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Abstract
Osteosarcoma (OS) is the most common bone malignancy without a reliable thera-
peutic target. Glypican- 3 (GPC3) mutation and upregulation have been detected in 
multidrug resistant OS, and anti- GPC3 immunotherapy can effectively suppress the 
growth of organoids. Further profiling of GPC3 mutations and expression patterns in 
OS is of clinical significance. To address these issues, fresh OS specimens were col-
lected from 24 patients for cancer- targeted next- generation sequencing (NGS) and 
three- dimensional patient- derived organoid (PDO) culture. A tumor microarray was 
prepared using 37 archived OS specimens. Immunohistochemical (IHC) staining was 
performed on OS specimens and microarrays to profile GPC3 and CD133 expression 
as well as intratumoral distribution patterns. RT- PCR was conducted to semiquan-
tify GPC3 and CD133 expression levels in the OS tissues. Anti- GPC3 immunotherapy 
was performed on OS organoids with or without GPC3 expression and its efficacy 
was analyzed using multiple experimental approaches. No OS cases with GPC3 mu-
tations were found, except for the positive control (OS- 08). IHC staining revealed 
GPC3 expression in 73.77% (45/61) of OSs in weak (+; 29/45), moderate (++; 8/45), 
and strong (+++; 8/45) immunolabeling densities. The intratumoral distribution of 
GPC3- positive cells was variable in the focal (+; 10%– 30%; 8/45), partial (++; 31%– 
70%; 22/45), and the most positive patterns (+++; >71%; 15/45), which coincided 
with CD133 immunolabeling (P = 9.89 × 10−10). The anti- GPC3 antibody efficiently 
inhibits Wnt/β- catenin signaling and induces apoptosis in GPC3- positive PDOs and 
PDXs, as opposed to GPC3- negative PDOs and PDXs. The high frequency of GPC3 
and CD133 co- expression and the effectiveness of anti- wild- type GPC3- Ab therapy 
in GPC3- positive OS models suggest that GPC3 is a novel prognostic parameter and 
a promising therapeutic target for osteosarcoma.
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1  |  INTRODUC TION

Osteosarcoma (OS) is the most common primary bone malignancy, 
and often occurs in childhood.1 In general, the prognosis of OS is 
poor because of the difficulty in radically removing the tumor, the 
heterogeneous response of OS cells to chemotherapy, and frequent 
tumor dissemination.2 Consequently, the 5- year survival rate of 
patients with OS is the second lowest among childhood malignan-
cies.3 Moreover, 80% of patients with OS have undetectable mi-
crometastases at the time of diagnosis, resulting in a high risk of 
tumor relapse and poor prognosis.4 For these reasons, NAC is often 
used before surgery to localize the tumor mass and eliminate po-
tential metastatic focus.5 Although aggressive NAC has increased 
the overall survival rate of localized OS, the poor survival rates for 
patients with OS with metastasis or recurrence have remained al-
most unchanged in recent years.6 In this context, there is an urgent 
need to explore new molecular targets to improve the therapeutic 
outcomes of patients with OS, especially those with metastases and 
tumor relapse.

Next- generation genomic sequencing (NGS) has been widely 
used for personalized therapy to detect drug targets according to 
genomic alterations in individual patients.7– 9 However, only 0.4% 
of the detected gene mutations can be used as FDA- approved 
targeted drugs, and 9.6% as potential therapeutic targets.10 For 
osteosarcomas, no targetable mutations have been detected to 
date and, as a consequence, no OS- targeted therapy is currently 
available.11 Recently, our genome- wide NGS sequencing revealed 
a GPC3 mutation in an OS case (“OS- 8” in our case list) as well as 
its increased mutation abundance and expression level in the cor-
responding metastatic tumor.12 GPC3 encodes a carcinoembryonic 
protein and is actively involved in the carcinogenesis of human 
HCCs.13 Due to the importance of GPC3 in HCC cell growth and 
survival, anti- GPC3 immunotherapy has been applied in clinical 
trials for HCCs.14,15 Therefore, this strategy has been used to treat 
organoids derived from metastatic OS- 8 specimens with GPC3 
mutations and has achieved promising inhibitory effects.12 These 
findings indicate that GPC3 may be a potential therapeutic target 
for OS if it is frequently mutated and/or expressed in this type of 
bone malignancy.

This study aimed to address whether GPC3 mutation and upreg-
ulation is an occasional event that occurs in an individual case or a 
general feature of OS using 61 OS specimens. A panel of OS- derived 
organoids (OSO) and a high GPC3 expressing OS- derived xenograft 
(OSDX) model were established, by which the immunotherapeutic 
value of GPC3 in OS management was elucidated by evaluating the 
response of GPC3- positive and GPC3- negative OS cells to anti- 
GPC3 treatment. Therefore, the biological importance and thera-
peutic value of GPC3 in OSs can be clarified.

2  |  MATERIAL S AND METHODS

2.1  |  Sample collection and tissue microarray 
construction

Fresh OS specimens were obtained within 20 min of surgical re-
moval. In total, 24 OS samples were collected from primary growth 
sites using bone puncture biopsy at the time of diagnosis or dur-
ing surgery after neoadjuvant chemotherapy. Part of each specimen 
was used for pathological diagnosis, and the remainder for three- 
dimensional organoid culture, immunohistochemical staining, and 
nucleic acid isolation, according to existing methods.16,17 In addition, 
37 archived OS cases with definite pathological diagnosis and clini-
cal staging were selected for OS tissue microarray construction ac-
cording to preexisting methods.18 Briefly, OS tissue paraffin blocks 
were sliced into 7- μm sections and subjected to H&E morphological 
staining to determine the representative tumor regions for tissue mi-
croarray construction (Chinese Inventive Patent: 02109826.3). The 
tissue microarray harboring 74 cored tissue pillars from 37 OS cases 
was prepared and serially sectioned in 7- μm slices on a microtome 
(Leica, RM2245) for high throughput immunohistochemical analysis.

2.2  |  Immunohistochemical profiling of GPC3 
expression in osteosarcomas

Paraffin sections from 24 patients and OS tumor microarrays were 
used for IHC. Next, 37 OS cases with clear pathological diagnoses 
and detailed clinical staging were selected for OS tissue microarray 
construction using existing methods.18 IHC was performed using 
two anti- GPC3 antibodies (Abcam, ab207080, UK, rabbit monoclo-
nal- Ab, 1:500; Biomosaics, B0055R, USA, mouse monoclonal- Ab, 
1:500) according to previously described methods.19 According to 
the labeling intensities, the results were graded as negative (−) if 
no immunolabeling was observed in the tumor cells, weakly posi-
tive (+) if the labeling was faint, moderately positive (++), or strongly 
positive (+++) when the labeling was stronger or distinctly stronger 
than (++).20 According to the percentage of GPC3- positive tumor 
cells in the OS tissues, the staining results were grouped as negative 
(−, <10%), focal positive (+, 11%– 30%), partially positive (++, 31%– 
70%), and the most positive (+++, >71%).13,21

2.3  |  Tumor NGS sequencing

Tumor NGS was performed as described in the published litera-
ture.12 The sequencing coverage and quality statistics for each sam-
ple are summarized in Table S1 and uploaded to the Sequence Read 

K E Y W O R D S
CD133, gene expression, GPC3, immunotherapy, osteosarcoma, patient- derived organoids, 
patient- derived xenograft, targeted therapy, Wnt/β- catenin pathway



3620  |    NIE et al.

Archive under the accession number NCBI: PRJNA774097. The 548 
genes identified in this array are listed in Table S2.

2.4  |  RT- PCR and GPC3 transcriptome sequencing

RT- PCR was performed according to existing methodology.12

2.5  |  Organoid modeling

Fresh OS samples from 24 patients were washed with phosphate- 
buffered saline (PBS) (Gibco, 14190250) containing 500 U peni-
cillin, 500 μg/ml streptomycin, and 50 μg/ml nystatin three times, 
and then cut into small pieces (<0.1 mm diameter) in a suitable 
amount of ice- cold medium. The minced tissues were digested in 
1 ml TrypLE (Gibco, A1217701) for 45 min at 37°C, washed three 
times with culture medium, and filtered through a 70- μm cell 
strainer to remove large undigested fragments. The filtered solu-
tion was centrifuged at 300 rpm for 5 min before the cell pellet 
was resuspended in complete culture medium and mixed with a 
1:2 volume of phenol red- free Matrigel matrix (Corning, 356237). 
Next, 10,000– 20,000 cells/30 μl of droplets were plated in a 48 
well plate. After allowing the Matrigel to polymerize, 300 μl com-
plete culture medium was added to each well and the samples 
incubated under conventional cell culture conditions. The culture 
medium was changed every 2 days. The complete culture medium 
for OS organoids contained DMEM/F12 with l- glutamine and 
sodium bicarbonate (Gibco, 12634010), 10% fetal bovine serum 
(FBS; Australia, Gibco, 10099141), 100 U/ml penicillin, 100 μg/
ml streptomycin (Gibco, 15070063), 20 μg/mL nystatin (Sangon 
Biotech, 89104730), 10 mM nicotinamide (Sigma, N0636), 1 mM N- 
acetylcysteine (Sigma, 106425), 0.5 μM A83- 01 (Tocris, 909910), 
1× B- 27 minus vitamin A (Invitrogen, 12587010), 50 ng/ml epi-
dermal growth factor (EGF) (Peprotech, AF- 100- 15), 500 ng/ml 
RSPO1 (Peprotech, 120– 38), 10 μM SB- 202190 (Sigma, 152121), 
10 μmol/L ROCK inhibitor Y- 27632 (Sigma Aldrich, HY- 10071), and 
100 ng/ml Noggin (Medical Chemical Express, HY- P7086).

2.6  |  CD133 and GPC3 double 
immunofluorescent labeling

Double immunofluorescent labeling (IF) was performed according to 
methods described previously.12

2.7  |  Anti- GPC3 therapy of OS organoids

Drug sensitivity assays were performed on OS organoids from 
five GPC3- positive cases and one GPC3- negative case using 
2 μg/ml anti- glypican- 3/GPC3 mouse monoclonal antibody (Cell 

Marque, 261M- 94) for 96 h. OSOs treated with the antibody 
diluent (938B- 03; Cell Marque) were used as the background 
control. Following calcein/propidium iodide (PI) cell viability, 
5- ethynyl- 2′- deoxyuridine (EdU) cell proliferation, and terminal 
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 
apoptotic cell labeling were performed, as described previously.12 
More than 30 OSOs of ~100 μm in diameter were selected from 
each experimental group for calcein/PI- based viable/nonviable 
cell counting, which was repeated three times to establish a con-
fidential conclusion.

2.8  |  Establishment of a GPC3 expressing 
OSDX model

The animal experimental protocol was examined and approved by 
the Animal Ethics Committee of Guangdong Provincial People's 
Hospital (No. GDREC2020093A) before the experiments were 
conducted. Here, 4-  to 6- week- old male NOD/SCID mice with ho-
mozygous SCID mutations were obtained from GemPharmatech 
Co. Ltd. All animal experiments conformed to regulatory standards 
and the animals were well cared for. Fresh osteosarcoma tissue was 
collected from a male 8- year- old patient after obtaining informed 
consent from the patient's parents. This OS case (OS- 1) was diag-
nosed as a moderately differentiated osteoblastic osteosarcoma. 
The tissue was aseptically cut into approximately 2 × 2 mm pieces 
and placed in ice- cold DMEM/F12 medium for transplantation using 
previously described methods.22 Briefly, one or two small tissue 
pieces were implanted subcutaneously at one or two sites on the 
backs of NOD/SCID mice using a trocar. When the size of the trans-
planted tumors reached 1.0– 1.5 cm, tumors were removed from the 
local growth sites and serial transplantation was conducted in the 
same manner as described above. The OSDX model, OSDX- 1, was 
frozen in a biobank and underwent three passages at the time of the 
experiment.

2.9  |  Treatment of OSDX- bearing mice with anti- 
GPC3 antibody

After passaging three times, five pieces of xenograft tissue were 
inoculated subcutaneously into the mice for in vivo anti- GPC3- Ab 
treatment. When the average tumor volume (V = ab2/2; a = larg-
est axis, b = smallest axis23) reached >150 mm3, the tumor- bearing 
mice were divided randomly into two experimental groups (n = 5): 
the antibody diluent control group and the anti- GPC3- Ab- treated 
group. As shown in Figure 6, GPC3- Ab (Cell Marque, 261M- 94) was 
intravenously administered at a dose of 100 μg/mouse on days 0, 7, 
and 14.24 An equal volume of antibody diluent was used as the con-
trol. Tumor sizes were monitored at 3– 4 day intervals using a digital 
caliper. At 28 days after treatment, the mice were sacrificed by an 
animal expert, and the tumors were harvested from both groups, 
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photographed, weighed, and analyzed using different experimental 
approaches.

2.10  |  Western blot analysis of GPC3- Ab- 
treated OSDXs

GPC3- Ab can disrupt the canonical Wnt/β- catenin signaling cascade 
by inhibiting the interaction between GPC3 and WNT3a and reduc-
ing access of the ligand to the frizzled receptors.25 To assess the in-
fluence of GPC3- Ab on the canonical Wnt/β- catenin pathway, total 
cellular proteins of GPC3- Ab and GPC3- Ab diluent- treated OSDXs 
were prepared respectively 28 days after treatment. Briefly, using 
frozen tissue sections, 20 target fragments were placed in a tube 
containing 50 μl strong RIPA lysis buffer (Beyotime). After homogeni-
zation using ultrasonic vibration, the samples were heated in boiling 
water for 5 min. For western blot analysis, the tumor tissue proteins 
(20 μg/well) were separated using electrophoresis in 10% sodium 
dodecylsulfate- polyacrylamide gel, before being transferred onto a 
polyvinylidene difluoride membrane (Amersham, Buckinghamshire, 
UK). The membrane was blocked with 5% skimmed milk (Sigma 
Aldrich, 1.15363) in PBS and incubated overnight at 4°C with rab-
bit anti- human active β- catenin monoclonal antibody (1:1000; Cell 
Signaling Technology, 19807S), total β- catenin rabbit monoclonal 
antibody (1:1000; Cell Signaling Technology, 8480S), or a rabbit anti- 
human GAPDH polyclonal antibody (1:10000; Proteintech,10494- 
1- AP), followed by incubation with HRP- conjugated goat anti- rabbit 
IgG (Absin Bioscience, abs20002). Bound antibodies were detected 
using an Amersham Imager 600 series (GE Healthcare). Quantitative 
analysis was performed using ImageJ software (Java, National 
Institutes of Health).

2.11  |  Statistical analyses

The experimental data are expressed as mean ± standard devia-
tion. SPSS software V26.0 was used for further statistical analyses. 
Statistical significance was set at p < 0.05.

3  |  RESULTS

3.1  |  Rarity of GPC3 mutation in OS specimens

Genomic DNA samples were prepared using fresh OS specimens from 
24 patients and subjected to cancer- targeted NGS, which covered 548 
cancer- related genes.26 The results reveal that each DNA sample har-
bored the wild- type rather than the mutant GPC3 gene, except OS08, 
which had a GPC3 mutation and was cited as the positive control 
(Figure 1A). The 271 bp GPC3 RT- PCR products were generated in the 
majority of OSs checked (Figure 1B), and Sanger sequencing showed 
that the GPC3 mRNA harboring the G to A mutation at 1046 in exon 4 
was transcribed only in OS- 08 and wild- type GPC3 was expressed in the 
other OS (Figure 1C).

3.2  |  Frequent GPC3 expression in osteosarcomas 
rather than osteocytes

The GPC3 expression patterns of 61 osteosarcoma cases were pro-
filed using immunohistochemical (IHC) staining and scored accord-
ing to the presence and generality of GPC3 immunological labeling 
(Table 1). The reliability of GPC3 staining was ascertained using 
anti- GPC3- Abs from Abcam (ab207080) and BioMosaics (B0025R; 
Figure 2A). As shown in Figure 2B and summarized in Table 1, 45 
of 61 OS cases (73.77%) had GPC3 expression. Based on the im-
munolabeling intensity, 16 of 61 cases (26.23%) were negative (−), 
29 (47.54%) were weakly positive (+), eight (13.11%) were moder-
ately positive (++), and eight (13.11%) were strongly positive (+++) in 
terms of GPC3 expression. The percentages of GPC3- positive cells 
in OS tissues were highly variable: XX OS cells were all negative (−), 
10%– 30% were +, 31%– 70% were ++, and >71% were +++. Among 
the 61 OS cases examined (Figure 2C), 16 (26.23%) were −, eight 
(13.11%) were +, 22 (36.07%) were ++, and 15 (24.59%) were +++, 
indicating differential intertumoral and intratumoral GPC3 expres-
sion patterns among OSs. None of the eight OSs surrounding non-
cancerous bone specimens showed GPC3 expression (Figure 3A; 
Table 1). Statistical analyses revealed that the frequencies of GPC3 
detection were not related to the patient sex, age, or pathological 
diagnosis (Figure S1).

3.3  |  Concurrent GPC3 and CD133 expression in 
OS cells

CD133- positive osteosarcoma cells can exhibit tumor stem- like 
gene expression patterns and play pivotal roles in tumor progres-
sion and chemoresistance.27,28 IHC staining demonstrated that the 
CD133 positivity rate was 86.88% among the 61 OS cases but not 
among the bone samples (0/8). All of the GPC3- positive OS cases 
showed CD133 expression and shared similar intratumoral dis-
tribution patterns (Figure 3A,C, PI = 4.53 × 10−5 for intensity and 
PP = 9.89 × 10−10 for percentage), including male patients (PI = 0.005, 
PP = 2.2 × 10−5), female patients (PI = 4.79 × 10−4, PP = 6.29 × 10−6), 
and those in the younger age group (age < 25 years, PI = 0.003, 
PP = 3.75 × 10−7). Double CD133 and GPC3 immunofluorescent la-
beling demonstrated co- expression of GCP3 and CD133 in the same 
tumor regions (Figure 3B).

3.4  |  Successful generation of OS- 
derived organoids

In this study, 24 OS cases were recruited for organoid modeling. 
Osteosarcoma organoids were formed within 2 weeks and main-
tained active growth over months (Figure 4A). The phenotype of 
the OSOs was usually irregular in shape (Figure 4B). Here, 20 bi-
opsies and 12 surgical tissues were subjected to 3D culture, with 
organoid formation rates of 95% (19/20) and 91.7% (11/12), respec-
tively. OSOs can be sustained for over 3 months and passaged when 
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necessary without apparent phenotypic changes. The expression 
patterns of the OS biomarkers SOX9 and vimentin, stem cell marker 
CD133, and GPC3 of the original tumors were well maintained in the 
corresponding organoids (Figure 4C,D).

3.5  |  GPC3- dependent response of OSOs to GPC3- 
Ab treatment

Among the 24 OS cases studied, seven (29.2%) experienced tumor 
progression after standard high- dose and multidrug combination 

therapy, and no reliable alternative treatment was available. Due to 
the differential expression of GPC3 in patients with OS, organoids 
derived from one GPC3- negative, one GPC3+, and four GPC3+++ 
patients were selected for GPC3- targeted therapy (Figure 5A). After 
96 h of GPC3- Ab treatment, GPC3+++ organoids showed extensive 
cell death, the formation of typical apoptotic bodies, and distinct 
growth arrest (Figure 5B); conversely, GPC3- negative organoids 
maintained growth under the same experimental conditions, and cell 
death and TUNEL- labeled nuclei were rarely observed. As shown in 
Figure 5C, all four GPC3+++ organoids were sensitive to GPC3- Ab 
with cell inhibition rates of 77.51, 74.40, 76.43, and 92.86% for 

F I G U R E  1  Genomic alterations and 
GPC expression in osteosarcoma. (A) 
Osteosarcoma- related gene alterations 
were detected in 24 osteosarcomas 
using cancer- targeted next- generation 
sequencing. Only one patient (OS- 8) was 
found to have a GPC3 mutation. (B) RT- 
PCR demonstration of GPC3 transcription 
in OSs. β- Actin was used as a quantitative 
control, and OS- 8 was used as a GPC3- 
positive control. (C) Sanger sequencing 
was performed on the GPC3 RT- PCR 
product of mutant GPC3 (OS- 8) and OS- 
22 as the representative GPC3 wild- type
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TA B L E  1  Immunohistochemical profiling of GPC3 and CD133 expression patterns in individual OS cases according the immunolabeling 
intensities and the percentage of positive- GPC3 cells

No. Age Sex Location

Intensity Percentage

GPC3 CD133 GPC3 CD133

Fresh specimens

Osteoblastic OS

1 8 M Right femur inferior segment +++ +++ +++ +++

2 10 M Left femur + + +++ ++

3 15 M Right knee − − − −

4 17 M Left femur ++ + + +

5 17 M Left tibia + +++ ++ +++

6 18 M Left tibia superior segment +++ +++ +++ +++

7 20 M Right femur + +++ ++ ++

8 20 M Left humerus +++ +++ +++ +++

9 21 M Right humerus + + ++ +

10 36 M Left knee ++ + + +

11 37 M Right femur − − − −

12 57 M Left femur + ++ +++ +++

13 5 F Left femur + +++ + ++

14 8 F Left femur + ++ +++ ++

15 11 F Left knee + ++ ++ ++

16 14 F Left femur + + ++ +++

17 16 F Right femur + + +++ +++

18 18 F Left tibia superior segment − − − −

19 21 F Left subscapular lymph node ++ ++ + ++

20 23 F Right femur inferior segment − − − −

21 63 F Left femur − + − ++

Chondroblastic OS

22 23 M Left pelvic − ++ − ++

23 39 M Right femur +++ +++ +++ +++

24 28 F Right femur + ++ + +

OS microarray

Osteoblastic OS

25 12 M Left femur inferior segment − − − −

26 14 M Left face ++ +++ ++ +++

27 14 M Right femur inferior segment − ++ − +++

28 15 M Right femur + ++ ++ +++

29 15 M Right femur inferior segment +++ +++ +++ +++

30 15 M Lower jaw − +++ − ++

31 16 M Right femur − + − +

32 17 M Left femur inferior segment +++ + ++ +++

33 17 M Right femur superior segment + ++ +++ +++

34 17 M Left tibia + ++ ++ +++

35 18 M Right humerus ++ + + +

36 19 M Left thigh + + ++ +++

37 19 M Right femur (sparse) − ++ − ++

38 19 M Left calf fibula − + − +

(Continues)
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OS- 21, OS- 01, OS- 08, and OS- 06, respectively. The organoids de-
rived from the four GPC3+++ cases were effectively suppressed 
by GPC3- Ab (74.40%– 92.86%) compared with GPC3+ (23.46%) and 
GPC3-  (10.78%) organoids.

3.6  |  GPC3- Ab suppressed xenograft growth

The efficacy of GPC3- Ab in a high GPC3 expressing OSDX- 1 model 
was elucidated. The xenografts demonstrated an 85.1% reduction 
in tumor volume after treatment with 100 μg GPC3- Ab/mouse 
three times at 7- day intervals (Figure 6A). In contrast, xenografts 

in the control group maintained an average growth rate of 742.0% 
for the same experimental duration (p < 0.0005; Figure 6B). 
Immunohistochemical staining showed a reduction in GPC3 expres-
sion in GPC3- Ab- treated tumors (Figure 6C), accompanied by exten-
sive apoptotic cell death, as shown by TUNEL (Figure 6D).

3.7  |  Reduction of active β - catenin in GPC3- Ab 
treated OSDX

Immunohistochemical staining and immunofluorescence labe-
ling performed on OSDXs with and without GPC3- Ab treatment 

No. Age Sex Location

Intensity Percentage

GPC3 CD133 GPC3 CD133

39 21 M Popliteal fossa + ++ ++ +++

40 28 M Left femur − ++ − +++

41 33 M Left upper jaw + + ++ +

42 42 M Left femur − − − −

43 46 M Right femur (sparse) + ++ ++ +++

44 51 M Right fibula + ++ ++ ++

45 55 M Right lower rib +++ +++ +++ +++

46 12 F Femur + − + −

47 12 F Right femur + +++ +++ +++

48 13 F Left femur inferior segment + + ++ ++

49 14 F Left tibia superior segment − − − −

50 14 F Left tibia superior segment − + − +

51 16 F Left femur + + ++ +++

52 18 F Left distal femur +++ ++ ++ ++

53 20 F Right tibia superior segment + ++ + ++

54 23 F Left femur + ++ ++ +++

55 28 F Right femur ++ +++ +++ +++

56 31 F Left femur + + ++ ++

57 32 F Left femur inferior segment + + +++ +++

58 37 F Right femur inferior segment + + ++ +++

59 41 F Right humerus ++ +++ ++ +++

60 56 F Left frontal ++ +++ ++ +++

Fibroblastic OS

61 27 M Humerus + +++ +++ +++

Tumor- surrounding bone tissues

62 15 M Right knee − − − −

63 28 M Left femur − − − −

64 46 M Right femur − − − −

65 51 M Right fibula − − − −

66 5 F Left femur − − − −

67 23 F Right femur inferior segment − − − −

68 28 F Right femur − − − −

69 63 F Left femur − − − −

The deeper of the color represent higher expression of GPC3/ CD133.

TA B L E  1  (Continued)
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revealed that the active β- catenin level was distinctly decreased by 
GPC3- Ab; there was a marked attenuation of β- catenin membranous 
labeling (Figure 7A). Western blotting further demonstrated that the 
level of active β- catenin was reduced in GPC3- Ab- treated xeno-
grafts in comparison with tumors treated with the antibody diluent 
(Figure 7B; p < 0.005).

4  |  DISCUSSION

As the most common primary bone malignancy, often linked with 
poor prognosis, OS frequently occurs in children and adolescents29 
and therefore seriously affects the physical and mental health of 
this young population.30 Although a combination of neoadjuvant 
chemotherapy and surgery can improve the therapeutic outcome 
of patients with OS and increase the overall survival rate to 65%– 
70%,31,32 patients usually suffer from a series of adverse reactions 
and a decline in the quality of life.33 Moreover, OS exhibit primary 
and secondary drug resistance due to intratumoral heterogeneity34 
and/or acquired genetic alterations.27 As no therapeutic target has 
so far been identified for OS, this increasingly popular therapy has 
not yet been applied to OS.11 Consequently, no alternative option is 

available beyond conventional chemotherapy for the treatment of 
metastatic OS, and amputation must be performed to avoid tumor 
expansion and spread. There is an urgent need to explore genetic 
alterations and biomarkers for better management of OS.

GPC3 is an oncofetal protein that plays an active role in the 
formation and progression of HCCs,13 hepatoblastomas,35 lung 
cancers,36 and tumors with a background of germline mutations.37 
As GPC3 expression is found in 72% of HCCs and 97% of hepato-
blastomas, it has been used as a potential immunotherapeutic target 
for liver cancers.13,38 Our NGS analysis performed on the primary 
and metastatic tumors of an OS case (OS- 08) identified a GPC3 
point mutation in the primary tumor and its mutation abundance 
increased 1.68 times in the metastatic tumor with upregulated mu-
tant GPC3 expression.12 Subsequently, anti- GPC3 was administered 
to the primary and metastatic OS organoids. This achieved promis-
ing inhibitory effects, especially on metastasis,12 indicating, for the 
first time, the potential value of GPC3 as a diagnostic biomarker and 
therapeutic target for OS. These findings encouraged us to profile 
the frequency of GPC3 mutations and their expression in a large 
panel of OSs to test this hypothesis.

Loss- of- function mutations in GPC3 have been identified as the 
genetic defects associated with Simpson– Golabi– Behmel syndrome 

F I G U R E  2  Immunohistochemical 
profiling of intertumoral and intratumoral 
GPC3 expression patterns of OS 
specimens. (A) The specificity results 
of GPC3 immunohistochemical staining 
(×20) ascertained using two anti- 
GPC3 antibodies from Abcam and 
BioMosaics. (B) The grades of GPC3 
immunohistochemical labeling (×20) were 
scored as −, negative; +, weakly positive; 
++, moderately positive; and +++, 
strongly positive, according to the staining 
intensities (left). (C) Classification of 
intertumoral GPC3 immunohistochemical 
labeling (×20) according to the percentage 
of GPC3- positive tumor cells: – , all 
negative; +, focal positive; ++, partially 
positive; and +++, generally positive 
(left). IHC data were collected from 61 OS 
specimens
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(SGBS) characterized by overgrowth, dysplasia, and multiple con-
genital anomalies.39 However, none of the 24 OS patients in this 
study had SGBS. Unlike other cancer- associated genes, the data 
concerning GPC3 mutation in human malignancies remain limited. 
The relevance of GPC3 to HCCs has been evidenced, whereas 
only GPC3 rs2267531, a promotor single nucleotide polymorphism 
(SNP) on the X chromosome, rather than a mutation at the func-
tional sites has been found in Egyptian hepatocellular carcinomas.40 
As the first step to investigate the frequency and patterns of GPC3 
alterations in OSs, cancer- targeted NGS was performed on 24 OS 
cases, citing the GPC3 mutated OS- 08 as a positive control. These 
results revealed that GPC3 mutation was undetectable in all OSs, 
except for OS- 08. As the newly checked OS samples were collected 
from patients of different ages and sexes, we propose that the 
GPC3 mutation is a rare event rather than a common genetic alter-
ation among OS. GPC3 expression without mutation is commonly 
found in multiple cancers, for instance, GPC3 is expressed in 72% 
of HCCs but neither in normal livers nor in noncancerous liver dis-
ease.41 In contrast with the rarity of GPC3 mutations in OSs, GPC3 

expression was immunohistochemically observed in 45 out of 61 OS 
cases (73.77%), a similar frequency to that of HCCs (63%– 91%).13,41 
Sanger sequencing was performed on the GPC3 RT- PCR products of 
GPC3- positive OS samples, which further confirmed that only wild- 
type GPC3 was transcribed. These findings therefore rule out the 
involvement of GPC3 mutation in OS formation and progression and 
provide strong evidence for the potential value of GPC3 in OS man-
agement, because GPC3 targeted anti- HCC immunotherapy has so 
far only been conducted based on the presence of GPC3 expression, 
not mutation.15 Epigenetic activation of GPC3 transcription by ln-
cRNA glypican 3 antisense transcript 1 (GPC3- AS1) has been found 
in HCCs.42 It would be worthwhile to check the status of GPC3- AS1 
in our OS experimental systems and analyze its relevance with GPC3 
expression.

Intratumoral heterogeneity is a typical histopathological feature 
and it is the main therapeutic challenge for OS.34 In contrast, the 
outcome of cancer immunotherapy is related to the level and intra-
tumoral distribution pattern of the targeted protein.43 To evaluate 
the applicability of GPC3- targeted OS therapy, it is critical to clarify 

F I G U R E  3  Correlation analyses of 
GPC3 and CD133 expression in OS tissues 
and organoids. (A) Immunohistochemical 
demonstration of frequent GPC3 and 
CD133 co- expression in OS tissues 
(×20). (B) GPC3 and CD133 double 
immunofluorescent staining (×20) of 
GPC3: +++, generally positive; and −, 
negative OS tissues. Insets represent 
images with higher magnification (×40). 
(C) Percentages of GPC3-  and CD133- 
positive OS cases and their statistical 
relevance (data from SPSS statistical 
analysis)
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the intensity of GPC3 production, particularly the distribution pat-
terns of GPC3- expressing cells in OS tissues. Immunohistochemical 
staining of fresh OS tissue and tumor microarray revealed that GPC3 
levels were different among the 61 OS cases: negative (15/61 cases), 
weakly positive (29/61 cases), moderately positive (9/61 cases), and 
strongly positive (8/61 cases), suggesting differential intertumoral 
GPC3 expression and demonstrating the necessity for individualized 
GPC3- targeted therapy. More importantly, the intratumoral distribu-
tion of GPC3- positive tumor cells was variable among the 45 GPC3- 
positive cases in the patterns of focal positive (10%– 30%) in eight 
cases (17.78%) to generally positive (>70%) in 15 cases (33.33%), 
demonstrating the cellular heterogeneity of OSs, even in terms of 
GPC3 expression. These results also indicated that the efficacy of 
anti- GPC3 therapy against OS may be case-  or GPC3- dependent. 
CD133 is known to be a biomarker of OS.44 It plays active roles in 
OS initiation and progression27 and confers drug resistance to OS 
cells.45 Parallel immunohistochemical staining and double immuno-
fluorescent labeling demonstrated concurrent CD133 expression 
(97.8%; 44/45) in GPC3- positive OS, while CD133−/GPC3+ cells ac-
counted for only 2.2%. These findings indicate that GPC3- targeted 
therapy may also attack CD133- positive stem- like OS cells and 

therefore achieve double- gain therapeutic efficacy. It would be of 
practical significance to address these issues using GPC3- positive 
and GPC3- negative OS- derived organoids as preclinical therapeutic 
models.

Patient- derived tumor organoids (PDOs) formed under suitable 
three- dimensional culture conditions can maintain the basic molec-
ular and biological features of their original tumors.46 Therefore, the 
results obtained from PDOs would have translational value, espe-
cially in personalized cancer treatment.47 In this study, a panel of 
PDOs was successfully generated from 24 OS cases with different 
GPC3 expression patterns, therefore providing an ideal ex vivo plat-
form for GPC3- oriented therapy. To elucidate the applicability of 
the GPC3- targeted strategy for OS, PDOs derived from one GPC3- 
negative and four GPC3- positive cases were treated with anti- GPC3 
antibody. The GPC3- positive organoids were sensitive to the anti- 
GPC3 antibody as they showed infrequent EdU- labeled cells and 
increased apoptotic fractions in comparison with their antibody 
diluent- treated counterparts. In contrast, the GPC3- negative OSOs 
remained intact under the same experimental conditions. These 
results confirmed that GPC3- targeted therapy is selectively effec-
tive for GPC3- expressing OS cases, irrespective of the type (wild or 

F I G U R E  4  Establishment and 
characterization of OS organoids. (A) 
Bright- field demonstration of continuous 
growth of an OS- 1 organoid (×40). 
(B) H&E morphological staining was 
performed on OS tissues from three 
cases and the corresponding organoids 
and bright- field images of the organoids 
of the matched patients with OS. 
Tissue, ×20; organoid, ×40. (C) Double 
immunofluorescent labeling of OS- specific 
biomarkers, SOX9 and vimentin, on OS 
tissues and organoids with (OS- 1) and 
without (OS- 13) GPC3 expression. Tissue, 
×20; organoid, ×40. (D) GPC3 and CD133 
double immunofluorescent labeling of 
paired OS tissue and organoids of OS- 1 
and OS- 13. Tissue, ×20; organoid, ×40



3628  |    NIE et al.

mutant) of GPC3 proteins they produce. This notion is further sup-
ported by our in vivo findings that the growth of GPC3- expressing 
OSDXs is efficiently inhibited at an average rate of 85.1% and ex-
tensive apoptotic cell death in tumor tissues after three adminis-
trations of anti- GPC3 antibody at 1- week intervals. These ex vivo 
and in vivo data suggest the feasibility of a GPC3- targeted strategy 
for personalized OS therapy. The anti- tumor effects of IL15 and/
or IL21 enhanced glypican- 3- CAR T cells (21.15.GPC3- CAR T cells) 
have been demonstrated in HCC cell lines, as well as in murine xe-
nograft models of GPC3+ tumors.48 We are currently using this type 

of GPC3- CAR T cell to treat the OSDX model as the next round of 
preclinical trials for the practical application of personalized osteo-
sarcoma treatment.

The biological effects of GPC3 are mediated via the canonical 
Wnt/β- catenin signaling pathway.49 GPC3 attracts and concentrates 
Wnt ligands to the cancer cell surface and subsequently activates 
the Wnt/β- catenin pathway,25 as evidenced in human HCCs.49 
According to the literature, the Wnt/β- catenin pathway plays a 
key role in osteosarcoma development and progression.50,51 A high 
level of β- catenin expression in OS tissues is closely related to lung 

F I G U R E  5  GPC3 targeted therapy performed on OS organoids with different GPC3 expression patterns. (A) Immunohistochemical (×20) 
demonstration of differential GPC3 expression in OS tissues used for organoid culture. (B) Evaluation of apoptosis (TUNEL) and proliferation 
(EdU) of GPC3- antibody (GPC3- Ab)- treated OS organoids with different levels of GPC3 expression (×40). (C) The response of OS organoids 
to GPC3- Ab treatment in a GPC3- related manner
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metastasis and therefore results in a poor prognosis.52 In this study, 
we demonstrated that GPC3 proteins are co- localized with active β- 
catenin on OS cell membranes. It is reasonable to propose that GPC3 
proteins may bind to Wnt molecules to form Wnt/frizzled/β- catenin 
complexes, which inhibit β- catenin degradation via axin dysfunction, 
leading to activation of the canonical Wnt/β- catenin pathway and 
finally OS progression. This hypothesis is supported by our findings 
that anti- GPC3 antibody efficiently prevents β- catenin membranous 
localization by inhibiting β- catenin activation, leading to in vivo and 

in vitro growth arrest and apoptosis of GPC3- positive rather than 
GPC3- negative PDOs.

Overall, frequent GPC3 expression (73.77%) rather than mu-
tation (4%) was observed in 61 OS cases. Co- expression of GPC3 
and CD133 was detected in 97.8% (44/45) of the GPC3- positive 
OS tissues and their PDOs, making GPC3- targeted anti- OS therapy 
more meaningful. The suppressive effects of anti- GPC3 antibody 
on GPC3- expressing (rather than GPC3- negative) OS PDOs suggest 
that this therapeutic strategy is a promising approach to improve OS 

F I G U R E  6  GPC3 targeted therapy 
performed on a high GPC3 expression 
OSDX. (A) Schematic of in vivo GPC3- Ab 
treatment used on the OSDX platform. 
(B) Tumor volume over time in a high 
GPC3 expression OSDX mouse model 
administered three times weekly with the 
control (antibody diluent) or GPC3- Ab 
(100 μg/mouse). Data points represent 
mean (n = 5) ± standard error. (C) Images 
(×20) of H&E-  and GPC3- oriented 
immunohistochemical staining of OSDX 
tissues with and without (control) GPC3- 
Ab treatment (GPC3- Ab). (D) TUNEL 
apoptotic cell labeling (×20) of OSDX 
tissues without (control) or with GPC3- Ab 
treatment (GPC3- Ab)
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prognosis in a GPC3- related personalized manner. Growth suppres-
sion via anti- GPC3 antibody- treated GPC3- expressing OSDX sug-
gests the feasibility of GPC3- targeted therapy. It is important to trial 
the response of OSDXs with different GPC3 expression patterns to 
anti- GPC3 antibody and/or GPC3- CAR T immunotherapy and clin-
ical trials are the next step to further strengthen this hypothesis.
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