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the regulation of β-catenin. Unexpectedly, we found 
that LCSCs treated with the γ-secretase inhibitor (GSI), 
DAPT, had a significant reduction of active β-catenin 
activity and protein levels in a dose-dependent fashion 
(Figure 6A). Moreover, the activation of Wnt/β-catenin 
signaling by BIO (2 uM) or Wnt3a (100 ng/ml) can rescue 
γ-secretase inhibitor (BMS-708163)-induced suppression 
of β-catenin dependent luciferase activity (Figure 6B and  
Supplementary Figure S4C). Conversely, the reduced 
Notch1 levels which were knocked out by lentiviral 
vector–mediated RNAi, LV-N1ShRNA (Figure 6C), did 
not affect the levels of total β-catenin protein but resulted 
in an increase in the dephosphorylated, transcriptionally 
active form of β-catenin protein (Figure 6D). We also 
found that LV-N1ShRNA LCSC exhibited significantly 
lower β-catenin/TCF dependent luciferase activity than 
controls, when stimulated with Wnt3a or BIO (Figure 6E).  
Finally, to confirm the Notch negatively regulation on 
β-catenin protein levels in LCSCs, we used lentiviral 
particles express NICD (Lv-Notch1) to over-express the 
cleavaged active-Notch1 levels (Figure 6F) in LCSCs and 
found a prominent decrease in β-catenin/TCF dependent 
luciferase activity (Figure 6G) and active β-catenin 
protein levels (Figure 6H). These results indicated that 
Notch1 negatively contributes to Wnt/β-catenin signaling 
modulation and is probably not proteasome mediated, which 

supports the earlier evidence showing Numb dependence 
and potential involvement of the lysosome [27].

DISCUSSION

There is emerging evidence that HCC is driven and 
maintained by LCSCs that display stem cell properties. 
Therefore, tracing and “destemming” CSCs may be an 
effective strategy for treating HCC and improving patient 
outcomes.

In this study, we found that HCC patients with 
different CSC markers (CD133, CD90, CD13, CD24  
or CD44) possessed distinct clinic-pathological features, 
suggesting that these cells with different cancer stem cell 
markers may be present in an identical HCC population. 
Furthermore, we have demonstrated that increased 
CD90CD24CD13CD133 expression in HCC not only 
correlates with advanced disease stage but also with larger 
tumor size and worse overall survival. This correlation 
suggests that CD90CD24CD13CD133+/high tumor 
cells have the potential to re-establish tumor growth in 
patients. Recently, several studies have also reported that 
successive passages of sphere-forming cells derived from 
mammary carcinoma cell line [38], pancreatic cancers [30] 
and cervical cancer [39, 40], displayed progressive cancer 
stem cells enrichment and different markers (CD90 and 

Figure 3: Notch and Wnt/β-catenin signaling pathway components are up-regulated in sphere-forming liver cancer 
stem cells. (A and B) The mRNA and protein expression levels of Notch and Wnt/β-catenin signaling pathway components are  
up-regulated in sphere-forming liver cancer stem cells. (C and D) Notch and Wnt/β-catenin signaling pathway were inhibited by 20 µM of 
DAPT and 20 µM XAV939, respetctively.
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CD133) over-expression. Therefore, we hypothesized that 
liver cancer stem cells might concomitantly express two or 
more LCSCs markers instead of only one LCSCs marker. 

To determine whether sphere-forming 
(CD90CD24CD13CD133+/high) HCC cells were LCSCs, 
we detected the stem-ness associated characteristics. Our 
data demonstrated that the sphere-forming HCC cells 
possessed progressively increasing self-renewal and 
tumor-initiating ability in vitro and in vivo. Furthermore, 
we found that CD90, CD24, CD44 or CD133  
over-expression was also positively correlated with 
vascular infiltration, which is an important clinic-
pathologic feature of HCC metastasis. The identification 

of sphere-forming HCC cells as a subpopulation involved 
in the CSC self-renewal of HCC might open up new 
perspectives for treatment. 

Intriguingly, increasing evidence has shown that 
both Notch and Wnt signaling may play critical roles in 
the self-renewal of different CSCs [27, 41]. In particular, 
Notch signaling promotes the formation of cancer stem 
cells in human glioma [20] and inhibition of Notch 
signaling reduces primary tumor side population in 
breast cancer stem cells [42]; similarly, activation of 
Wnt1 signaling accelerates the proliferation rate and 
spheroids formation of gastric CSCs [43], while silencing 
of β-catenin by small interfering RNA could synergize 

Figure 4: Notch and Wnt/β-catenin signaling pathways promoted stem-ness characteristics and metastasis potential 
in sphere-forming liver cancer stem cells. (A and B) Sphere formation and colony formation ability (A) and efficiency of tumor 
formation (B) in sphere-forming PLC/PRF/5 decreased when inhibiting Notch and Wnt/β-catenin signaling pathway by 20 µM of DAPT 
and 20 µM XAV939. (C) Efficiency of tumor formation and tumor volume of sphere-forming LCSCs were decreased by the blocking of 
Notch and Wnt/β-catenin. (D) Stemness-associated genes (NANOG and SOX2) were significantly down-regulated upon Notch or/and 
Wnt/β-catenin inhibited (p < 0.05, t test). (E) The cancer stem cells surface markers phenotype, CD90, CD44, CD133, were diminished 
by DAPT or XAV-939. But the decrease observed with DATP and XAV939 combined was no more than that observed by either individual 
treatment. (F and G) The metastasis capacity in transwell assay and EMT-related genes (Vimentin, Snail and Twist) were decreased in 
sphere-forming PLC/PRF/5 after inhibition of Notch and Wnt/β-catenin signaling pathway. Error bars represent standard deviation (SD) 
from at least three independent experiments.
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Figure 5: Notch1 was downstream of Wnt/β-catenin signaling in liver cancer stem cells. (A) Notch1 signaling pathway was 
dramatically down-regulated in set of the inhibition of Wnt/β-catenin by XAV939. (B and C) Relative β-catenin/TCF luciferase activity 
of sphere-forming LCSCs increased depending on the dosage of Wnt3a and BIO. (D) IF Staining of Active β-catenin accumulated in 
sphere-forming LCSCs when treat with BIO (2 µM). (E) Notch1 signaling pathway was up-regulated upon the activation of Wnt/β-catenin 
by Wnt3a (100 ng/ml) and BIO (2 µM). All luciferase values were normalized to Renilla activity (mean ± SD; P < 0:01). P values were 
determined using a two-tailed Student t-test, type II (see Methods). Gapdh antibody was used as a loading control. Numbers on western 
blots correspond to relative quantification. 
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Figure 6: β-catenin protein levels were diminished by Notch1 in liver cancer stem cells. (A) Relative β-catenin/TCF 
luciferase activity of LCSCs decreased when treated with increasing doses of DAPT for 48 h. (B) The activation of Wnt/β-catenin signaling 
by BIO (2 µM) rescue γ-secretase inhibitor (BMS-708163)-induced suppression of β-catenin/TCF dependent luciferase activity. (C) 
Knockdown of Notch1 by LV-N1ShRNA. (D) Reduced Notch1 levels which knockout by LV-N1ShRNA increased the transcriptionally 
active form of β-catenin protein. (E) Relative β-catenin /TCF luciferase activity of sphere-forming LCSCs transfected with the control 
or LV-N1ShRNA in the presence or absence of BIO (2 µM) or Wnt3a (100 ng/ml; mean ± SD; P < 0:01). (F) Notch1 was activited by  
LV-Notch1 after infected 48 h. (G) Relative β-catenin / TCF luciferase activity of sphere-forming LCSCs transfected with the control 
or actived Notch1 (NICD) construct, LV-Notch1. (H) active β-catenin protein levels increased after the over-expression of NICD by  
LV-Notch1.
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the inhibition of self-renewal of LCSCs induced by 
BrMC [44]. Consistently, we found increased Notch 
and Wnt/β-catenin signaling pathway expression in the 
sphere-forming HCC cells. Inhibition of the Notch and 
Wnt/β-catenin signaling pathways each significantly 
attenuated sphere formation, colony formation, tumor 
development, and metastasis to the lungs capacity in 
NOD/SCID mice. This result suggests that both pathways 
play important roles in tumor formation and metastasis 
capacity. Furthermore, the decrease in cancer stem cells 
surface markers phenotype (CD90, CD44, CD133, CD13 
and CD24) observed in combined DATP and XAV939 was 
no more than that observed by either individual treatment, 
suggesting that Notch and Wnt/β-Catenin may have  
cross-talk between each other.

Notch and Wnt/β-Catenin signaling often intersect 
in stem and progenitor cells and regulate one another 
transcriptionally [45]. The effects between each other are 
highly controversial. Chulan et al recently demonstrated 
that Notch1 antagonizes Wnt/β-Catenin signaling by 
reducing levels of active β-Catenin in cardiac progenitor 
cells (CPCs) [27]. Conversely, the oncogenic effect of 
Notch1 on primary melanoma cells was mediated by 
β-catenin, which was upregulated following Notch1 
activation [46]. This is in line with our previous study 
that Notch signaling is upstream of the Wnt pathway 
in regulating proliferation of L02/HBx cells [26].  
In the present study, however, we discovered that 
Notch1 may be downstream of Wnt/β-catenin signaling. 

And Notch negatively regulates protein levels of active 
β-catenin in a post-translational manner in sphere-forming 
LCSCs. In our experiments, the interaction between these 
two critical regulatory proteins did not require ligand-
dependent cleavage of Notch. Thus, in the presence of 
Wnt/β-catenin signaling, Notch may serve to titrating 
active β-catenin levels to temper the proliferative state 
of expanding cells [27]. It is likely Notch functions as 
a governor to balance tumor cell proliferation and the 
maintenance of the CSC population by regulating the 
β-catenin pathway. Contradictory data existed in stem cells 
and liver cancer stem cells suggesting that the versatile 
effects of Notch signaling pathway often depends on the 
context and timing as cells progress through stages of 
differentiation. 

In this study, we identified sphere-forming LCSCs 
(CD90CD24CD13CD133+/high) within these small 
lesions, and they functioned to initiate tumor growth 
and self-renewal through Notch and Wnt/β-catenin up-
regulation. In addition, Notch1 was downstream of 
Wnt/β-catenin. There may be a non-proteasome mediated 
feedback loop between Notch1 and Wnt/β-catenin 
signaling in LCSCs (show in Figure 7). Although, the 
feedback loop between Notch1 and Wnt signaling need 
further study, the central role of Notch and Wnt/β-catenin 
signaling pathway in tumors may provide an attractive 
therapeutic strategy against HCC.

Figure 7: A non-proteasome mediated feedback loop between Notch1 and Wnt/β-catenin signaling in LCSCs.  
The destruction complex in Wnt/β-catenin signaling is composed of Axin, APC and GSK3β. When the destruction complex of is inactivated 
by Wnt (Wnt3a) or BIO, dephosphorylated (active) β-catenin functions as a transcriptional activator with LEF/TCF. We show that Notch1 
may be the downstream of Wnt/β-catenin. Active β-catenin protein levels can be negatively regulated by interaction with Notch. NECD, 
Notch extracellular domain; NICD, Notch intracellular domain.
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MATERIALS AND METHODS

Tissue collection and patient demographic 
information

Samples of paraffin-embedded sections of HCC 
and adjacent liver specimens were obtained from 61 HCC 
patients undergoing curative resection between 2008 
and 2011 in Tongji hospital, Huazhong University of 
Science and Technology (HUST, Wuhan, China). Clinical 
data associated with those specimens was recorded 
without patient identification and all procedures were in 
accordance with the Huazhong University of Science and 
Technology Institutional Review Board protocols, and 
partial of human tissue samples. Informed consent was 
obtained from each subject. Patients were enrolled as 
described [47]. Survival data were determined at the last 
follow-up period for living patients. Tumor differentiation 
was defined according to the Edmondson grading system. 

Histology and immunohistochemistry

The IHC stained Samples from patients with 
primary antibodies Rabbit monoclonal anti-CD90 / Thy1  
(abcam, cat# ab92574), Rabbit Monoclonal anti-
CD44 (ZSGE-BIO, cat# ZA-0537), Rabbit Polyclonal  
anti-CD24 (abgent, cat# # AP8782a), Mouse monoclonal 
anti-CD13 (ZSGE-BIO, cat# ZM-0284), Rabbit 
Polyclonal anti-CD133 (ZSGE-BIO, cat# ZA-0426) 
following the manufacturer. And the IHC stained tissue 
sections (Supplementary Materials and Methods) were 
analyzed individually by three pathologists without the 
patients’ clinical characteristics. Staining for CD90, 
CD44, CD24, CD13 and CD133 was assessed using 
a relatively simple, reproducible scoring method. The 
intensity of staining was scored on a four point scale as 
negative (0), weak (1), medium (2) or strong (3). The 
extent of the staining, defined as the percentage of positive 
staining areas of tumor cells in relation to the whole 
tumor area, was scored on a scale of 0 to 4: 0 (0%), 1 
(1–25%), 2 (26–50%), 3 (51–75%) and 4 (76–100%), see 
[48]. An overall protein expression score (overall score 
range, 0–12) was calculated by multiplying the intensity 
and positivity scores as described previously [49]. For 
statistical analysis, the final score was the mean value of 
scores from three observers. Scores ≤ 4 were considered 
as low expression, whereas scores ≥ 5 were considered as 
high expression. For statistical analysis, the final score was 
the mean value of scores from three observers. Examples 
of these are shown in Supplementary Figure S1. 

Cell lines and sphere culture

Human HCC cell lines (PLC/PRF/5, Huh7 and 
SMMC-7721) were obtained from American Type of 
Culture Collection (ATCC) and Cell Bank of Chinese 

Academy of Sciences (Shanghai, China). All of the cells 
were cultured as described [50]. For spheroid culture, 
cells were collected and washed to remove serum, 
then suspended in serum-free DMEM/F12 medium 
(cat#12400–024, GIBCO, Grand Island, NY) with B27 
supplement (cat#17504–044; GIBCO, Grand Island, NY), 
100 IU/ml penicillin, 100 μg/ml streptomycin, 20 ng/ml  
human recombinant epidermal growth factor (EGF, 
cat#PHG0311; GIBCO), 10 ng/ml human recombinant 
basic fibroblast growth factor (bFGF, cat#PHG0266; 
GIBCO), 2% B27 supplement without vitamin A, 1% N-2  
supplement (cat#17502–048; GIBCO, Carlsbad , CA, USA) 
and 1% methyl cellulose(cat#M0262; Sigma-Aldrich)  
preventing cell aggregation. The cells were subsequently 
cultured in 100 mm ultra-low attachment dishes (cat#3262, 
Corning Life Sciences, Oneonta, NY, USA) at a density of 
104 cells/10 ml.

Lentiviral-based transfection into HCC cells

For suppression or inhibition of Notch in HCC 
cells, lentiviral particles (Genechem, Shanghai) 
expressing Notch1-siRNA or NICD were used to 
regulate Notch signaling in sorted HCC cells. The 
siRNA sequence targeted Notch1 was listed as follows: 
5′-GGAGCATGTGTAACATCAA-3′. For optimization 
of transfection conditions with lentiviral vectors, HCC 
cells were infected with Lv-NICD or Lv-Notch1-si at 
different of multiplicity of infection (MOI) for 12 hours 
in the presence of 5 μg/ml of polybrene. Two days after 
infection, expression of green florescence protein was 
measured by FACS analysis. Infection of cells at MOI of 
10 resulted in more than 90% of efficiency of infection 
without damaging cells (not shown in data). 

Luciferase reporter assay

For the TCF activity assay, pSUPER8 × TOPFlash 
or pSUPER8xFOPFlash (Addgene) and Renilla plasmids, 
kindly provided by Dr. Timothy R. Billiar (From the 
Department of Surgery, University of Pittsburgh School of 
Medicine, Pittsburgh), were co-transfected into HCC cells. 
Twenty-four hours after transfection, the cells were serum-
starved for 24 h and stimulated with 1% FBS in DMEM. 
Luciferase activity was measured at 24 h after stimulation 
unless indicated using the Luciferase Assay System 
(Promega, Madison, MI). The assay was normalized with 
renilla as a transfection efficiency control.

Statistical analysis

Statistical analysis and graphical presentation were 
performed using SPSS (v19.0) software for Windows 
(SPSS Inc., Chicago, IL). The logistic regression model 
was utilized to analyze the clinic-pathological parameters 
which were compared with log-rank test. The Cox 
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regression model was used to perform univariate and 
multivariate analyses. The survival rate was calculated 
using the Kaplan–Meier method, and the resulting 
curves were compared by the log -rank test. P < 0.05 was 
considered significant. Other data in cell experiment are 
presented as mean ± standard deviation. When two groups 
were com-pared, the Student’s t test was used. P < 0.05 
was considered significant statistically and is marked with 
an asterisk. P < 0.01 was considered highly significant 
statistically and is marked with a double asterisk.
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