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Abstract

Background: The Wnt/b-catenin pathway is closely associated with osteosarcoma (OS) development and metastatic
progression. We investigated the antitumor activity of Tegavivint, a novel b-catenin/transducin b-like protein 1 (TBL1)
inhibitor, against OS employing in vitro, ex vivo, and in vivo cell line and patient-derived xenograft (PDX) models that recapit-
ulate high risk disease.
Methods: The antitumor efficacy of Tegavivint was evaluated in vitro using established OS and PDX-derived cell lines. Use of
an ex vivo three-dimensional pulmonary metastasis assay assessed targeting of b-catenin activity during micro- and macro-
metastatic development. The in vivo activity of Tegavivint was evaluated using chemoresistant and metastatic OS PDX
models. Gene and protein expression were quantified by quantitative Reverse transcription polymerase chain reaction or
immunoblot analysis. Bone integrity was determined via microCT. All statistical tests were two-sided.
Results: Tegavivint exhibited antiproliferative activity against OS cells in vitro and actively reduced micro- and
macrometastatic development ex vivo. Multiple OS PDX tumors (n¼3), including paired patient primary and lung metastatic
tumors with inherent chemoresistance, were suppressed by Tegavivint in vivo. We identified that metastatic lung OS cell
lines (n¼2) exhibited increased stem cell signatures, including enhanced concomitant aldehyde dehydrogenase (ALDH1) and
b-catenin expression and downstream activity, which were suppressed by Tegavivint (ALDH1: control group, mean relative
mRNA expression ¼ 1.00, 95% confidence interval [CI] ¼ 0.68 to 1.22 vs Tegavivint group, mean¼0.011, 95% CI¼0.0012 to
0.056, P< .001; b-catenin: control group, mean relative mRNA expression ¼ 1.00, 95% CI ¼ 0.71 to 1.36 vs Tegavivint group,
mean¼0.45, 95% CI¼0.36 to 0.52, P< .001). ALDH1high PDX-derived lung OS cells, which demonstrated enhanced metastatic
potential compared with ALDHlow cells in vivo, were sensitive to Tegavivint. Toxicity studies revealed decreased bone density
in male Tegavivint-treated mice (n¼4 mice per group).
Conclusions: Tegavivint is a promising therapeutic agent for advanced stages of OS via its targeting of the b-catenin/ALDH1
axis.

Osteosarcoma (OS) is the most common malignant bone tumor
in the pediatric population. Approximately 25% of patients pre-
sent with detectable metastases, most frequently in the lungs
(1). Although incorporation of multidrug chemotherapy has im-
proved the prognosis, patients with metastatic or refractory dis-
ease have extremely poor prognosis. And although there have
not been reported mutations in b-catenin in OS, the activation

of b-catenin is closely associated with the progression and che-
moresistance of OS (2–13) via effects on downstream target
genes, such as c-Myc, implying that b-catenin-mediated signal-
ing can be a therapeutic target for metastatic OS.

Tegavivint, also known as BC2059, was discovered during a
phenotypic screen for inhibitors of Wnt/b-catenin signaling (15).
It is currently in clinical development with the first-in-human
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clinical trial being conducted in patients with desmoid tumors,
which have increased b-catenin activity (14). Tegavivint directly
and selectively interferes with the interaction between b-cate-
nin and transducin b-like protein 1 (TBL1) and TBL receptor 1
(TBLR1). Disruption of b-catenin-TBL1/TBLR1 binding inhibits b-
catenin nuclear translocation and promotes its degradation.
Recently, Tegavivint has shown antitumor activity preclinically
against acute myeloid leukemia (16) and multiple myeloma (17)
in vitro and in vivo; however, there is no published evidence to
support its antitumor efficacy against malignant solid tumors.

The Wnt/b-catenin pathway also regulates tissue self-
renewal, a feature of tumor stem cells, which have been identi-
fied in sarcomas using different markers, including enhanced
aldehyde dehydrogenase (ALDH1) activity (18,19), and the ability
to resist chemotherapy and initiate metastasis (20). Therefore,
we hypothesized that pharmacological targeting of b-catenin
could have statistically significant antitumor activity for che-
moresistant and metastatic OS. Our goals were to examine the
effects of pharmacological inhibition of b-catenin activity on
self-renewal and metastatic-initiating capabilities.

Using a panel of OS cell lines and patient-derived xenograft
(PDX) models that represent high-risk disease, including
therapeutic-resistant and metastatic disease, we investigated
the efficacy of Tegavivint in targeting OS in vitro, ex vivo, and
in vivo.

Methods

In Vivo Tumor Xenotransplantation and Metastasis

For orthotopic models, 1 � 106 viable LM7 cells transduced with
the 7TGC vector (LM7-7TGC) were injected into the left tibia
bone of 6-week-old male or female NOD-SCID-IL2c�/� (NSG)
mice. Treatment with intraperitoneal (i.p.) injection of 50 mg/kg
Tegavivint or 5% dextrose for three males and two females per
group was initiated when the tumor volume reached approxi-
mately 100 mm3. Tumor volume was measured in a blinded
manner with electric calipers as tumor volume (mm3) ¼ long di-
ameter � (short diameter)2/2.

For subcutaneous models, TCCC-OS22 or TCCC-OS63 tumor
slices (approximately 3 mm per side) were implanted in the
hind flank of 6-week-old NSG mice (TCCC-OS22: three males
and two females per group, TCCC-OS63: two males and two
females per group). When the tumor volume reached approxi-
mately 100 mm3, i.p. injection of 5% dextrose, Tegavivint, doxo-
rubicin, or the combination of doxorubicin and Tegavivint was
initiated. Mice were euthanized on day 29 or when tumor diam-
eter reached 1.5 cm.

For metastatic tumor models, untreated TCCC-OS84 cells or
LM7 cells ALDH1high cells or ALDH1low cells were sorted by flow
cytometry. For PDX TCCC-OS84, tumors were dissociated into
single cells using the GentleMACS kit (Miltenyi Biotec, Auburn,
CA). Cells were injected via tail vein into 6-week-old male or fe-
male NSG mice. After 1 week, 5% dextrose or Tegavivint was i.p.
injected twice weekly for 4 weeks (three males and two females
per group). After an additional 4 weeks without treatment, mice
were euthanized and evaluated for metastatic disease.

At necropsy, tumors and lungs were fixed and paraffin-
embedded tissues were visualized with hematoxylin and eosin
(H&E) staining. All mouse experiments were conducted accord-
ing to IACUC protocols after approval from the BCM
Institutional Review Board (BCM Animal Protocol AN-5225).

Ex vivo Pulmonary Metastasis Assay (PuMA)

Medium1 was prepared by mixing 2� M-199 (Invitrogen,
Carlsbad, CA), 2 lg/mL crystalline bovine insulin (Sigma-
Aldrich, St. Louis, MO), 0.2 lg/mL hydrocortisone (Sigma-
Aldrich), 0.2 lg/mL retinyl acetate (Sigma-Aldrich), 200 U/mL
penicillin, 200 mg/mL streptomycin, and 15% sodium bicarbonate
(Invitrogen). Medium2 was prepared by mixing M-199, 1 mg/mL
crystalline bovine insulin, 0.1 mg/mL hydrocortisone, 0.1 mg/mL
retinyl acetate, 100 U/mL penicillin, 100 mg/mL streptomycin,
and 7.5% sodium bicarbonate.

The 7TGC-labeled tumor cells were pretreated with 100 ng/
mL recombinant Wnt3a ligand for 3 days. Then, 1 � 106 viable
7TGC-labeled tumor cells with 100 ng/mL Wnt3a ligand were
injected into NSG mice via tail vein. Within 15 minutes after in-
jection, mice were euthanized. The chest cavity was exposed,
and the trachea was cannulated with a 20 G catheter. Under
constant pressure of 20 cm H2O, 1.2 mL of medium1 mixed with
1.2% low-melting agarose solution with 100 ng/mL of Wnt3a li-
gand was infused into the lung. When the infusion was com-
plete, the lung was extirpated and immediately placed in cold
phosphate buffered saline at 4�C for 20 minutes. Next, trans-
verse sections (1–2 mm) from each lung lobe were made using
scalpels or scissors, and four lung sections were then placed on
a single 1.5-cm � 0.7-cm sterile Gelfoam (Pfizer-Pharmacia &
Upjohn Company, New York, NY) that had been incubated for
2 hours in a tissue culture dish with medium2 (day 0). Lung sec-
tions were incubated at 37�C in a humidified atmosphere of 95%
air and 5% CO2. Fresh culture medium2 was replaced, and lung
tissue sections were turned over with sterile forceps every other
day. Wnt3a ligand (100 ng/mL) was added to the culture me-
dium on days 0 and 4, and Tegavivint (100 nM) was added to the
culture medium starting on day 7 and subsequently on days 10,
14, and 17. Whole lung images were captured on days 0, 7, 14,
21, and 28 to evaluate the antitumor effect of Tegavivint using a
Leica Stereo Microscope (Leica Microsystems, Buffalo Grove, IL).

MicroCT and Bone Histomorphometry

Lumbar vertebrae and femurs were scanned using a Scanco
lCT-40 microCT for quantification of trabecular and cortical
bone parameters. We analyzed vertebral and femoral trabecular
bone parameters using the Scanco analysis software by manu-
ally contouring the trabecular bone of vertebral body L4 as well
as the distal metaphyseal section of the femur. To compare the
bone density measurements, the bone volume-to-total volume
ratio was calculated from these scanned images (21,22).

Statistical Analyses

The data are expressed as mean (SD) only for proliferation
assays, and the rest of the data are expressed as median with
95% confidence intervals. Differences in relative cell viability
and gene expression between groups were tested for statistical
significance with a one-way or two-way ANOVA followed by a
two-sided Student t test if the sample size per group was five or
more and by a Wilcoxon rank sum test if the sample size was
four or less. Survival was analyzed using Kaplan-Meier plotting
followed by log-rank test. All statistical tests were two-sided
and a P value of less than .05 was considered statistically signifi-
cant except when multiple hypothesis testing correction was
performed using the Benjamini-Hochberg (false discovery rate)
method as implemented in the R statistical system; false
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discovery rate-adjusted probability values of q less than 0.15
were considered statistically significant.

Additional methods are described in the Supplementary
Materials (available online).

Results

Effect of b-Catenin Inhibition by Tegavivint on OS Cells
in Vitro

The efficacy of Tegavivint in OS was evaluated in vitro using a
panel of OS cell lines, PDX-derived cell lines, and normal human
fetal osteoblasts (hFOB1.19). Cell cultures were treated with in-
creasing concentrations of Tegavivint for up to 72 hours. All the
cell lines, except hFOB1.19, were extremely sensitive to
Tegavivint, with a median half-maximal inhibitory concentra-
tion value of 19.2 nM at 72 hours (Figure 1, A–C). In established
paired cell lines SaOS-2 and LM7, and PDX-derived TCCC-OS63
and TCCC-OS84 (Supplementary Figure 1A, available online),
Tegavivint decreased total protein levels of b-catenin and c-Myc
(Figure 1D), and nuclear levels of b-catenin (Figure 1E).
Interestingly, the PDX-derived cell lines demonstrated minimal
sensitivity to chemotherapy (Supplementary Figure 1B, avail-
able online) .

Use of an Orthotopic OS Model to Study the Effect of
Tegavivint on Primary Tumor Growth and Distal
Metastatic Development

To assess the in vivo efficacy of Tegavivint, we injected LM7
cells orthotopically into the left tibia of 5- to 7-week-old
NSG mice. Mice were randomized into two groups of five
and treated once daily by i.p. injection of Tegavivint or ve-
hicle (5% dextrose; Figure 2A). After 3 weeks of treatment,
the Tegavivint group showed an increase in body weight
and abdominal fluid, which reflected an accumulation of
the nanoparticle formulation. The dose was reduced to
25 mg/kg/d in the fourth week of treatment, and subse-
quently body weights returned to normal without signs of
intolerance.

Tegavivint treatment resulted in curative antitumor efficacy
in this model. Although all tumors in the vehicle group contin-
ued to increase in size, no palpable tumors remained in the
Tegavivint-treated mice after 4 weeks of drug treatment
(Figure 2B). Following euthanasia, lung metastasis was evalu-
ated. Five of five animals in the control group and none of the
five animals in the treatment group exhibited visible lung me-
tastasis (Figure 2C). Lung tissue sections were examined for me-
tastasis following H&E staining (Figure 2D). The reduction of
lung lesions in the treated mice confirmed the antimetastatic
activity of Tegavivint (Figure 2E). Tegavivint has strong antitu-
mor efficacy against both primary tumors and lung metastasis
in this human metastatic OS model.

Effect of Tegavivint on PDX Chemoresistant and
Metastatic Tumors

We next examined the effects of Tegavivint on PDX tumor
specimens from patients with a poor response to chemotherapy
(Supplementary Table 1, available online). Both TCCC-OS22 and
TCCC-OS63 PDX-derived cell lines were moderately or highly

resistant to doxorubicin (Supplementary Figure 1B, available on-
line), thus recapitulating the clinical patient response to chemo-
therapy. TCCC-0S22 tumor fragments were implanted
subcutaneously and treated twice weekly via i.p. injection with
Tegavivint or vehicle (Figure 3A). Tegavivint treatment effec-
tively inhibited tumor growth, whereas tumors in the control
group grew rapidly (Figure 3, B and C). H&E staining of the
remaining tumor mass in treated mice showed signs of necrosis
and calcification (Figure 3D).

Whereas TCCC-OS22 was extremely sensitive to Tegavivint
in vivo, TCCC-OS63 was somewhat less sensitive to Tegavivint
in vitro (Figure 1C); however, pretreatment with doxorubicin
enhanced the antitumor efficacy of Tegavivint against TCCC-
OS63 in vitro (Figure 4A). We subcutaneously implanted suffi-
cient TCCC-OS63 tumor fragments to four groups of mice (four
mice per group, two per sex). Group 1 received vehicle, group 2
received Tegavivint twice per week, group 3 received 2 mg/kg
doxorubicin once per week, and group 4 received combination
therapy consisting of Tegavivint and doxorubicin at the same
doses and intervals. All groups were treated via i.p. injection
for a total of 4 weeks (Figure 4B). Administration of Tegavivint
alone inhibited tumor growth in all treated mice (average [SD]
Tegavivint tumor volume¼ 677 [157] mm3 vs average [SD]
control tumor volume¼ 1629 [41] mm3 at day 15), and this effi-
cacy was greater than that observed with doxorubicin alone
(average [SD] doxorubicin tumor volume¼ 918 [91] mm3 with
survival of only three of four mice in this group by day 15).
Among mice in the combination group, three of four tumors
remained with stable disease, and only one measurably pro-
gressed in size (average [SD] tumor volume¼ 249 [244] mm3;
Figure 4C). Although Tegavivint alone exerts antitumor activ-
ity, this drug can enhance activity in combination with
doxorubicin.

Event-free survival analysis revealed differences among the
four groups, reflecting the mean tumor volumes. Tegavivint
alone resulted in survival of three of four mice on day 26 and
one of four mice at study termination (Figure 4D). The combina-
tion of Tegavivint with doxorubicin resulted in survival of all
mice to study termination. H&E staining showed tumors with
enhanced calcification in Tegavivint-treated groups (Figure 4E),
and analysis of mRNA expression in the tumor tissue demon-
strated statistically significant downregulation of b-catenin
(control group, mean relative mRNA expression ¼ 1.00, 95% CI ¼
0.71 to 1.36 vs Tegavivint group mean¼ 0.45, 95% CI¼ 0.36 to
0.52, P< .001) and the Wnt signaling pathway target genes
ALDH1 (control group, mean relative mRNA expression ¼ 1.00,
95% CI ¼ 0.68 to 1.22 vs Tegavivint group mean¼ 0.011, 95%
CI¼ 0.0012 to 0.056, P< .001), CD44 (control group, mean relative
mRNA expression ¼ 1.00, 95% CI ¼ 0.78 to 1.28 vs Tegavivint
group mean¼ 0.30, 95% CI¼ 0.21 to 0.38, P< .001), and c-Myc
(control group, mean relative mRNA expression ¼ 1.00, 95% CI ¼
0.71 to 1.34 vs Tegavivint group mean¼ 0.099, 95% CI¼ 0.066 to
0.15, P< .001) (23–26) (Figure 4F).

To further investigate the efficacy of Tegavivint on OS me-
tastasis, we developed an innovative PDX-derived lung metas-
tasis model (Figure 5A). TCCC-OS84 OS metastatic lung tumor
cells were stepwise transferred from the lung of the patient to
implantation, and growth in the mouse directly followed by re-
section and dissociation into single cells for tail vein injection.
One week after injection, Tegavivint or vehicle treatment was
initiated (Figure 5A). Tegavivint treatment drastically sup-
pressed the metastatic lung tumor growth compared with vehi-
cle treatment (Figure 5, B–D).
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Figure 1. Sensitivity of human fetal osteoblasts and osteosarcoma (OS) cell lines to Tegavivint in vitro. A) Nontransformed hFOB1.19 or previously established OS cell

lines, or B) patient-derived xenograft (PDX)-derived cell lines were treated with increasing concentrations of Tegavivint for up to 72 hours, and cell viability was

assessed via CCK-8 assay. Error bars represent 95% confidence intervals. C) Half-maximal inhibitory concentration (IC50) doses of Tegavivint were calculated based on

the results of CCK-8 assay. D) Immunoblot analysis of b-catenin and c-Myc in paired primary and lung metastatic OS cell lines was performed by treating each cell line

for 24 hours with the appropriate IC50 dose of Tegavivint. E) Immunoblot analysis of subcellular localization for b-catenin using cell fractions from metastatic LM7 and

TCCC-OS84 cells was performed by treating each cell line for 24 hours with the appropriate IC50 dose of Tegavivint.
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Effect of Tegavivint on b-Catenin Activity in Lung
Metastasis Cells in ex Vivo PuMA Model

To investigate the role of b-catenin activation in OS lung metas-
tasis formation and the mechanism of Tegavivint inhibition of
lung metastasis, we transduced LM7 and TCCC-OS84 cells with
the 7TGC vector, which consists of 7xTcf-eGFP and SV40-
mCherry (Supplementary Figure 2, available online) (27). We
recognized lung OS cells by mCherry and b-catenin activation
by green fluorescent protein (GFP). After sorting of mCherry-
positive cells, we confirmed that activation of Wnt signaling by
pretreatment with Wnt3a ligand was suppressed by Tegavivint
(Supplementary Figure 2B, available online).

We used the TCCC-OS84-7TGC and LM7-7TGC cell lines in a
three-dimensional ex vivo PuMA model (28–34) (Figure 6A and
Supplementary Figure 3A, available online). Seven days after
sacrifice, lung slices were treated with either vehicle (dimethyl
sulfoxide) or 100 nM Tegavivint and maintained in fresh me-
dium for up to 28 days. In the control, tumor cell colonies con-
tinued to grow and demonstrate b-catenin activity during
metastatic colonization and progression (Figure 6, B and C;
Supplementary Figure 3, B and C, available online). The tumor
colonies in the Tegavivint-treated samples disappeared by day
14, and recurrence was not detectable. After 28 days, H&E-
stained lung sections confirmed tumor cells presence
(Figure 6D; Supplementary Figure 3D, available online). The

results support a critical role for Wnt/b-catenin activation in the
establishment and progression of pulmonary metastasis and
potent antimetastatic activity of Tegavivint via blockade of
Wnt/b-catenin activation.

Relationship Between Wnt/b-Catenin Activation,
ALDH1, and Metastases in OS

Tumors consist of heterogeneous cell populations, including a
subpopulation of cells with stem-cell like features that contrib-
ute to tumor and metastasis initiation. Our group and others
demonstrated that OS cells with high aldehyde dehydrogenase
(ALDH1) activity have enhanced tumor-initiating capacity
(35,36). After confirming that Tegavivint can target and eradi-
cate micro- and macrometastatic OS development, we further
investigated Wnt activity and molecular signatures in stem cells
using metastatic lung models. We examined the differences in
the expression of b-catenin, several Wnt target genes, and stem
cell markers between the SaOS-2/LM7 and TCCC-OS63/84 paired
metastatic cell lines. We observed higher levels of stem cell
(ALDH1A1, SOX2, Nanog) and Wnt signaling target genes
(CTNNB1, TCF4, c-Myc, CD44) in LM7 and TCCC-OS84 cells
(Supplementary Figure 4, available online), implying enhanced
Wnt/b-catenin signaling activity in distal metastatic tumor cells
compared with primary tumor cells.

A

B

C

D

E

Control Tegavivint

A
Control

Tegavivint

Figure 2. Effect of Tegavivint on orthotopic metastatic osteosarcoma xenograft model. A) Schema for the experimental design is shown. LM7 cells were injected into

tibia (n¼5/group) in NOD-SCID-IL2c�/� (NSG) mice and treated with vehicle or Tegavivint for 4 weeks. B) Orthotopic primary tumor growth curves for each mouse in

the control and Tegavivint-treated cohorts are shown. C) Images of whole lungs from control and Tegavivint-treated mice are shown. Black arrowheads indicate the

presence of visible lesions. D) Representative hematoxylin and eosin-stained lung sections from control and Tegavivint-treated cohorts are shown. Black arrowheads

indicate pulmonary lesions. E) The number of pulmonary nodules per mouse from control and Tegavivint-treated mice are quantified. Two-sided Student t test was

used to determine statistical significance. Error bars represent 95% confidence intervals. Scale bar¼ 100mm.
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Subsequently, we studied the relationship between Wnt/b-
catenin signal and stem cell signatures by sorting LM7-7TGC
cells following pretreatment with Wnt3a ligand into TCFhigh and
TCFlow populations (Supplementary Figure 5A, available online).
The expression of downstream Wnt signaling target genes and
ALDH1A1 increased in the TCFhigh cells (Supplementary Figure
5B, available online), demonstrating the relationship between
Wnt/b-catenin activation and ALDH1 expression. Cell viability
analysis revealed TCFhigh cells were more sensitive to
Tegavivint than TCFlow cells (Supplementary Figure 5C, avail-
able online), further validating the mechanism of action.

To further investigate the relationship between ALDH1 and
b-catenin activity in metastatic OS, we sorted TCCC-OS84 and
LM7 cells into ALDH1low and ALDH1high cells. The ALDH1high

cells exhibited higher expression of CTNNB1, TCF4, CD44, and c-
Myc than ALDH1low cells in both the TCCC-OS84 and LM7 cells
(Figure 7, A and B; Supplementary Figure 6, A and B, available
online). ALDH1high cells were more sensitive to Tegavivint than
ALDH1low cells in vitro (Figure 7C; Supplementary Figure 6C,
available online). Furthermore, ALDH1high cells formed more
sarcospheres, a surrogate for self-renewal, than ALDH1low cells,
and Tegavivint was extremely effective in eliminating the pres-
ence of the sarcospheres (Figure 7, D and E). These in vitro
results provide convincing evidence there is a relationship be-
tween Wnt/b-catenin and ALDH1, which contributes to the
stem-cell like phenotypes and metastasis in OS.

Effect of Blockade of the b-Catenin/ALDH1 Axis on Lung
Metastases in Vivo

To examine the b-catenin/ALDH1 axis in vivo, we injected via
tail vein 1 � 104 ALDH1low and ALDH1high TCCC-OS84 or LM7
cells (Figure 8A; Supplementary Figure 7A, available online).

One week after injection, animals were assigned to receive
either vehicle or Tegavivint by i.p. injection twice per week
for 4 weeks. The mice were killed after an additional 4 weeks
without treatment and evaluated for metastasis. The lungs
were removed, fixed with formalin, and stained with H&E for
quantitation of metastatic lesions (Figure 8B; Supplementary
Figure 7B, available online). The ALDH1high subpopulation
formed statistically significantly more lung metastases than
the ALDH1low subpopulation (control group, mean lung
lesions¼ 0.5, 95% CI ¼ 0 to 1, vs Tegavivint group mean¼ 7.3,
95% CI¼ 4 to 11, P¼ .001), and Tegavivint was able to eradi-
cate the metastatic potential of both subpopulations
(Figure 8C; Supplementary Figure 7C, available online). These
findings demonstrate that targeting the b-catenin/ALDH1
axis by Tegavivint diminishes lung metastasis and is a po-
tential viable therapeutic option for controlling metastatic
OS.

Modeling the Side Effects of Tegavivint on Bone Length
and Density

A large majority of OS cases occur in children and adolescents
with an actively developing skeletal system. Because Wnt/b-cat-
enin signaling is active during normal bone development, po-
tential bone-related side effects of Wnt/b-catenin inhibition are
of particular concern in the pediatric population. A preliminary
side effect profile, including a bone toxicity study, was carried
out in adolescent (4-week-old) NSG mice (four per sex, eight per
group) treated with either vehicle or Tegavivint via twice weekly
i.p. injection for 4 weeks. No differences were found in liver
function, blood counts, or other serum clinical pathology
parameters between the treatment group and the control group
(Supplementary Figure 8, A–C, available online), but a decreased

A B

C D

B

Figure 3. In vivo Tegavivint response of localized osteosarcoma patient-derived xenograft (PDX) model with poor chemotherapeutic response. A) Schema of experi-

mental design for the implantation of TCCC-OS22 cells and Tegavivint treatment is shown. When the tumor volume reached 100 mm3, NOD-SCID-IL2c�/� (NSG) mice

(n¼5 per cohort) were treated with either 5% dextrose (vehicle) or Tegavivint twice per week for 4 weeks. B) PDX tumor growth curves for control (black) and

Tegavivint-treated (red) mice are shown. C) All mice were killed on day 29, and images of each tumor are shown. D) Representative hematoxylin and eosin-stained pri-

mary tumors from control and Tegavivint-treated mice are shown. Black arrowheads indicate area of calcification. Scale bar¼ 100mm.
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gain in body weight occurred in the Tegavivint-treated male
animals compared with the controls (P< .05) (Supplementary
Figure 8D, available online).

Bone histomorphology was evaluated by microCT scanning,
and the bone volume-to-total volume ratio and femur bone
lengths were calculated using these data. No differences in
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Figure 4. In vivo effect of Tegavivint and combination therapy on osteosarcoma patient-derived xenografts (PDX) development and molecular signatures from cells

with inherent high resistance to chemotherapy. A) TCCC-OS63 cells were seeded at the density of 2 � 103 cells per well (n¼8) in 96-well plates and pretreated with

50 nM of doxorubicin (DXR) for 16 hours twice before treatment with different doses of Tegavivint. Data are shown as mean (SD). Two-sided Student t test was used to

determine statistical significance. B) Schema for experimental design for PDX TCCC-OS63 single agent and combination therapy is shown. When the tumor volume

reached 100 mm3, NOD-SCID-IL2c�/� (NSG) mice were treated via injection with 5% dextrose (control), DXR only, Tegavivint only, or the combination of DXR and

Tegavivint (n¼4/group). C) PDX tumor growth curves for each mouse are shown. D) Kaplan-Meier curves for each cohort were compared using a two-sided log-rank

test. P values were adjusted using the Benjamini-Hochberg method, and the pairwise comparisons were considered statistically significant if the adjusted P value was

less than .15 (based on q¼0.15). E) Representative hematoxylin and eosin-stained primary tumor section from each group is shown. Calcifications are noted by black

arrowheads. Scale bar¼200 mm. F) Quantitative polymerase chain reaction (qPCR) analysis shows relative mRNA expression levels of ALDH1A1, b-catenin, CD44, and

c-Myc in each cohort (n¼8). The relative mRNA expression of each gene in control cohort was individually compared with experimental cohorts. Data are shown as

median with 95% CI. Two-sided Student t test was used to determine statistical significance.
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bone length were observed, but bone density reduction in the
spine and femur (P¼ .03) was identified in only male mice in the
Tegavivint group compared with the control group
(Supplementary Figure 8, E and F, available online).

Discussion

Our preclinical data demonstrate the efficacy of Tegavivint
in vitro, ex vivo, and in vivo in several models of refractory and
metastatic OS. Target inhibition was demonstrated both in vitro
and in vivo by the downregulation of Wnt/b-catenin target
genes in OS cell cultures and tumor tissues. Furthermore, block-
ade of Wnt/b-catenin activation by Tegavivint targeted stem-
like metastasis-initiating cells and the initiation and progres-
sion of lung metastasis. Our results show Tegavivint was effec-
tive in vivo in combination with chemotherapy for the
treatment of a highly chemoresistant OS tumor model. These
results suggest that Tegavivint may have clinical impact for re-
sistant and metastatic OS patients and warrants further clinical
investigation.

OS is the most common malignant bone tumor, with stag-
nant overall survival rates, especially for high-risk patients.
Therefore, identifying relevant and effective targets is essential
to improve patient outcomes. The Wnt/b-catenin pathway is
enhanced in various cancers and has been implicated in tumor
progression (2,5–8,11), recurrence (9), metastases (3,10,12,13),
and resistance to chemotherapy (4). Our group and others have
identified activation of b-catenin transcriptional activity in OS
(2–13,37,38).

Chemotherapy can induce stem cell features in tumor cells
via activation of the Wnt/b-catenin pathway (31). We

demonstrated enhanced Wnt/b-catenin signaling and ALDH1
activity, suggesting a critical axis involved in the metastasis-
initiating and subsequent progression of disseminated OS dis-
ease. ALDH1, which is also a marker for tumor-initiating cells
for several malignancies, including OS, has been closely associ-
ated with tumor progression and metastases (19). ALDH1 was
recently reported to be regulated by Wnt/b-catenin signaling in
breast cancer (39,40), ovarian cancer (41), and prostate cancer
(42). We noted enhanced ALDH1 expression in TCFhigh cells and
enriched expression of b-catenin and associated downstream
target genes in ALDH1high cells, which also exhibited enhanced
susceptibility to Tegavivint. Future characterization of b-catenin
target genes in ALDHhigh metastatic tumor-initiating cells will
provide additional insights into metastatic disease and tumor
dormancy.

Because Wnt/b-catenin signaling contributes towards nor-
mal osteoblast maturation (18,43), we tested the effects of
Tegavivint in a physiologically relevant model of adolescence to
examine potential bone-related toxicities. Analysis revealed
that Tegavivint induced bone histomorphological changes only
in the male cohort. Although the analysis revealed histomor-
phological differences, these cohorts contained four or fewer
samples per group. We intend to expand our cohorts and per-
form additional bone toxicity studies to confirm these findings.
In addition, further detailed studies are essential to delineate
the etiology of these findings, but obvious biological differences,
including differential hormonal regulation, may contribute to
these skeletal aberrations.

Although there are reports of the relationship between ge-
netic mutations in OS progression and specific cell signaling
pathways including PI3K/mTOR (44) and insulin-like growth fac-
tor pathway (45), there have been rare mutations in Wnt
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Figure 5. In vivo effect of Tegavivint on orthotopic lung patient-derived xenograft (PDX) model. A) Schema of single cell dissociation and immediate tail vein injection

of primary lung PDX TCCC-OS84 tumor into NOD-SCID-IL2c�/� (NSG) mice (n¼5/group) is shown. B) Whole lung images of control and Tegavivint-treated mice are

shown. Black arrowheads indicate metastatic nodules. C) Representative hematoxylin and eosin images for each group is shown. Tumors were observed in each group

(arrowheads). Scale bar¼ 100mm. D) Average number of pulmonary nodules per three randomly selected sections per mouse was quantified for each experimental

group (n¼5). Data are shown as median with 95% confidence interval. Two-sided Student t test was used to determine statistical significance.
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Figure 6. Ex vivo effect of Tegavivint on b-catenin-mediated transcriptional activity in lung-derived TCCC-OS84 cells. A) Diagram of pulmonary metastasis assay using

the 7TGC-labeled TCCC-OS84-derived cell line is shown. Human recombinant Wnt3a ligand (100 ng/mL) was added to the medium on day 0 and day 4, and dimethyl

sulfoxide (DMSO) as a control or Tegavivint (100 nM) was added to the medium on days 7, 10, 14, and 17. B) Representative images of lung slices treated with DMSO or

Tegavivint. mCherry is constitutively expressed in all tumor cells, and b-catenin/TCF activity is represented with GFP. Bottom row for DMSO and Tegavivint treatment

represents merged images. Scale bar¼100 mm. C) Fluorescent images of whole lung lobes in each group is shown. Tumor cells are labeled with mCherry. Scale

bar¼1 mm. D) Representative hematoxylin and eosin-stained lung sections from each group from day 28 are shown, and osteosarcoma cells are noted (arrowheads).

Scale bar¼200 mm.
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signaling components. However, activated mTOR and ERK sig-
naling can crosstalk and activate b-catenin (46). Furthermore, a
systems biology analysis of genomic and proteomic profiles
identified enhanced Wnt signaling in metastatic OS (47). Our ac-
cumulated data further corroborate targeting b-catenin activity
has antitumor and metastatic activity.

Although we have executed a large number of preclinical
studies highlighting the efficacy of Tegavivint on high-risk OS
conditions through targeting b-catenin/ALDH axis, certain

limitations remain to our studies. These include elucidating
mechanistic insights into the observed side effects as well as
additional molecular studies to further augment the pharmaco-
logical results we observed. These future studies will enhance
our mechanistic and biological insights into high-risk OS.

In conclusion, we demonstrated through extensive in vitro,
ex vivo, and in vivo models of high-risk OS that Tegavivint is a
promising therapeutic for OS intervention via its inhibition of
the b-catenin/ALDH1 axis.
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Figure 7. Sensitivity of Tegavivint in metastatic lung patient-derived xenograft-derived ALDH1high cells with respect to viability and self-renewal properties in vitro. A)

TCCC-OS84 cells were sorted into ALDH1high and ALDH1low populations. N, N-diethylaminobenzaldehyde (DEAB) is an ALDH1 inhibitor used as a negative control. SSC

¼ side scatter. FITC=Fluorescein isothiocyanate B) Quantitative polymerase chain reaction (qPCR) analysis for expression of ALDH1A1, b-catenin, TCF4, CD44, c-Myc,

Oct3/4, Sox2, and Nanog in TCCC-OS84 ALDH1high and ALDH1low cell populations (n¼ 6). Data are shown as median with 95% confidence interval. Two-sided Student t

test was used to determine statistical significance. C) Effect of Tegavivint treatment for 24 hours on cell viability of ALDH1high and ALDH1low cells (n¼8) is shown. Data

are shown as median with 95% confidence interval. Two-sided Student t test was used to determine statistical significance. D) Representative images of primary sarco-

spheres 6 days after seeding ALDH1low or ALDH1high cells are shown. Scale bar¼100 mm. E) Low- and high-magnification images of secondary sarcospheres 6 days after

seeding ALDH1high cells with or without pretreatment with 100 nM Tegavivint are shown. The average number of sarcospheres in each group (n¼6/group) was quanti-

fied. Data are shown as median with 95% confidence interval. Two-sided Student t test was used to determine statistical significance. Scale bar¼100 mm.
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