolated with RNeasy Mini Kit (Qiagen Inc., Valencia, 
CA). The reverse transcription reactions were conducted with Transcriptor First Strand cDNA Synthesis 
Kit (Roche, Indianapolis, IN). Real-time PCR was performed with SYBR Green PCR Master Mix (Applied 
Biosystems, Foster City, CA) and primers indicated in Supplementary Table S4. The transcript levels were ana-
lyzed by 2−△△Ct method.

Co-immunoprecipitation. Co-IP was performed as previously described16, with antibodies specific for 
Smad4, LEF1, Myc, and FLAG (Upstate Biotechnology, Temacula, CA). The bead-bound proteins were released 
by boiling the protein A-Sepharose beads (Santa Cruz Biotechnology) in 1 ×  SDS-PAGE loading buffer and ana-
lyzed by western blot.

Chromatin immunoprecipitation. ChIP assay was performed according to the manufacture’s instructions 
of EZ-ChIP kit (Upstate Biotechnology)16,54,55. DNA was sonicated into fragments of an average size of 200 bp. 
Different sets of PCR primers were designed, targeting the Smad4 and LEF1 binding site within HPSE promoter 
(Supplementary Table S4). Real-time qPCR with SYBR Green PCR Master Mix was performed using ABI Prism 
7700 Sequence Detector.
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HPSE activity assay. The HPSE activity of tumor cells was measured according to the manufacture’s 
instructions of HepActivTM Heparanase Activity Assay Kit (InSight Biopharmaceuticals Ltd., Rehovot, Israel)56,57.

Cell viability assay. Tumor cells were cultured in 96-well plates at 5 ×  103 cells per well. Cell viability was 
monitored by the 2-(4,5-dimethyltriazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT, Sigma) colorimetric 
assay16,55. All experiments were done with 6–8 wells per experiment and repeated at least three times.

Soft agar assay. Tumor cells at 5 ×  103 were mixed with 0.05% Nobel agar (Fisher Scientific, Pittsburgh, PA) 
in growth medium and plated onto 6-well plates containing a solidified bottom layer (0.1% Noble agar in growth 
medium). After the incubation of cells for 21 days, the number of cell colonies was counted under the microscope, 
and the cells were fixed with 100% methanol and stained with 0.5% crystal violet dye50,54.

Cell invasion assay. Matrigel invasion assay was performed using membranes coated with Matrigel matrix 
(BD Science, Sparks, MD). Homogeneous single cell suspensions (1 ×  105 cells/well) were added to the upper 
chambers and allowed to invade for 24 hrs at 37 °C in a CO2 incubator. Invaded cells were stained with 0.1% crystal  
violet for 10 min at room temperature and examined by light microscopy. Quantification of invaded cells was 
performed according to published criteria47,50–52,55,58.

Tube formation assay. Fifty microliters of growth factor-reduced matrigel were polymerized on 96-well 
plates. HUVECs were serum starved in RPMI1640 medium for 24 hrs, suspended in RPMI1640 medium precon-
ditioned with tumor cells, added to the matrigel-coated wells at the density of 5 ×  104 cells/well, and incubated at 
37 °C for 18 hrs. Quantification of angiogenic activity was calculated by measuring the length of tube walls formed 
between discrete endothelial cells in each well relative to the control17,48,49,51,55.

Immunofluorescence assay. Tumor cells were plated on coverslips, permeabilized with 0.3% Triton X-100, 
and blocked with 5% milk for 1 hr. Cells were incubated at 4 °C overnight with antibodies specific for Smad4 
or LEF1 (Santa Cruz Biotechnology; 1:200 dilutions). Then, cells were incubated with Alexa Fluor 594 goat 
anti-rabbit IgG (1:1000 dilution), stained with 4′,6-diamidino-2-phenylindole (DAPI, 300 nmol/L) to visualize 
nuclei, and photographed under a microscope.

In vivo growth, metastasis and angiogenesis assay. All animal experiments were carried out in 
accordance with NIH Guidelines for the Care and Use of Laboratory Animals, and approved by the Animal Care 
Committee of Tongji Medical College (approval number: Y20080290). For the in vivo tumor growth studies, 
2-month-old male nude mice (n =  5 per group) were injected subcutaneously in the upper back with 1 ×  106 
tumor cells stably transfected with empty vector, Smad4 or HPSE. One month later, mice were sacrificed and 
examined for tumor weight and angiogenesis. The experimental metastasis (0.4 ×  106 tumor cells per mouse, 
n =  5 per group) studies were performed with 2-month-old male nude mice as previously described17,47–50,54,58.

Patient tissue samples. Approval to conduct this study was obtained from the Institutional Review Board 
of Tongji Medical College (approval number: 2011-S085). All procedures were carried out in accordance with the 
approved guidelines. Paraffin-embedded specimens from 42 well-established primary NB cases were obtained 
from the Department of Pediatric Surgery, Union Hospital, Tongji Medical College9,47,50,54,58. Informed consent 
was obtained from all of the patients. The pathological diagnosis of NB was confirmed by at least two pathologists. 
Based on Shimada classification system, including the MKI, degree of neuroblastic differentiation and stromal 
maturation, and patient’s age, 19 patients were classified as favorable histology and 23 as unfavorable histology. 
According to the INSS, 7 patients were classified as stage 1, 7 as stage 2, 9 as stage 3, 11 as stage 4 and 8 as stage 
4S. In subtotal 30 NB patients, fresh tumor specimens were collected at surgery and stored at − 80 °C until use. 
Protein and RNAs of normal human dorsal ganglia were obtained from Clontech (Mountain View, CA).

Immunohistochemistry. Immunohistochemical staining was performed as previously described47,50,54,58, 
with antibodies specific for Smad4, LEF1, HPSE (Abcam Inc, Cambridge, MA; Santa Cruz Biotechnology; 1:200 
dilutions) and CD31 (Santa Cruz Biotechnology; 1:200 dilution). The negative controls included parallel sections 
treated with omission of the primary antibody, in addition to an adjacent section of the same block in which the 
primary antibody was replaced by rabbit polyclonal IgG (Abcam Inc.) as an isotype control. The immunoreactiv-
ity in each tissue section was assessed by at least two pathologists without knowledge of the clinicopathological 
features of tumors or patients’ survival. The degree of positivity was initially classified according to the percentage 
of positive tumor cells as the following: (− ) < 5% cells positive, (1+ ) 6–25% cells positive, (2+ ) 26–50% cells 
positive, and (3+ ) > 50% cells positive.

Statistical analysis. Unless otherwise stated, all data were shown as mean ±  standard error of the mean 
(SEM). The χ 2 analysis and Fisher exact probability analysis were applied for comparison among the gene expres-
sion and individual clinicopathological features. Pearson’s coefficient correlation was applied for analyzing the 
relationship among gene expression. The Kaplan-Meier method was used to estimate survival rates. Difference of 
tumor cells was determined by t test or analysis of variance (ANOVA).
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