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Osteosarcoma (0S) is one of the most common malignant bone tumors in early adolescence. Multi-drug
chemotherapy has greatly increased the five year survival rate from 20% to 70%. However, the rate has
been staggering for 30 years and the prognosis is particularly poor for patients with recurrence and
metastasis. Our study aimed to investigate the role of Wnt-B-catenin, Notch and Hedgehog pathway in

Keywords: OS development because all these pathways are involved in skeletal development, tumorigenesis and
Osteosarcoma chemoresistance. Our results showed that the major components in Wnt-B-catenin pathway, e.g. Wnt3a,
Catenin in and Lef1 istentl lated in h 11 line Saos2 cell d
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Pathway to human fetal osteoblasts (hFOB), whereas the changes in the expression levels of Notch and Hh signal-
Methotrexate ing molecules were not consistent. Knocking down B-catenin increased the Saos2 sensitivity to metho-
Apoptosis trexate (MTX) induced cell death. Consistently, the expression level of p-catenin protein correlated

with the invasiveness of OS, as evidenced by more intensive B-catenin immunoreactivity in higher grade
OS samples. Chemical inhibition of the Wnt-p-catenin signaling enhanced MTX mediated death of Saos2
cells. A synergistic effect with MTX was observed when both inhibitors for Wnt-B-catenin and Notch
pathways were simultaneously used, while the addition of the Hh inhibitor did not further improve
the efficacy. Our findings provide some novel insight to OS pathogenesis and lay a foundation for future
application of Wnt-B-catenin and Notch inhibitors together with the currently used chemotherapeutic
drugs to improve the outcome of OS treatment.

Published by Elsevier Inc.

1. Introduction

Osteosarcoma (0S) is one of the most common malignant bone
tumors in childhood and adolescence and the second leading cause
of mortality in this age group. Before the advent of multi-agent
chemotherapy, 90% of patients died of pulmonary metastasis even
after radical surgery such as amputation [1-3]. Due to its life-
threatening nature, the relatively low incidence does not fully re-
flect the real burden of OS on patients and communities. In fact,
the disability adjusted life year (DALY) is particularly high in OS
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patients (17 vs 6.5 years in breast cancer patients), largely due to
extensive chemotherapy, destructive surgery and prolonged reha-
bilitation/follow-ups. Preoperative inductive (neoadjuvant) and
postoperative immunogenic (adjuvant) chemotherapy have signif-
icantly increased the 5-year survival rate from 20% to 70%. How-
ever, the survival rate has remained almost unchanged for three
decades since the introduction of multi-drug chemotherapy. It
must also be emphasized that chemotherapy alone is not an op-
tion, and complete removal of local OS lesion is critical for event-
free survival (EFS) [4-7].

A well-established and the most-commonly used chemothera-
peutic modality is referred to as MAP, e.g. methotrexate (MTX,
M), adriamycin or doxorubicin (A), and platin-derived drugs such
as cisplatin (P). Sometimes ifosfamide or other drugs are used with
MAP. Recent attempts to further improve survival rate by adding
more drugs or increasing the dose of individual drug have been dis-
appointing with the survival rate stagnating around 70%. Increased
dose and length of treatment often cause complications and
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toxicities in various organs, some of which are fatal. The most cum-
bersome problem in OS treatment is the lack of response to chemo-
therapy [8-11]. (chemoresistance) in patients with recurrence and
metastasis. Not surprisingly, these patients have a very poor prog-
nosis with 5-year survival rates as low as about 20% [12]. Thus, it is
imperative to develop novel therapeutic agents that can enhance
the efficacy and reduce the toxicity of the currently used drugs.
These new agents are expected to work synergistically with the
MAP drugs to circumvent the recurrence and metastasis of OS
and thus significantly improve the survival rate. Obviously, this
goal can only be achieved by a better understanding of the mech-
anisms underlying its pathogenesis, progression, invasiveness, re-
lapse, metastasis and chemoresistance.

Wnt-B-catenin signaling pathway plays an important role in
tumorigenesis, bone development and stem cell biology. Its aber-
rant activation has been linked to the pathogenesis of various tu-
mors in human. Previous studies have demonstrated that the
major molecular components of this pathway are detected in OS
cells/samples and abnormal activation of the Wnt signaling plays
a role in OS pathogenesis. However, the observations were not
always consistent. Indeed, a recent study showed that the
Wnt-B-catenin pathway was inactivated in OS samples and that
its activation in OS cells inhibited proliferation and induced differ-
entiation. A conclusion was thus reached that the loss of Wnt-§-
catenin activity contributed to OS development [13,14]. Besides
the Wnt-B-catenin pathway, other pathways may also be involved
in OS pathogenesis. Among them, Notch and Hedgehog (Hh) path-
ways are of particular interests because of their role in cell fate,
stemness and carcinogenesis [15,16].

Our study aimed to compare the expression profiles of major
molecules in Wnt-B-catenin, Notch and Hh pathways between hu-
man OS cell line (Saos2 cells) and human fetal osteoblasts (hFOB).
The expression of tumorigenic and angiogenic molecules was also
examined in these two cell lines. We then modulated the B-catenin
level in Saos2 cells and examined the effect on their apoptosis.
After the inhibitors or activators of different signaling pathways
were used together with MTX, and the apoptosis and necrosis of
tumor cells were investigated. Our results showed that all major
molecules in Wnt-B-catenin pathway were upregulated in Saos2
cells. Knocking down B-catenin increased the apoptotic effect of
MTX on Saos2 cells. Furthermore, the level of B-catenin was closely
related to the invasiveness of OS. Blocking Wnt-B-catenin pathway
enhanced MTX effect and a synergistic effect was observed when
both Wnt-B-catenin and Notch inhibitors were used together with
MTX. Adding Hh inhibitor did not further improve the efficacy.

2. Materials and methods
2.1. Real time quantitative PCR (RT-PCR)

Total RNA was harvested from the cultured cells using a kit
from Qiagen (Valencia, CA). Reverse transcription was performed
using a kit from Invitrogen (Grand Island, NY). RT-PCR was per-
formed using Sybergreen from Qiagen and relevant primers (Sup-
plementary table).

2.2. Western blotting

The cells were lysed with golden lysis buffer. Western blotting
analysis was performed using an Invitrogen system and chemilu-
minescence was performed using West Femto Substrate (Pierce,
Rockford, IL). The following antibodies were used: total B-catenin
(Cell Signaling Technology, Danvers, MA), active B-catenin

(Millipore, Billerica, MA), active caspase 3 (Millipore) and B-actin
(Sigma, St. Louis, MO).

2.3. Luciferase assay

The following reporter constructs were transfected with Lipo-
fectamine 2000 (Invitrogen) into Saos2 cells: Topflash-Luc for
Wnt-B-catenin, RBPjK-Luc for Notch, and Gli2-Luc for Hh pathway.
The following reagents were added 24 h after transfection: inhibi-
tors for Wnt-B-catenin CCT036477 (CCT, Enzo, Famingdale, NY),
DAPT for Notch pathway (Sigma), GANT61 (GANT, Enzo) for Hh
pathway; the Wnt-B-catenin activators BIO (Sigma) and DKK1 neu-
tralizing antibody (DKK1AB, Amgen, Thousand Oaks, CA), and the
Hh activator purmorphamine (PUR, Calbiochem, Billerica, MA).
Each group was triplicated and Luciferase assay was performed
24 h after treatment.

2.4. Immunohistochemistry (IHC)

Human OS samples (Grade 2: n =4, Grade 3: n=4) were col-
lected before the initiation of neoadjuvant chemotherapy after
the approval by the Ethic Committee of Nanjing Medical Univer-
sity, China. After antigen retrieval and blocking of non-specific
signal, the sections were incubated with an antibody against total
B-catenin (Cell Signaling). Color reaction was developed using a
kit from Vector. The intensity of the immunoreactivity of total
B-catenin was compared between Grade2 and Grade 3 samples.

2.5. Apoptosis and necrosis assay

This assay was performed using a Dead Cell Apoptosis Kit (Invit-
rogen) containing recombinant Annexin V conjugated to FITC and a
ready-to-use solution of the red-fluorescent propidium iodide (PI)
nucleic acid binding dye. PI dye is excluded from live and apoptotic
cells, but penetrates and stains the dead cells. After treatments,
Saos2 cells were harvested and washed with cold PBS. The cells
were resuspended in 96-plates with 100 pl binding buffer, and
incubated with 5 pl FITC annexin V and 1 pl PI working solution
for 15 min at room temperature. The cells were washed with an-
nexin-binding buffer, and fluorescence was observed using appro-
priate filters. Apoptotic cells exhibited very intensive Annexin V
staining. Dead cells showed both membrane staining by Annexin
V and strong nuclear PI staining.

3. Results

3.1. Aberrant expression of Wnt-p-catenin, Notch and Hh signaling
molecules in Saos2 cells

RT-PCR analysis was performed for the comparison of the
expression levels of the Wnt-B-catenin pathway components be-
tween hFOB and Saos2 cells. Major molecules of this pathway,
including Wnt3 (5.5 folds), pB-catenin (5.3 folds) and LEF1 (7.6
folds) were upregulated in Saos2 cells compared to hFOB
(Fig. 1A). Western blotting analysis confirmed that the protein lev-
els of both total and active B-catenin were increased in Saos2 cells
compared to hFOBs (Fig. 1B). Compared to hFOB, Saos2 cells ex-
pressed higher levels of Indian Hh (Ihh, 6.9 folds), Sonic Hh (Shh,
11.4 folds), and Smoothened (Smo, 5.2 folds). However, the expres-
sion of transcription factor Gli2 (0.4 fold) was decreased (Fig. 1C).
Regarding Notch pathway, the expression of the ligand Jagged1
was slightly increased, but the expression of the surface receptors
Notch1 (0.4 fold) and the cleaved Notch receptor intracellular do-
main (NICD, 0.3 fold) was downregulated in Saos2 cells. In contrast
to slight changes in the expression of Notch 2 (0.7 fold) and RBPjK
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Fig. 1. The mRNA samples were harvested from cultured Saos2 and hFOB cells and RT-PCR was performed after reverse transcription with the relevant primers. Our results
revealed significant upregulation of Wnt3 (5.5 folds), g-catenin (5.3 folds) and LEF1 (7.6 folds) in Saos2 cells compared to hFOB (A). Western blotting analysis confirmed that
the proteins of both total and active B-catenin were increased in Saos2 cells compared to hFOBs (B). Saos2 cells showed upregulated expression of Ihh (6.9 folds), Shh (11.4
folds), and Smo (5.2 folds), and downregulated expression of Gli2 (0.4 fold) compared to hFOB (C). With regard to Notch pathway, our results showed a moderate increase of
RBPjK mRNA (2.2 folds) expression in Saos2 cells compared to hFOB cells (D). However, the expression level of Notch 1 (0.4 fold) and NICD (0.3 fold) was slightly decreased in
Saos2 cells. No significant differences were detected in the expression of Notch 2 and Jagged 1 between Saos2 cells and hFOBs. In contrast, the HES1 expression was
significantly increased (near 8 fold) in Saos2 cells (D). B-Cat: B-catenin, T-B-Cat: total B-catenin; A-p-Cat: active B-catenin, Smo: Smoothened, NICD: Notch Intracellular

Domain.

(2.2 folds), nearly 8 fold increase in a Notch target gene HES1 was
detected in Saos2 cells (Fig. 1D).

3.2. Expression profiles of the relevant molecules in Saos2 and hFOB

Saos2 cells expressed a very high level of RANKL (over 6000 fold
increase vs hFOB), indicating their osteolytic feature (Fig. 2A).
Saos2 cells also exhibited strong osteogenic nature as evidenced
by a nearly 50 fold increase in BMP-2 (Fig. 2C) and over 7 fold in-
crease in Runx2 expression compared to hFOBs (Fig. 2D). The
tumorigenic feature of Saos2 cells was indicated by a very low level
of p53 (over 570 fold decrease, Fig. 3B). Consistently, the expres-
sion level of anti-apoptotic gene BCL-2 was higher and pro-apopto-
tic gene BAK-1 lower in Saos2 cells. The products of ID genes (DNA
binding protein inhibitors, ID1-ID3) prevent the binding of certain
transcription factors to their target genes and therefore negatively
regulate cell differentiation. Our results showed that ID1-3 expres-
sion levels were higher in Saos2 cells supporting their undifferen-
tiated nature. The ubiquitination and degradation of ID proteins, a
commonly seen phenomenon in differentiated tissues, was often
lacking in malignant tumors. One of the responsible mechanisms
for OS pathogenesis is the deubiquitination of ID proteins by en-
zyme USP1, which helps maintain the OS cell stemness. Our results
showed a 2.6 fold increase in USP-1 expression in Saos2 cells. SNAIL
proteins induce the epithelial-mesenchymal transition (EMT) and
their expression correlates with OS invasiveness. RT-PCR revealed
the increased expression of both Snaill and Snail2 in Saos2 cells.
However, the angiogenesis related genes that are closely involved
in carcinogenesis did not show significant changes in Saos2 cells
(Fig. 2D).

3.3. The expression level of p-catenin correlates with OS invasiveness
and silencing p-catenin sensitizes Saos2 cells to chemotherapy

Thus far, our findings suggest Wnt-B-catenin signaling play a
critical role in OS pathogenesis. We then performed immunohisto-
chemical (IHC) B-catenin staining on human OS samples collected
before the advent of neoadjuvant chemotherapy. The staining
intensity was compared between the Grade 2 (n =4) and Grade 3
(n=4) samples. Our results revealed a much stronger immunore-
activity in Grade 3 than in Grade 2 samples (Fig. 4A). The effect
of silencing of B-catenin in Saos2 cells on the MTX-induced apop-
tosis was assessed by western blotting with an active caspase-3
antibody, a marker of apoptosis. Saos2 cells were infected with a
lentiviral construct encoding a small hairpin RNA (shRNA) to hu-
man B-catenin to establish stable cell lines. Western blot analysis
showed a satisfactory efficacy with a significant reduction in B-
catenin protein level (Fig. 4B). These cells and cells stabilized with
lentiviral LacZ were treated with either MTX (10~* M) or a vehicle.
Knocking down B-catenin increased the basal level of active cas-
pase-3 and enhanced the MTX mediated cell death (Fig. 3C).

3.4. Modulation of Wnt-p-catenin, Notch and Hh signaling pathways
alters MTX efficacy

The following reagents were used in this experiment: the acti-
vators for Wnt-B-catenin BIO and DKK1 neutralizing antibody
(DKK1AB), and purmorphamine (PUR) for Hh pathway; the inhibi-
tors for Wnt-B-catenin pathway CCT036477 (CCT), inhibitor for
Notch pathway DAPT, inhibitor for Hh pathway GANT61 (GANT).
Their efficacies were verified by luciferase assay after transfection
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Fig. 2. The molecules related to osteogenesis/osteolysis, tumorigenesis, apoptosis, stemness, angiogenesis and invasiveness were analyzed with RT-PCR and compared
between Saos2 and hFOB cells. Saos2 exhibited a very high level of RANKL in Saos2 cells (over 6000 fold increase over hFOB cells, (A). Saos2 cells also expressed higher level of
an osteogenic molecule BMP-2 and Runx2 over hFOB (C, D). Tumorigenic feature of the Saos2 cells was demonstrated as a very low level of tumor suppressor gene p53 (near
580 folds lower than in hFOBs, (B). Consistently, Saos2 cells expressed a higher level of BCL-2 and lower level of BAK-1 (D). Saos2 cells showed increased expression of ID1-3
and their de-ubiquitination enzyme USP-1. The expression of the Snails (Snail1l and 2), the molecules related to tumor invasiveness, was up regulated in Saos2 cells. However,
no significant difference was found between Saos2 and hFOB regarding the angiogenesis related genes such as HIF1, VEGF and TIMP2 (D).
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Fig. 3. Immunohistochemical staining was performed on human OS samples with an antibody against total B-catenin. Representative figures demonstrated much stronger
immunoreactivity to total B-catenin in high grade samples with more aggressive nature (G3, n=4) compared to lower grade OS samples (G2, n =4, less aggressive) (A).
Intracellular B-catenin in Saos2 cells was knocked down using a lentivirus encoding a small hairpin RNA (shRNA) to human B-catenin. Western blot analysis confirmed the
efficacy of silencing (B). These cells and cells stabilized with lentiviral LacZ were treated with either MTX (10~ M) or a vehicle. Knocking down B-catenin not only increased
the basal level of active caspase-3 and but also sensitized Saos2 cells to MTX mediated apoptosis (C). B-Cat: pB-catenin, MTX: methotrexate, Veh: Vehicle control.

with the reporter constructs including Topflash-Luc for Wnt-p-
catenin, RBPjK-Luc for Notch and Gli2-Luc for Hh pathway. Wnt
activator BIO significantly increased Topflash-Luc activity, while
CCT largely abrogated such an effect. Similarly, PUR mediated
induction of Gli12-Luc activity was effectively blocked by GANT.
DAPT, to a lesser extent, decreased RBPjK-Luc activity (Data not

shown). Apoptosis and necrosis of Saos2 cells were examined with
the Annexin-V/Propidium iodide (PI) dye kit. While the cells
undergoing apoptosis were labeled with Annexin-FITC (green), ne-
crotic cells were stained with PI dye (red). The merged images im-
ply a transition from apoptotic to necrotic process after MTX
treatment (Fig. 4A).
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Fig. 4. Apoptosis and necrosis of Saos2 cells were examined with the Annexin-V/PI dye kit. While the apoptotic cells were labeled with anti Annexin-V conjugated FITC
(green), the necrotic cells were stained with PI dye (red) (A). Saos2 cells were cultured and treated with MTX in conjunction with other reagents/chemicals. The fluorescence
from necrotic cells (PI labeling) was measured in a plate reader. MTX treatment resulted in the necrosis of Saos2 cells. The enhanced cell death was also observed when Saos2
cells were treated with the Wnt-B-catenin inhibitor (CCT), Notch inhibitor (DAPT), and Hh inhibitor (GANT). Conversely, Wnt-B-catenin activators BIO and DKK1AB and Hh
activator PUR inhibited the necrosis. A synergistic action was detected when MTX was used together with CCT, and such synergy was also noticed in the MTX + DAPT group.
The maximal effect was observed when MTX was concomitantly used with both CCT and DAPT. Adding one more agent, e.g. Hh inhibitor GANT, did not further improve the
efficacy (B). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Saos2 cells were cultured in 96-well plates and the effect of
each treatment was observed in 8 different wells to reduce the er-
rors. The fluorescence was measured by a plate reader at 488 and
530 nm emissions. MTX treatment induced the apoptosis and
necrosis of Saos2 cells. Chemical inhibition of Wnt-B-catenin,
Notch and Hh pathways also induced cell death and Wnt-B-catenin
inhibitor showed the most potent effect. The Wnt-B-catenin path-
way activators BIO and DKK1Ab showed an opposite effect. A syn-
ergistic effect was observed with MTX + CCT, and such a synergy
was also noticed with the MTX + DAPT combination. The maximal
effect was observed when MTX was used together with both CCT
and DAPT. However, adding more agents such as GANT did not fur-
ther improve the efficacy (Fig. 4B).

4. Discussion

Our results demonstrate that, compared to hFOB, the major
components of the Wnt-p-catenin signaling pathway are upregu-
lated in Saos2 cells. Interestingly, the expression of the hedgehog
pathway ligands Ihh and Shh and receptor Smo are higher in Saos2
cells, while the transcription factor Gli2 is downregulated in Sao2
cells. With regards to Notch pathway, the ligand Jagged1 expres-
sion is higher but the receptors Notch1 and 2 were lower in Saos2
cells. Surprisingly, NICD, an indicator of the activation of Notch sig-
naling, was downregulated, whereas the transcription factor RBPjK
was higher, in Saos2 cells. The most significant change is in the
Notch pathway was the increased level of its target gene HESI.
Based on these observations, we decided to focus our study mainly

on the Wnt-B-catenin pathway although we also tested the effect
of the modification of Notch and Hh signaling on the sensitivity
of Saos2 cells to MTX. Consistent with the histological features of
OS tissue samples, Saos2 simultaneously exhibits both osteogenic
and osteolytic potentials. In addition, the tumorigenic features of
such cells were reflected by higher BCL2 and lower BAK1 expres-
sion. Higher levels of ID proteins indicate an under-differentiated
status of OS cells, as such proteins hinder maturation of undifferen-
tiated cells. Snail proteins have been reported to be correlated with
the OS malignancy. Our study shows an increased expression of
both Snaill and Snail2.

Aberrant activation of Wnt-B-catenin pathway plays a critical
role in OS pathogenesis. LRP5 expression in OS samples is inversely
correlated with the EFS. Transfection of dominant negative LRP5
reverses the epithelial-mesenchymal transition (EMT), an initial
step for OS development. High p-catenin level in OS samples seems
to be positively correlated with lung metastasis. Consistently, the
expression of Wnt-B-catenin inhibitors is often suppressed in OS.
For example, sFrzB expression was much lower in OS samples than
in normal bone [14,17,18]. An extracellular inhibitor of Wnt signal-
ing, Wif1, is epigenetically silenced in human OS, and target dis-
ruption of Wifl accelerates OS formation in mice. In addition,
Wif1 deletion enhances radiation-induced OS formation, while in-
creased Wif1 expression downregulates the expression of MMP9
and 14, thereby preventing the invasion and mobility of OS cells.
In vitro studies showed that DKK3 treatment reduced the invasion
and motility of OS cells [13,19,20]. These findings imply that
abnormal activation of the Wnt signaling plays a role in OS forma-
tion. Contradictory to these findings, a recent report indicates that
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the Wnt-B-catenin pathway was inactivated in OS and that the loss
of Wnt-B-catenin activity induces OS development [21]. Our re-
sults support the notion that Wnt-B-catenin signaling is enhanced
in OS. Further studies will be performed to provide direct genetic
evidence of this pathway in OS pathogenesis.

In addition to Wnt-B-catenin pathway, other pathways, espe-
cially Notch and Hh pathways, have also been studied because
these signaling events are closely involved in carcinogenesis, cell
stemness and bone development. The ligands (Notch1 and 2) and
a target gene (HES1) of the Notch pathway were detected in OS
samples. Chemical and genetic inhibition of y-secretase prevented
the invasion of human OS cells and reduced tumor growth in
mouse xenografts [22-25]. Similarly, some Hh pathway compo-
nents were aberrantly overexpressed in OS tissue samples. Inhibi-
tion of the Hh signaling repressed OS growth, knocking down Gli2
level reduced the proliferation and anchorage independent growth
of OS cells, and xenograft tumor growth in mice was retarded
when Gli2 level was knocked down [15,26,27]. Our results show
that, unlike the Wnt-p-catenin pathway in which all major compo-
nents are upregulated, the changes in the expression level in Notch
and Hh pathways are not always increased. Apoptosis/necrosis as-
say using Annexin 5-FITC/PI dye kit indicates that the inhibitor for
Wnt-B-catenin signaling potentiates the chemotherapeutic effect
of MTX. Concomitant use of both Wnt-B-catenin and Notch inhib-
itors with MTX exhibits a maximal effect with regards to Saos2 cell
death. However, adding Hh inhibitor to the above-mentioned
treatment does not further enhance the efficacy. Our results lay a
foundation for future clinical use of the small molecules/chemicals
that are able to suppress Wnt-B-catenin and Notch signaling
events in conjunction with the currently used drugs for OS, espe-
cially for refractory patients with recurrence and metastasis. Such
combined therapy is expected to improve the survival rate of these
patients.

Our results demonstrate the increased expression of molecules
related to OS invasion, .e.g. Snaill and Snail2. Furthermore, the
protein expression level of B-catenin closely correlates with the
0S invasiveness. Our future study will investigate the relationship
between these molecules. Histological studies have demonstrated
the existence of osteoblastic, chondroblastic and fibroblastic re-
gions in OS samples, thus, it is widely accepted that OS originates
from mesenchyme. Genetic evidence implies that OS may origin
from the newly committed osteochondral progenitors [28,29]. To
date, a link between histological features and biological behaviors
has not been established. However, a clinical staging system that
emphasizes the margin of spreading and the sites of metastasis
has shown a convincing correlation with the prognosis of OS. Can-
cer stem cells (CSC) plays critical role in the metastasis and recur-
rence of OS [30]. Our future research will focus on the relationship
between Wnt-B-catenin pathway and CSC, with the ultimate objec-
tive being able to delineate the mechanism underlying the recur-
rence, chemoresistance and lung metastasis of OS.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbrc.2012.12.118.
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