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Cucurbitacin B inhibits the 
stemness and metastatic abilities 
of NSCLC via downregulation of 
canonical Wnt/β-catenin signaling 
axis
Samriddhi Shukla1, Sonam Sinha1, Sajid Khan1, Sudhir Kumar2, Kavita Singh3, Kalyan Mitra3, 
Rakesh Maurya2 & Syed Musthapa Meeran1,4

Lack of effective anti-metastatic drugs creates a major hurdle for metastatic lung cancer therapy. 
For successful lung cancer treatment, there is a strong need of newer therapeutics with metastasis-
inhibitory potential. In the present study, we determined the anti-metastatic and anti-angiogenic 
potential of a natural plant triterpenoid, Cucurbitacin B (CuB) against non-small cell lung cancer (NSCLC) 
both in vitro and in vivo. CuB demonstrated a strong anti-migratory and anti-invasive ability against 
metastatic NSCLC at nanomolar concentrations. CuB also showed significant tumor angiogenesis-
inhibitory effects as evidenced by the inhibition of migratory, invasive and tube-forming capacities of 
human umbilical vein endothelial cells. CuB-mediated inhibition of angiogenesis was validated by the 
inhibition of pre-existing vasculature in chick embryo chorio-allantoic membrane and matrigel plugs. 
Similarly, CuB inhibited the migratory behavior of TGF-β1-induced experimental EMT model. The 
CuB-mediated inhibition of metastasis and angiogenesis was attributable to the downregulation of 
Wnt/β-catenin signaling axis, validated by siRNA-knockdown of Wnt3 and Wnt3a. The CuB-mediated 
downregulation of Wnt/β-catenin signaling was also validated using 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone (NNK)-induced lung tumorigenesis model in vivo. Collectively, our findings suggest 
that CuB inhibited the metastatic abilities of NSCLC through the inhibition of Wnt/β-catenin signaling 
axis.

Metastasis contributes to the malignant progression of cancer, thereby adding to the fatality of the disease. The 
delayed diagnosis of lung cancers facilitates metastasis of primary lung tumors to secondary metastatic sites 
such as bones and brain. Tumor angiogenesis also plays a very important role in the progression as well as met-
astatic spread of solid tumors including lung tumors. Therefore, for effective lung cancer treatment, efficient 
anti-metastatic and anti-angiogenic agents are required. Natural compounds have been shown to have enormous 
potential as anti-proliferative as well as anti-metastatic agents against multiple cancer types1–5. We have recently 
shown the strong anticancer potential of Cucurbitacin B (CuB) through epigenetic modulation against non-small 
cell lung cancer (NSCLC) in vitro as well as in vivo6. Recent reports have also shown that CuB effectively inhibits 
migratory and invasive potential of breast cancer and liver cancer cells7,8. However, the effect of CuB on lung 
cancer metastasis as well as tumor angiogenesis has yet not been explored.

Canonical Wnt/β -catenin signaling pathway is well known to be functionally important in the regulation of 
cellular proliferation, differentiation, motility as well as polarity. Aberrations in this pathway are implicated in the 
pathogenesis of multiple tumor types, including lung cancer9–11. Aberrant promoter methylation has been linked 
to the upregulation of Wnt/β -catenin pathway in lung cancer10. Wnt binding to the frizzled (FZD) receptors 
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guides nuclear translocation of β -catenin, further leading to the activation of genes involved in the cellular pro-
liferation, metastasis as well as angiogenesis. Wnt/β -catenin signaling pathway, together with the Notch and 
Hedgehog pathways, has been shown to be involved in self-renewal of hematopoietic as well as cancer stem cells10.

In the present study, we sought to determine the anti-migratory and anti-invasive potential of CuB on met-
astatic human NSCLC cells and in the 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)-induced lung 
tumorigenesis mice model. We also assessed the effect of CuB treatment on the angiogenic potential of human 
umbilical vein endothelial cells (HUVECs) in vitro. For the assessment of anti-angiogenic properties of CuB 
ex vivo and in vivo, we utilized chick embryo chorio-allantoic membrane (CAM) and matrigel plug assays, 
respectively. CuB inhibited the β -catenin expression as well as nuclear localization in the NSCLC cells as well as 
NNK-induced lung tissues. CuB-mediated downregulation of β -catenin signaling led to the downregulation of in 
the protein expression of β -catenin target genes. Role of Wnt/β -catenin pathway in CuB-mediated anti-metastatic 
effects was validated by siRNA knockdown of Wnt3/3A. Our findings suggest that CuB inhibits migratory and 
invasive abilities of both moderately as well as highly metastatic NSCLC cells through the downregulation of 
Wnt/β -catenin signaling axis. In addition, CuB exhibits potent anti-angiogenic activity in vitro, ex vivo as well as 
in vivo.

Results
CuB inhibits the migratory potential of human NSCLC cells. To assess the effects of CuB treatment 
on the migratory potential of different human NSCLC cells, we performed wound healing assays in moderately 
metastatic A549 as well as highly metastatic H1299 and H23 lung cancer cells with different concentrations of 
CuB. We found that CuB induced a significant dose- and time-dependent inhibition of cellular migration in A549 
cells, starting with the concentrations of 25 nM at 12 and 24 h, and 10 nM at 48 h, respectively. Similarly for highly 
metastatic H1299 and H23 cells, the significant dose- and time-dependent inhibition of cellular migration was 
observed starting with concentrations as low as 10 nM and 25 nM, respectively (p <  0.05) (Fig. 1A; Supplementary 
Fig. S1). These concentrations of CuB were much lesser than the IC50 concentrations for cellular proliferation and 
apoptosis against NSCLC, as reported by us, previously6. Therefore, these results indicate that CuB inhibits the 
migratory capability of NSCLC cells at sub-toxic concentrations.

CuB inhibits the invasive capability and stemness of human NSCLC cells. We next analyzed the 
effects of CuB on the invading ability of the NSCLC cells. Moderately invasive A549 as well as highly invasive 
H1299 and H23 cells were treated with varying concentrations of CuB for 48 h. As shown in Fig. 1B, CuB exhibits 
significant dose-dependent inhibition of invasion in A549 at 50 nM and 100 nM concentrations (p <  0.01 and 
p <  0.001, respectively). In case of H1299 cells, invasion was significantly inhibited at CuB concentrations ≥ 25 nM 
(p <  0.001). Similarly, in H23 cells, significant dose-dependent inhibition of invasion was observed at concentra-
tions starting with 25 nM of CuB. We performed tumorsphere assays in A549 and H1299 cells in serum-free, 
non-adherent conditions to assess the effects of CuB on the stemness of these cells. CuB significantly reduced the 
size and frequency of tumorspheres in both A549 and H1299 cells, in a dose-dependent manner (Fig. 1C). The 
effect of CuB on the in vitro colony forming potential of NSCLC cells was determined using anchorage-dependent 
colony formation assay. CuB significantly inhibited the colony formation in A549 and H1299 cells starting with 
a concentration of 0.5 nM, and at ≥ 5 nM CuB concentrations, no colonies were detected (Fig. 1D). Collectively, 
these results suggest that CuB dose-dependently inhibits the invasive ability as well as stemness of NSCLC cells.

CuB inhibits endothelial cell migration, invasion and angiogenesis. Endothelial cell migration is 
an essential step in tumor angiogenesis. To determine the effect of CuB on the endothelial cell migration, we pre-
formed wound healing assay in HUVECs treated with varying concentrations of CuB. As shown in Fig. 2A,B, CuB 
at concentrations ≥ 10 nM significantly inhibited the migration and invasion of HUVECs at 24 h. Tubulogenesis 
is the exclusive ability of endothelial cells to form tube-like structures, which facilitate the formation of new blood 
vessels. We assessed the effect of CuB on the tube-formation ability of HUVECs; CuB dose-dependently inhibited 
the tube formation in HUVECs after 6–8 h, at concentrations ≥ 10 nM (p <  0.05; Fig. 2C). We also assessed the 
effect of CuB on ex vivo angiogenesis through CAM assay. CuB was shown to considerably inhibit the pre-existing 
vasculature after 2 days (Fig. 2D). We analyzed the effects of CuB on the inhibition of tumor angiogenesis in 
matrigel plugs in vivo. We found that 100 ng/mL VEGF induced the formation of blood vessels in the matrigel 
plugs. The intraperitonial administration of 0.1 and 0.2 mg/Kg b.w. CuB resulted in a dose-dependent inhibition 
of tumor angiogenesis in the VEGF-induced matrigel plugs. The standard angiogenesis inhibitor, imatinib also 
considerably inhibited the microvessel formation in these VEGF-induced matrigel plugs. Further, histological 
analysis of matrigel plugs confirmed the inhibition of functional vasculature followed by the CuB as well as imati-
nib treatment (Fig. 2E). Together, these results indicate that in addition to its anti-migratory and anti-invasive 
capabilities, CuB also exhibits strong anti-angiogenic potential, which might contribute to the anti-cancer prop-
erties of CuB in NSCLC.

CuB inhibits β-catenin expression as well as nuclear localization in human NSCLC 
cells. Wnt/β -catenin signaling is essential for the lung tumorigenesis as well as maintenance of the 
stemness-characteristics in multiple cancer subtypes including lung cancer9,12,13. To ascertain the role of β -catenin 
behind the anti-metastatic and anti-stemness activity of CuB, we examined β -catenin expression as well as 
nuclear translocation through confocal immunofluorescence imaging in NSCLC cells. As shown in Fig. 3A,C, 
untreated A549 cells showed a higher β -catenin expression with lower nuclear localization. We observed a signif-
icant dose-dependent decrease in the cellular expression of β -catenin in A549 cells followed by CuB treatment. 
Moreover, the remaining β -catenin was found to be accumulated towards the cytoplasmic membrane. In case 
of H1299 cells, the untreated control cells displayed intense β -catenin localization both in the cytoplasm and 
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Figure 1. CuB suppresses cellular migration, invasion and stemness in NSCLC cells at sub-IC50 
concentrations. (A) Wounds were created in subconfluent A549 (Panel A), H1299 (Panel B) and H23 (Panel C)  
cells and cells were treated with indicated concentrations of CuB for 12, 24 and 48 h. Data were expressed as 
percent wound closure in treatment groups compared to control. (B) A549, H1299 and H23 cells were seeded 
in matrigel-coated chambers and treated with indicated concentrations of CuB for 48 h. Data were expressed as 
percent invasion in treatment groups compared to control (C) A549 and H1299 cells were seeded in ultra-low 
attachment 96-well plates in 10 replicates with variable concentrations of CuB. The numbers of tumorspheres 
were counted and represented as average number of tumorspheres per well. (D) The average number of CuB-
treated A549 and H1299 colonies containing ≥ 50 cells were counted and represented as percent of control. Each 
treatment was repeated in triplicates. Results were obtained from three independent experiments, mean ±  SEM. 
*p <  0.05, **p <  0.01, ***p <  0.001 versus control.
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Figure 2. CuB inhibits angiogenesis in vitro and ex vivo. (A) Wound healing assays were performed in the 
subconfluent HUVECs. Images of wound closure were captured at 0 h and 24 h after treatment. Data were 
expressed as percent wound closure compared to control. (B) HUVECs were seeded onto the upper surface 
of the matrigel-coated chambers with indicated concentrations of CuB for 24 h. Images of invaded cells were 
captured and total numbers of invaded cells were counted in 10 different microscopic fields. Each treatment 
was given in triplicates and data were plotted as percent invasion compared to control. (C) HUVECs were 
seeded in matrigel-precoated 96-well plates and treated with indicated concentrations of CuB for 6 h. Images of 
tube formation from each group was captured and total number of nodes and branches were calculated. Each 
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nucleus compared to untreated A549 cells, which deciphers the role of β -catenin in the metastatic ability of 
these NSCLC cells. CuB treatment induced significant downregulation of the cytoplasmic expression and nuclear 
localization of β -catenin in a dose-dependent manner (p <  0.01; Fig. 3B,D). Similarly, we also found a significant 
dose-dependent decrease in the expression as well as nuclear localization of β -catenin in H23 cells followed by 
CuB treatment (p <  0.001; Supplementary Fig. S2A,C). These results suggest that downregulation of β -catenin 
expression as well nuclear localization are associated with the anti-metastatic and anti-angiogenic functions of 
CuB.

CuB inhibits canonical β-catenin signaling in human NSCLC cells. The nuclear translocation of 
β -catenin results in the activation of canonical Wnt/β -catenin signaling, leading to the transcriptional activation 
of downstream targets. Therefore, we analyzed the effect of CuB on the expression patterns of proteins involved in 
this pathway and the downstream targets of β -catenin. As shown in Fig. 4A–D, the expression of both Wnt3 and 
Wnt3a was found to be significantly inhibited by the CuB treatment, in both A549 and H1299 cells. Surprisingly, 
the expression of seven-pass transmembrane FZD-7 receptor was found to be significantly increased by the CuB 
treatment in both the cell lines. GSK-3, a key component of the Wnt/β -catenin signaling, is an important mem-
ber of β -catenin degradation complex14. In mammalian cells, GSK-3 protein exists as two homologs, GSK-3α  
and GSK-3β . It has been established that both of these GSK-3 homologs function identically in the regulation 
of Wnt signaling15. GSK-3-mediated phosphorylation of β -catenin leads to its ubiquitination and subsequent 
proteasomal degradation. Phosphorylation of GSK-3α  at serine 21 and phosphorylation of GSK-3β  at serine 9 
leads to inhibition of these proteins, leading to the activation of Wnt/β -catenin signaling14,16–19. We found loss 
of inhibitory phosphorylations at both GSK-3α  and GSK-3β  as well as upregulation of GSK-3α  and GSK-3β  
expression in both A549 and H1299 cells. These events cumulatively result in an increased active GSK-3 activity, 
which culminates into β -catenin degradation. The expression of transcription factor TCF-1 was found to be 
downregulated in both A549 and H1299 cells. Matrix metallopeptidases (MMPs) are enzymes, which facilitate 
the cancer cell invasion and migration through the degradation of the extracellular matrix. MMP-2 is one such 
gelatinase, which is also directly regulated through the β -catenin expression. We found that CuB significantly 
inhibited the expression of MMP-2 in both A549 and H1299 cells. E-cadherin/β -catenin adhesion complex is 
critical for cell-cell adhesion and maintenance of normal and malignant tissue architecture. Loss of E-cadherin 
and β -catenin expression has been correlated with invasive phenotype in NSCLC20. We analyzed the effect of CuB 
treatment on the expression of E-cadherin and significant upregulation of E-cadherin expression was observed 
in case of both NSCLC cell lines. We also assessed the effect of CuB treatment on the cellular expression of other 
β -catenin target proteins such as MYC and Cyclin D1 in NSCLC cells. The expressions of pluripotency gene MYC 
and cellular proliferation marker Cyclin D1 were significantly downregulated with CuB treatment in both A549 
and H1299 cells. Overexpression of β -catenin has been reported to induce VEGF expression, thereby augmenting 
tumor angiogenesis21,22. Survivin is an angiogenesis-related protein, downstream to β -catenin, which promotes 
VEGF-induced tumor angiogenesis23. CuB treatment led to significant downregulation of survivin expression 
in NSCLC cells. In accordance, CuB also inhibited VEGF expression significantly in both A549 and H1299 cells 
(p <  0.05; Fig. 4C,D). Collectively, these results suggest that the downregulation of Wnt/β -catenin signaling axis 
bestows the anti-metastatic and anti-angiogenic behavior on CuB against NSCLC.

CuB inhibits TGF-β1-induced migration in A549 cells. We used TGF-β 1 induced experimental 
epithelial-to-mesenchymal transition (EMT) model to analyze higher efficiency of CuB treatment in inhibiting 
the NSCLC cells with highly aggressive malignant behavior. The exposure to TGF-β 1 induces EMT in moder-
ately metastatic NSCLC A549 cells rendering mesenchymal phenotype in otherwise epithelial cells24,25. Control 
A549 cells exhibited characteristic epithelial phenotype with close cell-cell contacts, whereas TGF-β 1-treated 
A549 cells displayed mesenchymal morphology, as characterized by their spindle-shaped appearance with 
large inter-cellular spaces and loss of cell-cell contacts. CuB marginally restored the epithelial morphology in 
TGF-β 1-induced A549 cells by reducing the intercellular spaces and causing cell shrinkage (Fig. 5A). Next, we 
performed wound healing assay in TGF-β 1-treated A549 cells. As shown in Fig. 5B,C, A549 cells treated with 
TGF-β 1 showed aggravated migratory potential than the untreated A549 cells due to their mesenchymal pheno-
type. Further, CuB has significantly inhibited the TGF-β 1-induced A549 migration in a dose-dependent as well 
as time-dependent manner at 25 nM and 50 nM concentrations compared with TGF-β 1-untreated A549 cells 
of epithelial morphology. EMT is associated with increased expression of mesenchymal markers and decreased 
expression of epithelial markers. TGF-β 1 induced the expression of mesenchymal markers such as β -catenin, 

treatment was given in triplicates and results were represented as average number of nodes and branches present 
in each treatment group. (D) The anti-angiogenic potential of CuB was determined by performing chorio-
allantoic membrane (CAM) assay. Images x & y show the CAM membrane exposed after 8 days incubation 
of fertilized egg. Image z shows the effect of 25 nM CuB on the pre-existing vasculature after two days of 
exposure. The images are representative of three independent experiments. (E) The in vivo anti-angiogenic 
potential of CuB was determined by implanting matrigel plugs in the right flank of BALB/c mice, and then by 
treating the mice with 0.1 mg/kg and 0.2 mg/kg b.w. doses of CuB. Imatinib at 60 mg/kg b.w. dose was used as 
positive control. Matrigel plugs from different animal groups were excised and photographed. H& E staining 
was performed to visualize the vascular formation. The arrows in the histopathological sections indicate the 
presence of endothelial cells. The images are representative of each group. In each case, results were obtained 
from three independent experiments, mean ±  SEM. *p <  0.05, **p <  0.01, ***p <  0.001 versus control.
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Figure 3. CuB inhibits the expression and nuclear translocation of β-catenin in NSCLC cells. A549 
(Panel A) and H1299 (Panel B) cells were seeded on glass cover slips for 24 h and then treated with varying 
concentrations of CuB for 24 h. Endogenous cytoplasmic and nuclear β -catenin (FITC-green) localization 
was visualized by immunofluorescence followed by confocal imaging. DAPI was used as nuclear stain (blue). 
IgG control was used as the negative control. Images are representative of three-independent experiments. 
The graphs (Panels C,D) represent the raw integrated density as well as CTCF values in A549 and H1299 cells, 
respectively. The numbers in parenthesis are indicative of number of cells analyzed for each group.
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MMP-2 and vimentin, while downregulated the expression of epithelial marker, E-cadherin. However, CuB treat-
ment led to the downregulation of the mesenchymal markers and increased expression of E-cadherin in this 
experimental EMT-model (Fig. 5D).

CuB inhibits metastasis and angiogenesis in NSCLC cells via Wnt/β-catenin signaling. To val-
idate the involvement of CuB-mediated inhibition of Wnt/β -catenin signaling axis in the molecular mechanism 
of action of CuB, we silenced the expression of Wnt3 and Wnt3a through siRNA-knockdown. The Wnt3 and 
Wnt3a ligands have been previously known to differentially stimulate proliferation and neurogenesis by canonical 
Wnt/β -catenin signaling26,27. As shown in Fig. 6A–D, in the A549 cell transfected with control siRNA, marginal 
downregulation of markers of Wnt/β -catenin pathway, β -catenin and MMP-2 was observed, while in both Wnt3 
and Wnt3a siRNA-transfected A549 cells, these proteins were prominently downregulated. In the Wnt3-silenced 
A549 and H1299 cells, the expression of β -catenin and E-cadherin are comparable to their protein expressions in 
control-siRNA treated cells. However, in the Wnt3a-silenced NSCLC cells, the inhibition of β -catenin expression 
and upregulation of E-cadherin expression is higher than the control siRNA-transfected cells. Our results suggest 
that the contribution of Wnt3a in the inhibition of Wnt/β -catenin signaling is higher as compared to Wnt3 in case 
of NSCLC. Although silencing of Wnt3/3a has been shown to alter the expression of MMP-2 and E-cadherin, 
CuB further pronounced the effects on these proteins. The reason behind this effect might be that CuB has been 
known as a potent STAT-3 inhibitor and STAT-3 regulates the expressions of both E-cadherin and MMP-228–32. 
Therefore, the effects of CuB are higher in comparison to the effects of Wnt silencing, which functions exclusively 
through inhibition of Wnt/β -catenin signaling. We next analyzed the effects of Wnt3/3a silencing on the migra-
tory characteristics of A549 cells and we found that these effects were comparable to that of changes in the protein 
expressions. Wnt3/3a silencing induced a significant decrease in the cellular migration similar to the CuB-treated 
control-siRNA group. The anti-migratory effects in Wnt3/3a-silenced, CuB-treated cells were comparable to the 
effects in either of the treatment groups (p <  0.01; Fig. 6E,F; Supplementary Fig. S3). In H1299 cells, in addition 
to the inhibition of protein expression induced through Wnt3 or Wnt3a silencing, CuB further downregulated 

Figure 4. CuB inhibits the Wnt/β-catenin signaling in the NSCLC cells. A549 (Panel A) and H1299 cells 
(Panel B) were treated with 0–100 nM of CuB for 24 h and whole cell lysates were prepared. Western blot 
analysis was performed to analyze the expression of Wnt/β -catenin pathway proteins. Blots are representative 
of three independent experiments. Graphs in (Panel C,D) represent relative band intensities of proteins in 
A549 and H1299 cells normalized to β -actin. The results were obtained from three independent experiments, 
mean ±  SEM. *p <  0.05 versus Control.
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the expression of proteins associated with Wnt/β -catenin signaling. Expression of E-cadherin with CuB treatment 
in control siRNA-transfected H1299 cells or Wnt3/3a siRNA-transfected cells was not observed, which might 
be due to the lower concentrations of CuB (25 nM) used in this experiment (Fig. 7A–D). We further analyzed 
the effects of Wnt3/3a silencing on the migratory characteristics of H1299 cells. We found that the silencing 

Figure 5. CuB treatment abrogates TGβ-1-induced EMT in A549 cells. (A) A549 cells were treated 
with TGF-β 1 (5 ng/mL) for 24 h. TGF-β 1 treated and untreated A549 cells were treated with 25 and 50 nM 
concentrations of CuB for 24 h. Morphological changes are shown in light microscopic images  
(100×  magnification). (B,C) Wounds were created in the sub-confluent cultures of A549 cells and then cells 
were treated with TGF-β 1 (5 ng/mL) and 25 and 50 nM CuB. Photomicrographs were captured at 0, 12 and 24 h 
after treatment and wound area was measured. Data were expressed as percent wound closure in the treatment 
groups compared to control. The results were obtained from three independent experiments, mean ±  SEM. 
**p <  0.01 and ***p <  0.001 compared to untreated control, ##p <  0.01 and ###p <  0.001 compared to respective 
TGF-β 1-treated control group. (D) A549 cells were treated as in (Panel A), and whole cell lysates were prepared. 
Western blot analysis was performed to analyze the expression of EMT markers. Blots are representative of three 
independent experiments.
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of Wnt3/3a induced a significant inhibition of migration in H1299 cells and these effects were almost similar 
to the CuB-treated, Wnt3/3a siRNA-transfected cells, where no further inhibition of migration was observed 
(p <  0.01; Fig. 7E,F, Supplementary Fig. S4). Collectively, these results validate that CuB-mediated suppression 
of lung cancer metastasis is mediated, at least in part, through the down regulation of Wnt/β -catenin signaling 
axis in NSCLC.

To further validate the effect of CuB on β -catenin activation, we performed co-immunoprecipitation analy-
ses. The interaction of nuclear β -catenin with TCF/LEF family of transcription factors is crucial to achieve the 
activation of downstream molecular signaling. As shown in Supplementary Fig. S5, we found that CuB treatment 

Figure 6. Wnt/β-catenin signaling is involved in the inhibition of metastatic progression of NSCLC A549 
cells. A549 (Panels A–D) were subjected to treatment with 40 nM of Wnt3 or Wnt3a siRNA, respectively. 
Control- and Wnt3/3a-siRNA transfected cells were treated with the indicated concentrations of CuB for 24 h. 
Cell lysates were prepared and protein expressions were analyzed by western blot. Blots are representative of 
three independent experiments. Graphs represent the relative band intensities normalized with β -actin. A549 
(Panels E,F) cells transfected with Wnt3/3a-siRNA were treated with indicated concentrations of CuB for 24 h. 
Cellular migration was determined and plotted against percent wound closure in control group. Results were 
obtained from three independent experiments, mean ±  SEM, Statistical significance, *p <  0.05, **p <  0.01 and 
***p <  0.001 against control siRNA group.
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reduces the interaction of β -catenin with TCF-1 in both A549 and H1299 cells after 24 h. These results validate 
the observation that CuB-mediated inhibition of nuclear translocation of β -catenin restricts its interaction with 
transcription factor TCF-1, thereby leading to downregulation of expression of downstream molecular markers.

CuB downregulates Wnt/β-catenin signaling axis in NNK-induced lung tumorigenesis.  
NNK-induced A/J mouse model has been widely used to study the chemotherapeutic potential of various com-
pounds against lung carcinogenesis6,33. To validate our in vitro results, we assessed the effect of CuB treatment 
against NNK-induced lung carcinogenesis and the expression of metastasis and stemness regulatory markers. As 
shown in Fig. 8A,B, administration of NNK significantly induced lung tumor incidence, lung tumor frequency 

Figure 7. Wnt/β-catenin signaling is involved in the inhibition of metastatic progression of NSCLC H1299 
cells. H1299 cells (Panels A–D) were subjected to treatment with 40 nM of Wnt3 or Wnt3a siRNA, respectively. 
Control- and Wnt3/3a-siRNA transfected cells were treated with the indicated concentrations of CuB for 24 h. 
Cell lysates were prepared and protein expressions were analyzed by western blot. Blots are representative of 
three independent experiments. Graphs represent the relative band intensities normalized with β -actin. H1299 
(Panels E,F) cells transfected with Wnt3/3a-siRNA were treated with indicated concentrations of CuB for 24 h. 
Cellular migration was determined and plotted against percent wound closure in control group. Results were 
obtained from three independent experiments, mean ±  SEM, Statistical significance, *p <  0.05, **p <  0.01 and 
***p <  0.001 against control siRNA group.
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and average wet weight of lungs compared to the vehicle-administrated mice. Treatment of NNK-induced mice 
with 0.1 and 0.2 mg/Kg b.w. CuB led to the significant reduction in the tumor frequency up to 3.2 ±  1.73 and 
0.8 ±  0.5 per animal accounting for ~82% reduction and ~95% reduction in the tumor frequency (p <  0.001). 
Similarly, the relative wet weights of the lungs of NNK-induced animal groups were found to be increased by 
more than 65%. NNK-induced CuB-treated animals showed reduction in the lung wet weight (Fig. 8A,B). We did 
not observe any metastatic lesions in other parts of the body including bone in these mice. We further assessed the 
effect of CuB treatment on the expression patterns of Wnt/β -catenin signaling mediators. CuB treatment also sig-
nificantly reduced the β -catenin expression and nuclear localization in NNK-induced A/J mice lungs (p <  0.001; 
Supplementary Fig. S2B and S2D). As shown in Fig. 8C, the expression of Wnt3/3a, β -catenin and MMP-2 were 

Figure 8. CuB inhibits NNK-induced lung tumorigenesis and Wnt/β-catenin/MMP-2 signaling.  
(A) Representative images of vehicle-treated, NNK-induced CuB-untreated as well as 0.1 mg/Kg and 0.2 mg/Kg  
b.w. CuB-treated mice lungs. (B) Effects of CuB on lung tumor incidence, lung tumor frequency and relative 
lung wet weights in NNK-treated mice. mean ±  SEM. ###p <  0.001 compared to vehicle-treated lungs, **p <  0.01 
and ***p <  0.001 compared to NNK-induced lungs. (C) Tissue lysates from each animal group were used to 
analyze the expression of different Wnt/β -catenin signaling markers. β -actin was used as equal loading control. 
Blots are representative of three independent experiments.
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higher in the NNK-induced group. CuB treatment dose-dependently inhibited the expression of these proteins. 
The E-cadherin expression was considerably upregulated with the CuB treatment, which further validates our  
in vitro results. Similarly, the expressions of Cyclin D1, COX-2, PCNA and VEGF were also downregulated in the 
NNK-induced mice lungs following the treatment with 0.1 mg/Kg and 0.2 mg/Kg b.w. of CuB. Collectively, our in 
vivo results further support that the anti-metastatic and anti-angiogenic effects of CuB, as observed in vitro, are 
mediated through the inhibition of Wnt/β -catenin signaling axis in NSCLC.

Discussion
Malignant progression is characterized by the alterations in normal cellular behavior leading to deregulated pro-
liferation, migration, invasion and angiogenic capabilities, thereby facilitating cancer metastasis. Since metastases 
pose a potential threat for the recurrence and mortality in the lung cancer patients, development of newer poten-
tial therapeutics for metastatic lung cancer is highly required. Recently, we have shown CuB-mediated anti-lung 
cancer effects both in vitro as well as in vivo. CuB was found to alter the promoter methylation and histone modi-
fications in the key tumor-related genes at nanomolar concentrations leading to the inhibition of cellular prolifer-
ation and induction of apoptosis in NSCLC cells as well as in NNK-induced lung cancer6. In our present study, we 
have demonstrated that in addition to its anti-proliferative activity, CuB also possesses potential anti-metastatic 
and anti-angiogenic activities in NSCLC.

We found that CuB inhibited the migration and invasion of moderately metastatic as well as highly meta-
static NSCLC cells, at sub-toxic concentrations of nanomolar range through inhibition of Wnt/β -catenin sig-
naling. The stem cell-like populations present in the cancer cell pools are characterized by the formation of  
in vitro tumorspheres and colonies. Studies have reported that the inhibition of stemness of cancer cells reduces 
the chemo-resistance and aggressiveness of cancer34–36. CuB treatment potentially inhibited the stemness of the 
human NSCLC cells at very low concentrations. β -catenin is a central regulator of development, stem cell charac-
teristics as well as cancer metastasis10. In the epithelial cells, β -catenin regulates the cell growth and intracellular 
adhesion by functioning as a component of cadherin protein complexes. Due to its central role in the regulation 
of metastatic, stem-cell specific and angiogenesis-related pathways, we analyzed the effect of CuB treatment on 
the expression as well as nuclear localization of β -catenin in NSCLC cells. Interestingly, CuB inhibited both the 
expression and the nuclear localization of β -catenin in NSCLC.

Canonical Wnt signaling includes the activation of β -catenin downstream pathway by different Wnt ligands. 
Wnt3 and Wnt3a are important Wnt ligands which have been shown to be upregulated in case of NSCLC9–11,26,27. 
These ligands bind with FZD-7 receptor and activate the downstream β -catenin signaling. We found that the 
expressions of both Wnt3 and Wnt3a were inhibited by the CuB treatment. We observed that the expression of 
FZD-7 receptor was significantly higher in the CuB-treated NSCLC cells. FZD-7 is a seven-pass transmembrane 
receptor, which belongs to G-protein coupled cell surface receptor (GPCR) family. Previously, it has been demon-
strated that the members of GPCR family have the potential to remain active even in the absence of their ligand. 
Receptor density has been positively correlated to spontaneous activity and various classes of GPCRs have been 
shown to display constitutive activity upon overexpression37. Therefore, the CuB-mediated FZD-7 overexpres-
sion could probably be a defence mechanism of the NSCLC cell lines to overcome the loss of Wnt3/3a ligands. 
Cytoplasmic β -catenin remains sequestrated in the multi-enzyme degradation complex, of which GSK-3 is an 
important constituent. GSK-3α /β -mediated β -catenin phosphorylation leads to its ubiquitination followed by 
proteasomal degradation14,37–39. We found that CuB inhibits the inactivating phosphorylations of both GSK-3α  
and GSK-3β  in NSCLC cells. In addition, the expression of GSK-3α  and GSK-3β  was found to be upregulated 
in both A549 and H1299 cells following CuB exposure. Previous studies have also shown that the upregulation 
of GSK-3 might also lead to activation of apoptotic signaling in cancer40. The significantly lower phosphoryl-
ation as well as significantly higher GSK-3α /β  expression in these two NSCLC cells might be the reason for 
the loss of β -catenin expression in these cells. Wnt3/3a binding to FZD-7 receptors leads to the inhibition of 
GSK-3β -mediated phosphorylation of β -catenin by displacing GSK-3β  from the β -catenin degradation com-
plex. These β -catenin molecules get accumulated in the cytoplasm and then are translocated into the nucleus, 
where they stimulate the expression of genes related to cellular proliferation (Cyclin D1), stem cell characteristics 
(MYC), metastasis (MMPs and E-cadherin) as well as angiogenesis (Survivin and VEGF)10. CuB-mediated inhi-
bition of β -catenin signaling further reduces the expression of MMP-2, Cyclin D1, MYC, Survivin and VEGF; 
and induces E-cadherin expression, thereby hindering the metastatic and stemness behavior of human NSCLC. 
Further, siRNA transfection of Wnt3/3a validated the involvement of canonical Wnt/β -catenin signaling in the 
CuB-mediated anti-metastatic effects. Interaction of β -catenin with TCF-1 is an essential step in Wnt/β -catenin 
signaling, which leads to upregulation of downstream genes. Co-immunoprecipitation analysis of β -catenin/
TCF-1 complex also validated CuB-mediated downregulation of Wnt/β -catenin signaling. Thus, our findings are 
in accordance with previous studies, where inhibition of β -catenin expression and nuclear localization has been 
shown to downregulate MMPs, further inhibiting tumor cell migration and tumor angiogenesis41,42.

E-Cadherin/β -catenin complex plays an important role in maintaining the epithelial phenotype and disrup-
tion of this complex not only affects the cell-cell adhesion, but also the Wnt/β -catenin signaling43. The increase in 
the nuclear translocation of β -catenin has been correlated with decreased E-cadherin expression43. CuB induced 
the expression of E-cadherin in the NSCLC cells, thereby inhibiting the migratory characteristics of these cells. 
Survivin, a downstream target of β -catenin, further regulates the expression of VEGF, thereby affecting tumor 
angiogenesis23. CuB was found to inhibit the expressions of both Survivin and VEGF, which correlates well with 
the anti-tumor and anti-angiogenic characteristics of this compound. We observed that CuB was more potent 
in the H1299 cells with mesenchymal morphology as compared to the A549 cells, which display epithelial mor-
phology. TGF-β 1 has previously been reported to induce EMT in A549 cells24,25. β -catenin plays an important 
role in the TGF-β 1-dependent induction of EMT44. In the absence of TGF-β 1, β -catenin is rapidly degraded 
following contact disassembly from the E-cadherin/β -catenin complex. However, in presence of TGF-β 1, this 
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dissociated β -catenin is stabilized in the cytoplasm, making it available for nuclear import44,45. Therefore, we 
utilized the TGF-β 1-induced experimental EMT model to analyze if the morphology of cancer cells affects the 
potentiality of CuB treatment. Interestingly, CuB was found to be more effective in inhibiting the migratory abil-
ities of TGF-β 1-induced A549 cells with mesenchymal characteristics. We found higher inhibition of β -catenin 
downstream signaling in TGF-β 1-induced CuB-treated A549 cells.

Tumor angiogenesis is another important event during metastatic progression, in which the tumor cells 
induce the formation of new blood vessels in and around the primary tumor. These blood vessels serve a dual 
role in facilitating tumor progression; that of nutrient and oxygen supply and as passages for the metastatic tumor 
cells to reach to more favoured secondary metastatic sites46. CuB was found to inhibit the migratory and invasive 
characteristics of endothelial HUVECs. In addition, CuB also disrupted the formation of tubular structures in 
HUVECs in vitro as well as reduced the pre-existing vasculature ex vivo. The in vitro and ex vivo anti-angiogenic 
effects of CuB were validated in vivo, where CuB inhibited the microvessel formation in the matrigel plug injected 
into the mammary fat pad of Balb/C mice more potentially than imatinib, a standard anti-angiogenic drug. These 
effects were well correlated with the CuB-mediated inhibition of angiogenesis mediators MMP-2, Survivin and 
VEGF in NSCLC cells as well as MMP-2 and VEGF in the NNK-induced lung tumors.

The key ingredient of tobacco smoke, NNK systemically induces lung tumors in mice, rats and hamsters33. 
NNK-induced mice lung tumors are physiologically very similar to those induced in human through tobacco 
smoking46,47. This model has successfully been used to study the course of lung tumorigenesis as well as to ana-
lyze the capability of different therapeutic interventions in inhibiting the disease incidence and progression48,49. 
NSCLC tumors have been previously reported to have high expression as well as higher nuclear localization of 

Figure 9. Schematic representation of the mechanism of action of CuB against the metastatic abilities of 
NSCLC. CuB inhibits the expression of canonical Wnt ligands, which leads to the degradation or inactivation of 
β -catenin. This results in the reduction of nuclear translocation of β -catenin leading to inhibition of metastasis 
and angiogenesis.
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β -catenin11. Similarly, NNK has also been reported to induce the β -catenin expression and nuclear localization in 
the lung tumors of A/J mice, which has been correlated with higher metastatic tendencies50,51. Therefore, we stud-
ied the effect of CuB treatment on the activation of Wnt/β -catenin signaling in NNK-induced lung cancer mice 
model. We found that, in addition to inhibiting the lung tumor incidence and tumor frequency in NNK-induced 
mice lungs, CuB also inhibits the Wnt/β -catenin signaling in vivo. This reduction in primary tumor frequency 
and downregulation of canonical Wnt/β -catenin signaling inhibits the metastatic abilities of NNK-induced lung 
tumors in vivo. The proposed molecular mechanism of CuB-mediated inhibition of metastatic abilities of NSCLC 
has been depicted in Fig. 9.

Collectively our findings conclude that, in addition to the previously reported potential anti-proliferative and 
pro-apoptotic activities, CuB also inhibits NSCLC metastasis and angiogenesis at sub-IC50 doses. Further, CuB 
decreases stemness in NSCLC at sub-IC50 concentrations. These potential anti-cancer effects of CuB are medi-
ated, at least in part, through the downregulation of canonical Wnt/β -catenin signaling axis. However, more 
mechanism-based studies are required using in vivo metastatic models with CuB to further validate its potential 
against NSCLC.

Methods
Cell Culture. Human NSCLC A549, H1299 and H23 cells were obtained from American Type Culture 
Collection (ATCC, Manassas, VA). Cells were cultured and maintained in RPMI-1640 medium (Sigma-Aldrich, 
St. Louis, MO) supplemented with 10% FBS (Sigma Aldrich) and 1% penicillin-streptomycin solution (Sigma-
Aldrich). HUVECs were procured from Life Technologies and maintained in M-200 medium (Invitrogen, 
Carlsbad, CA) supplemented with LSGS (Invitrogen) and 1% penicillin-streptomycin solution (Sigma-Aldrich). 
All the cells were grown in a humidified atmosphere at 37 °C with 5% CO2. CuB was isolated from Luffa gravio-
lense Roxb. and dissolved in ethanol at a stock concentration of 10 mM as described previously6.

Wound healing assay. The migratory capacities of lung adenocarcinoma A549, H1299 and H23 cells were 
assessed by in vitro wound healing assay as described previously52. Briefly, 2 ×  105 cells were seeded in 6-well 
plates and grown to a confluency of 80–90%. A wound was created in the middle of the well and cells were treated 
with different concentrations of CuB for 12, 24 and 48 h. Wound closure photographs were captured using Nikon’s 
Eclipse TS100 microscope equipped with a digital camera. The wound area was measured by using ImageJ 1.46r 
software. The results were expressed as percent wound closure compared with control.

Matrigel Invasion assay. The invasive capabilities of NSCLC cells were assessed by invasion assay using 
Boyden chambers (BD Biosciences) as described previously52. Approximately, 2 ×  104 cells were seeded in the 
upper chamber in 500 μ L of medium supplemented with 1% FBS containing 0–100 nM concentrations of CuB. 
In the lower well, 750 μ L medium supplemented with 10% FBS was added as a chemoattractant. Cells were incu-
bated at 37 °C in the CO2 incubator for 48 h. After incubation, cells on the lower surface of the membrane were 
fixed and stained with 0.1% crystal violet (Sigma–Aldrich). The membranes were photographed and the numbers 
of invaded cells were counted in at least 10 different microscopic fields. Data were presented as percent invasion 
compared to respective controls.

Tumorsphere assay. A tumorsphere is defined as a solid spherical mass developed from the proliferation of 
a single cancer stem cell (CSC) or a progenitor cell. Tumorsphere assay is used to estimate the percentage of can-
cer stem/progenitor cells present in a population of tumor cells53. Tumorsphere assay was performed as described 
previously54. Approximately, 200 cells/well in 10 replicates were seeded in ultra-low attachment 96-well plates in 
DMEM/F12-medium supplemented with 1×  B27 supplement (Invitrogen), 20 ng/mL epidermal growth factor, 
10 ng/mL basal fibroblast growth factor, 5 μ g/mL insulin, 0.4% bovine serum albumin (Sigma Aldrich). The upper 
and lower edges of the 96-well plate were sealed and cells were incubated undisturbed in a CO2 incubator for one 
week. Thereafter, tumorsphere frequency was counted under a phase-contrast microscope at 400×  magnification. 
Results were represented as the average frequency of tumorspheres per well in the vehicle as well as treatment 
groups.

Clonogenic assay. In vitro colony forming potentials of NSCLC cells were assessed by anchorage-dependent 
clonogenic assay, as described previously52,55. Approximately 500 cells were seeded into 6-well plates in tripli-
cates. After 24 h, cells were treated with different CuB concentrations and were allowed to incubate at 37 °C in 
the CO2 incubator for 15 days. After incubation, the colonies were fixed and stained with 0.1% crystal violet 
(Sigma-Aldrich). The colonies with ≥ 50 cells were counted and expressed as percent control.

Confocal immunofluorescence imaging. The immunofluorescence experiments were performed as 
described previously56,57. Approximately, 2 ×  104 cells were treated with 0, 25, 50 and 100 nM of CuB and incu-
bated in CO2 incubator for 24 h. Then after, the cells were fixed in a freshly prepared 2% paraformaldehyde and 
autofluorescence quenching was performed by incubating the cells with ammonium chloride at room temper-
ature. Cells were permeabilized using 0.1% Triton X-100 and non-specific sites were blocked by incubating the 
cells with 2% BSA for 45 min at room temperature. The cells were then incubated with anti-β -catenin primary 
antibody (Invitrogen; 1:200) at 4 °C overnight. Following washing, the cells were incubated in FITC-conjugated 
anti-rabbit secondary antibody (Sigma-Aldrich, 1:160) for 1 h in dark at RT. After washing, the nuclei were coun-
terstained using DAPI (0.5 μ g/mL). IgG control was used as a negative control of immunofluorescence staining. 
The fluorescent images of CuB-treated and -untreated A549 and H1299 cells at 630×  magnification were cap-
tured using confocal microscope (Carl Zeiss, Germany). The fluorescent images of CuB-treated and -untreated 
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H23 cells as well as NNK-induced lung tissues were captured using fluorescence microscope (Carl Zeiss). The flu-
orescent intensity of NSCLC cells was represented as raw integrated density and corrected total cell fluorescence 
(CTCF). CTCF was calculated as; Integrated Density - (Area of selected cell ×  Mean fluorescence of background 
readings) and represented as an average value of total number of cells analyzed (indicated in graphs) as described 
previously58. The average fluorescence intensity of NNK-induced tumors was measured as the fluorescence inten-
sity of lung tissue analyzed in at least five different microscopic fields.

siRNA knockdown of Wnt3/3a. The siRNA transfection experiments were performed as described pre-
viously59. Approximately 2 ×  105 cells per well were seeded in a 6-well plate and allowed to incubate overnight. 
Mission esiRNA for Wnt3 and Wnt3a (Sigma-Aldrich) were dissolved at a stock concentration of 10 μ M using 
RNase-free water and 40 nM siRNAs were delivered to the cells using the lipofectamine reagent (Invitrogen) 
according to the manufacturer’s protocol. RLUC negative control siRNA (Sigma-Aldrich) was used as a negative 
control to monitor knock-down efficacy and toxicity, if any. Cells were treated with CuB for an additional 24 h. 
Cells were harvested and checked for Wnt3- and Wnt3a-mediated β -catenin signaling as well as migration, as 
described in the previous sections.

Co-immunoprecipitation. Co-immunoprecipitation experiments were performed in whole cell 
extracts of CuB-treated A549 and H1299 cells. For immunoprecipitation analysis, 50 μ L of Sepharose A beads 
(Sigma-Aldrich) were incubated with 2.5 μ g of β -catenin (Invitrogen: 71-2700) antibody diluted up to 500 μ L 
in wash buffer containing PBS with 2% triton-X-100 overnight at 4 °C. After centrifugation and washing, these 
antibody-coated beads were incubated with 500 μ g of whole cell extracts from each sample for 1 h at 4 °C. After, 
centrifugation, the supernatant was collected. β -actin was used as an equal loading control. Beads were washed 
thrice and equal volumes of protein from each sample were mixed with laemmlli buffer, boiled in a water bath 
and loaded onto 12% SDS-PAGE. Immunoblotting analysis was performed by using TCF-1 (Life Technologies: 
A13969) antibody. The blots were incubated with specific HRP-conjugated secondary anti-rabbit antibody and 
bands were visualized using ECL (Millipore) on ImageQuant LAS4010 chemiluminescence detection system (GE 
Healthcare, Amarsham, UK).

Tube formation assay. The anti-angiogenic potential of CuB was determined by performing tube formation 
assay in HUVEC cells. HUVECs were seeded on the matrigel pre-coated 96-well cell culture plate at a density of 
approximately 2 ×  104 cells per well and serum starved for 2 h. VEGF (20 ng/mL) was added to each well as an 
inducer of angiogenesis. After 2 h, cells were treated with indicated concentration of CuB and after an additional 
incubation of 6 h, photographs were captured. Tubulogenesis was analyzed using ImageJ software version 1.47 h 
(http://imagej.nih.gov/ij). Total number of nodes and branches were calculated and data were represented as 
average number of nodes and branches compared to controls.

Chick Chorioallantoic Membrane (CAM) assay. To assess the effect of CuB on the pre-existing vascula-
ture, we performed ex vivo CAM assay according to the previously described method with slight modifications60. 
Embryonic eggs were incubated in humidified (65–70%) chamber at physiological temperature for at least 3–4 
days with their CAM exposed to visualize the angiogenesis. At 8th day, 25 nM CuB and PBS as control were added 
in sterile rubber rings on the exposed CAM and window-sealed eggs were incubated for an additional 2 days. 
After incubation, the microscopic examination of CAM was performed.

Western blot analysis. Whole cell lysates of A549 and H1299 cells at 24 h of CuB treatment were pre-
pared using the RIPA-lysis buffer (Millipore, Billerica, MA). Protein extraction from tumor samples was also 
performed using RIPA-lysis buffer. Proteins were resolved on 10–12% SDS-polyacrylamide gels and transferred 
onto PVDF membranes (Millipore). After incubation in blocking buffer (5% skimmed milk or 2% BSA in TBST) 
for 1 h, the membranes were incubated with primary antibodies specific for Wnt3/3a (Abcam: ab172612), Fzd-7 
(Sigma-aldrich: AV41251), phospho-GSK-3α  (Cell Signaling Technology: 9337), GSK-3α  (Abcam: ab40870), 
phospho-GSK-3β  (Santa Cruz: SC-11757), GSK-3β  (Abcam: ab18893), β -catenin (Invitrogen: 71-2700), 
TCF-1 (Life Technologies: A13969), MMP-2 (Cell Signaling Technology: 4022S), E-cadherin (Santa cruz: 
SC-8426), COX-2 (Millipore: AB5118), MYC (Millipore: 06-340), Cyclin D1 (Santa cruz: SC-8396), Survivin 
(Cell Signaling Technology: 2808S), VEGF (Santa cruz: S C-53462), Vimentin (Santa cruz: SC-6260), PCNA 
(Santa cruz: SC-7907) and β -actin (Cell Signaling Technology: 4970L). The blots were then incubated with spe-
cific HRP-conjugated secondary antibodies and bands were visualized using ECL (Millipore) on ImageQuant 
LAS4010 chemiluminescence detection system (GE Healthcare, Amarsham, UK). The band intensities were 
quantified using ImageJ 1.46r software.

Animal experiments. Female, 5–6 weeks-old A/J mice were procured and the study was conducted 
according to the guidelines as well as protocol approved by the Institutional Animal Ethics Committee (IAEC), 
CSIR-CDRI, India. Briefly, after one week of acclimatization, mice were randomly divided into four groups 
(n =  8); three groups were injected intraperitoneally (i.p.) with 100 mg/Kg body weight (b.w.) NNK dissolved in 
saline (Sigma). On third week onwards, NNK-administered mice were treated with 0.1 or 0.2 mg/Kg b.w. of CuB 
i.p. twice a week, as described previously6, except that in this study, the CuB treatment was continued throughout 
the study period. At 21st week, mice were sacrificed and lungs were examined for tumor incidence, multiplicity 
and lung wet weight. Lung tissues from each group were snap-frozen in liquid nitrogen and were also fixed in 10% 
of neutral buffered formalin for histopathological and immunofluorescence analyses.

http://imagej.nih.gov/ij
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In vivo matrigel plug assay. Animals were randomly segregated into four groups (n =  6). Matrigel (400 μ L) 
was injected subcutaneously into the mammary fat pads of female Balb/c mice forming semi-solid plugs. Two 
groups received intraperitoneal (i.p.) injections of 0.1 mg/kg and 0.2 mg/kg of CuB thrice a week for 7 days. A 
group of animals was injected with imatinib (50 mg/Kg i.p.) as a positive control. On day 7, after anesthetizing 
the animals, matrigel plugs were excised and fixed in PBS-buffered 10% formalin and then stored for further pro-
cessing. Following deparaffinization and dehydration, tissue samples were stained with Harris hematoxylin and 
eosin stains (Sigma–Aldrich). The sections were photographed using Nikon’s Eclipse TS100 microscope equipped 
with a digital camera. For each group, sections from at least three mice (n =  3) were examined for H&E staining.

Statistical analysis. The statistical significance of differences between the values of treated samples and 
controls were determined by One-way ANOVA with Dunnet’s post-hoc test using GraphPad Prism version 3.00 
for Windows software. In each case, p <  0.05 was considered statistically significant.

References
1. Meeran, S. M., Ahmed, A. & Tollefsbol, T. O. Epigenetic targets of bioactive dietary components for cancer prevention and therapy. 

Clin Epigenetics. 1, 101–116 (2010).
2. Liu, Y. et al. Antimetastatic Therapies of the Polysulfide Diallyl Trisulfide against Triple-Negative Breast Cancer (TNBC) via 

Suppressing MMP2/9 by Blocking NF-kappaB and ERK/MAPK Signaling Pathways. PLoS One. 10, e0123781 (2015).
3. Sinha, S., Shukla, S., Khan, S., Tollefsbol, T. O. & Meeran, S. M. Epigenetic reactivation of p21CIP1/WAF1 and KLOTHO by a 

combination of bioactive dietary supplements is partially ERalpha-dependent in ERalpha-negative human breast cancer cells. Mol 
Cell Endocrinol. 406, 102–114 (2015).

4. Kang, J. H. et al. Curcumin sensitizes human lung cancer cells to apoptosis and metastasis synergistically combined with carboplatin. 
Exp Biol Med. Epub ahead of print (2015).

5. Pavese, J. M., Farmer, R. L. & Bergan, R. C. Inhibition of cancer cell invasion and metastasis by genistein. Cancer Metastasis Rev. 29, 
465–482 (2010).

6. Shukla, S. et al. Cucurbitacin B alters the expression of tumor-related genes by epigenetic modifications in NSCLC and inhibits 
NNK-induced lung tumorigenesis. Cancer Prev Res. 8, 552 (2015).

7. Gupta, P. & Srivastava, S. K. HER2 mediated de novo production of TGFbeta leads to SNAIL driven epithelial-to-mesenchymal 
transition and metastasis of breast cancer. Mol Oncol. 8, 1532–1547 (2014).

8. Zhou, X. et al. Cucurbitacin B inhibits 12-O-tetradecanoylphorbol 13-acetate-induced invasion and migration of human hepatoma 
cells through inactivating mitogen-activated protein kinase and PI3K/Akt signal transduction pathways. Hepatol Res. 42, 401–411 
(2012).

9. Zhang, Y., Zhang, X., Huang, J. & Dong, Q. Wnt signaling regulation of stem-like properties in human lung adenocarcinoma cell 
lines. Med Oncol. 32, 157 (2015).

10. Stewart, D. J. Wnt signaling pathway in non-small cell lung cancer. J. Natl Cancer Inst. 106, djt356 (2014).
11. Xu, X. et al. Aberrant Wnt1/beta-catenin expression is an independent poor prognostic marker of non-small cell lung cancer after 

surgery. J. Thorac Oncol. 6, 716–724 (2011).
12. Chan, K. C. et al. Therapeutic targeting of CBP/beta-catenin signaling reduces cancer stem-like population and synergistically 

suppresses growth of EBV-positive nasopharyngeal carcinoma cells with cisplatin. Sci Rep. 5, 9979 (2015).
13. Yang, X. et al. Wnt signaling through Snail1 and Zeb1 regulates bone metastasis in lung cancer. Am J. Cancer Res. 5, 748–755 (2015).
14. Doble, B. W. & Woodgett, J. R. GSK-3: tricks of the trade for a multi-tasking kinase. J Cell Sci 116, 1175–1186 (2003).
15. Doble, B. W., Patel, S., Wood, G. A., Kockeritz, L. K. & Woodgett, J. R. Functional redundancy of GSK-3alpha and GSK-3beta in 

Wnt/beta-catenin signaling shown by using an allelic series of embryonic stem cell lines. Dev Cell 12, 957–971, doi: 10.1016/j.
devcel.2007.04.001 (2007).

16. Patel, S. & Woodgett, J. Glycogen synthase kinase-3 and cancer: good cop, bad cop? Cancer Cell 14, 351–353, doi: 10.1016/j.
ccr.2008.10.013 (2008).

17. Sutherland, C. What Are the bona fide GSK3 Substrates? Int J Alzheimers Dis 2011, 505607 (2011).
18. Amit, S. et al. Axin-mediated CKI phosphorylation of beta-catenin at Ser 45: a molecular switch for the Wnt pathway. Genes Dev 16, 

1066–1076, doi: 10.1101/gad.230302 (2002).
19. Liu, C. et al. Control of beta-catenin phosphorylation/degradation by a dual-kinase mechanism. Cell 108, 837–847 (2002).
20. Kase, S. et al. Expression of E-cadherin and beta-catenin in human non-small cell lung cancer and the clinical significance. Clin 

Cancer Res. 6, 4789–4796 (2000).
21. Easwaran, V. et al. beta-Catenin regulates vascular endothelial growth factor expression in colon cancer. Cancer Res. 63, 3145–3153 

(2003).
22. Kim, K. I. et al. Beta-catenin overexpression augments angiogenesis and skeletal muscle regeneration through dual mechanism of 

vascular endothelial growth factor-mediated endothelial cell proliferation and progenitor cell mobilization. Arterioscler Thromb Vasc 
Biol. 26, 91–98 (2006).

23. Fernandez, J. G. et al. Survivin expression promotes VEGF-induced tumor angiogenesis via PI3K/Akt enhanced beta-catenin/Tcf-
Lef dependent transcription. Mol Cancer. 13, 209 (2014).

24. Kawata, M. et al. TGF-beta-induced epithelial-mesenchymal transition of A549 lung adenocarcinoma cells is enhanced by pro-
inflammatory cytokines derived from RAW 264.7 macrophage cells. J. Biochem. 151, 205–216 (2012).

25. Kim, J. H. et al. Transforming growth factor beta1 induces epithelial-to-mesenchymal transition of A549 cells. J. Korean Med Sci. 22, 
898–904 (2007).

26. David, M. D., Cantí, C. & Herreros, J. Wnt-3a and Wnt-3 differently stimulate proliferation and neurogenesis of spinal neural 
precursors and promote neurite outgrowth by canonical signaling. J Neurosci Res 88, 3011–3023, doi: 10.1002/jnr.22464 (2010).

27. Dongkyun, K., Jinsoo, S. & Jin, E. J. Wnt-3 and Wnt-3a play different region-specific roles in neural crest development in avians. Cell 
Biol Int 34, 763–768, doi: 10.1042/CBI20090133 (2010).

28. Tannin-Spitz, T., Grossman, S., Dovrat, S., Gottlieb, H. E. & Bergman, M. Growth inhibitory activity of cucurbitacin glucosides 
isolated from Citrullus colocynthis on human breast cancer cells. Biochem Pharmacol 73, 56–67, doi: 10.1016/j.bcp.2006.09.012 
(2007).

29. Chen, C., Qiang, S., Lou, L. & Zhao, W. Cucurbitane-type triterpenoids from the stems of Cucumis melo. J Nat Prod 72, 824–829, 
doi: 10.1021/np800692t (2009).

30. Zhang, M. et al. Targeted constitutive activation of signal transducer and activator of transcription 3 in human hepatocellular 
carcinoma cells by cucurbitacin B. Cancer Chemother Pharmacol 63, 635–642, doi: 10.1007/s00280-008-0780-0 (2009).

31. Xiong, H. et al. Roles of STAT3 and ZEB1 proteins in E-cadherin down-regulation and human colorectal cancer epithelial-
mesenchymal transition. J Biol Chem 287, 5819–5832, doi: 10.1074/jbc.M111.295964 (2012).

32. Xie, T. X. et al. Stat3 activation regulates the expression of matrix metalloproteinase-2 and tumor invasion and metastasis. Oncogene 
23, 3550–3560, doi: 10.1038/sj.onc.1207383 (2004).



www.nature.com/scientificreports/

17Scientific RepoRts | 6:21860 | DOI: 10.1038/srep21860

33. Akopyan, G. & Bonavida, B. Understanding tobacco smoke carcinogen NNK and lung tumorigenesis. Int J. Oncol. 29, 745–752 
(2006).

34. Hashimoto, N. et al. Cancer stem-like sphere cells induced from de-differentiated hepatocellular carcinoma-derived cell lines 
possess the resistance to anti-cancer drugs. BMC Cancer. 14, 722 (2014).

35. Chiu, W. T. et al. FOXM1 confers to epithelial-mesenchymal transition, stemness and chemoresistance in epithelial ovarian 
carcinoma cells. Oncotarget. 6, 2349–2365 (2015).

36. Liu, P. et al. Liposome encapsulated Disulfiram inhibits NFkappaB pathway and targets breast cancer stem cells in vitro and in vivo. 
Oncotarget. 5, 7471–7485 (2014).

37. de Ligt, R. A., Kourounakis, A. P. & IJzerman, A. P. Inverse agonism at G protein-coupled receptors: (patho)physiological relevance 
and implications for drug discovery. Br J Pharmacol 130, 1–12, doi: 10.1038/sj.bjp.0703311 (2000).

38. Cole, A. R. & Sutherland, C. Measuring GSK3 expression and activity in cells. Methods Mol Biol. 468, 45–65 (2008).
39. Medina, M. & Wandosell, F. Deconstructing GSK-3: The Fine Regulation of Its Activity. Int J Alzheimers Dis 2011, 479249,  

doi: 10.4061/2011/479249 (2011).
40. Singh, T. & Katiyar, S. K. Honokiol inhibits non-small cell lung cancer cell migration by targeting PGE(2)-mediated activation of 

beta-catenin signaling. PLoS One. 8, e60749 (2013).
41. Doyle, J. L. & Haas, T. L. Differential role of beta-catenin in VEGF and histamine-induced MMP-2 production in microvascular 

endothelial cells. J. Cell Biochem. 107, 272–283 (2009).
42. Tian, X. et al. E-cadherin/beta-catenin complex and the epithelial barrier. J. Biomed Biotechnol. 2011, 567305 (2011).
43. Masszi, A. et al. Central role for Rho in TGF-beta1-induced alpha-smooth muscle actin expression during epithelial-mesenchymal 

transition. Am J. Physiol Renal Physiol. 284, F911–F924 (2003).
44. Tian, Y. C., Fraser, D., Attisano, L. & Phillips, A. O. TGF-beta1-mediated alterations of renal proximal tubular epithelial cell 

phenotype. Am J. Physiol Renal Physiol. 285, F130–F142 (2003).
45. Nishida, N., Yano, H., Nishida, T., Kamura, T. & Kojiro, M. Angiogenesis in cancer. Vasc Health Risk Manag. 2, 213–219 (2006).
46. Malkinson, A. M. Primary lung tumors in mice: an experimentally manipulable model of human adenocarcinoma. Cancer Res. 52, 

2670s–2676s (1992).
47. Malkinson, A. M. Molecular comparison of human and mouse pulmonary adenocarcinomas. Exp. Lung Res. 24, 541–555 (1998).
48. Stoner, G. D., Adam-Rodwell, G. & Morse, M. A. Lung tumors in strain A mice: application for studies in cancer chemoprevention. 

J. Cell Biochem Suppl. 17F, 95–103 (1993).
49. Malkinson, A. M. Primary lung tumors in mice as an aid for understanding, preventing, and treating human adenocarcinoma of the 

lung. Lung Cancer. 32, 265–279 (2001).
50. Davis, R. et al. Nicotine promotes tumor growth and metastasis in mouse models of lung cancer. PLoS One. 4, e7524 (2009).
51. Wang, G. Z. et al. Tobacco smoke induces production of chemokine CCL20 to promote lung cancer. Cancer Letters. 363, 60–70 

(2015).
52. Khan, S. et al. Centchroman suppresses breast cancer metastasis by reversing epithelial-mesenchymal transition via downregulation 

of HER2/ERK1/2/MMP-9 signaling. Int J. Biochem Cell Biol. 58, 1–16 (2015).
53. Liu, J. C., Deng, T., Lehal, R. S., Kim, J. & Zacksenhaus, E. Identification of tumorsphere- and tumor-initiating cells in HER2/Neu-

induced mammary tumors. Cancer Res. 67, 8671–8681 (2007).
54. Johnson, S., Chen, H. & Lo, P. In vitro Tumorsphere Formation Assays. Bio-protocol 3, e325 (2013).
55. Meeran, S. M., Patel, S. N. & Tollefsbol, T. O. Sulforaphane causes epigenetic repression of hTERT expression in human breast cancer 

cell lines. PLoS One. 5, e11457 (2010).
56. Zhang, N. et al. FoxM1 promotes β -catenin nuclear localization and controls Wnt target-gene expression and glioma tumorigenesis. 

Cancer Cell 20, 427–442, doi: 10.1016/j.ccr.2011.08.016 (2011).
57. Herencia, C. et al. Nuclear translocation of beta-catenin during mesenchymal stem cells differentiation into hepatocytes is associated 

with a tumoral phenotype. PLoS One 7, e34656 (2012).
58. McCloy, R. A. et al. Partial inhibition of Cdk1 in G 2 phase overrides the SAC and decouples mitotic events. Cell Cycle 13, 

1400–1412, doi: 10.4161/cc.28401 (2014).
59. Meeran, S. M., Patel, S. N., Li, Y., Shukla, S. & Tollefsbol, T. O. Bioactive dietary supplements reactivate ER expression in ER-negative 

breast cancer cells by active chromatin modifications. PLoS One. 7, e37748 (2012).
60. Xiao, D. & Singh, S. V. Phenethyl isothiocyanate inhibits angiogenesis in vitro and ex vivo. Cancer Res. 67, 2239–2246 (2007).

Acknowledgements
Senior research fellowships to S. Shukla and S. Khan from CSIR are gratefully acknowledged. This work was 
supported by funds from the CSIR-EpiHeD-Network Scheme (BSC0118) and Department of Biotechnology-
Twinning Programme (BCIL/NER-BPMC/2013/722), New Delhi, India to S.M. Meeran. Technical assistance 
from Amar Deep Lakra is thankfully acknowledged. CSIR-CDRI communication Number- 9182.

Author Contributions
Conceived and designed the experiments: S.S., S.S. and S.M.M. Performed the experiments: S.S., S.S., S.K., 
S.K. and K.S. Analysed the data: S.S., S.K., S.S. and S.M.M. Confocal imaging: S.S., K.S. and K.M. Contributed 
reagents/material/analysis tools: R.M. and S.M.M. Wrote the paper: S.S., S.K. and S.M.M. All authors reviewed 
and approved the manuscript before submission.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Shukla, S. et al. Cucurbitacin B inhibits the stemness and metastatic abilities of NSCLC 
via downregulation of canonical Wnt/ß-catenin signaling axis. Sci. Rep. 6, 21860; doi: 10.1038/srep21860 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Cucurbitacin B inhibits the stemness and metastatic abilities of NSCLC via downregulation of canonical Wnt/β-catenin signal ...
	Results
	CuB inhibits the migratory potential of human NSCLC cells. 
	CuB inhibits the invasive capability and stemness of human NSCLC cells. 
	CuB inhibits endothelial cell migration, invasion and angiogenesis. 
	CuB inhibits β-catenin expression as well as nuclear localization in human NSCLC cells. 
	CuB inhibits canonical β-catenin signaling in human NSCLC cells. 
	CuB inhibits TGF-β1-induced migration in A549 cells. 
	CuB inhibits metastasis and angiogenesis in NSCLC cells via Wnt/β-catenin signaling. 
	CuB downregulates Wnt/β-catenin signaling axis in NNK-induced lung tumorigenesis. 

	Discussion
	Methods
	Cell Culture. 
	Wound healing assay. 
	Matrigel Invasion assay. 
	Tumorsphere assay. 
	Clonogenic assay. 
	Confocal immunofluorescence imaging. 
	siRNA knockdown of Wnt3/3a. 
	Co-immunoprecipitation. 
	Tube formation assay. 
	Chick Chorioallantoic Membrane (CAM) assay. 
	Western blot analysis. 
	Animal experiments. 
	In vivo matrigel plug assay. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	Figure 1.  CuB suppresses cellular migration, invasion and stemness in NSCLC cells at sub-IC50 concentrations.
	Figure 2.  CuB inhibits angiogenesis in vitro and ex vivo.
	Figure 3.  CuB inhibits the expression and nuclear translocation of β-catenin in NSCLC cells.
	Figure 4.  CuB inhibits the Wnt/β-catenin signaling in the NSCLC cells.
	Figure 5.  CuB treatment abrogates TGβ-1-induced EMT in A549 cells.
	Figure 6.  Wnt/β-catenin signaling is involved in the inhibition of metastatic progression of NSCLC A549 cells.
	Figure 7.  Wnt/β-catenin signaling is involved in the inhibition of metastatic progression of NSCLC H1299 cells.
	Figure 8.  CuB inhibits NNK-induced lung tumorigenesis and Wnt/β-catenin/MMP-2 signaling.
	Figure 9.  Schematic representation of the mechanism of action of CuB against the metastatic abilities of NSCLC.



 
    
       
          application/pdf
          
             
                Cucurbitacin B inhibits the stemness and metastatic abilities of NSCLC via downregulation of canonical Wnt/β-catenin signaling axis
            
         
          
             
                srep ,  (2016). doi:10.1038/srep21860
            
         
          
             
                Samriddhi Shukla
                Sonam Sinha
                Sajid Khan
                Sudhir Kumar
                Kavita Singh
                Kalyan Mitra
                Rakesh Maurya
                Syed Musthapa Meeran
            
         
          doi:10.1038/srep21860
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep21860
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep21860
            
         
      
       
          
          
          
             
                doi:10.1038/srep21860
            
         
          
             
                srep ,  (2016). doi:10.1038/srep21860
            
         
          
          
      
       
       
          True
      
   




