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Background: Drug resistance and the lack of molecular therapeutic target are the main challenges in the
management of osteosarcomas (OSs). Identification of novel genetic alteration(s) related with OS recur-
rence and chemotherapeutic resistance would be of scientific and clinical significance.
Methods: To identify potential genetic alterations related with OS recurrence and chemotherapeutic
resistance, the biopsies of a 20-year-old male osteosarcoma patient were collected at primary site (p-
OS) and from its metastatic tumor (m-OS) formed after 5 months of adjuvant chemotherapy. Both OS
specimens were subjected to cancer-targeted next generation sequencing (NGS) and their cell suspen-
sions were cultured under three-dimensional condition to establish spheroid therapeutic model.
Transcript-oriented Sanger sequencing for GPC3, the detected mutated gene, was performed on RNA sam-
ples of p-OS and m-OS tissues and spheroids. The effects of anti-GPC3 antibody and its combination with
cisplatin on m-OS spheroids were elucidated.
Results: NGS revealed 4 mutations (GPC3, SOX10, MDM4 and MAPK8) and 6 amplifications (MDM2,
CDK4, CCND3, RUNX2, GLI1 and FRS2) in p-OS, and 3 mutations (GPC3, SOX10 and EGF) and 10 amplifi-
cations (CDK4, CCND3, MDM2, RUNX2, GLI1, FRS2, CARD11, RAC1, SLC16A7 and PMS2) in m-OS. Among
those alterations, the mutation abundance of GPC3 was the highest (56.49%) in p-OS and showed 1.54
times increase in m-OS. GPC3 transcript-oriented Sanger sequencing confirmed the mutation at 1046
in Exon 4, and immunohistochemical staining showed increased GPC3 production in m-OS tissues and
its spheroids. EdU cell proliferation and Calcein/PI cell viability assays revealed that of the anti-OS first
line drugs (doxorubicin, cisplatin, methotrexate, ifosfamide and carboplatin), 10 lM carboplatin exerted
the best inhibitory effects on the p-OS but not the m-OS spheroids. 2 lg/mL anti-GPC3 antibody effec-
tively committed m-OS spheroids to death by itself (76.43%) or in combination with cisplatin (92.93%).
Conclusion: This study demonstrates increased abundance and up-regulated expression of mutant GPC3
in metastatic osteosarcoma and its spheroids with multidrug resistance. As GPC3-targeting therapy has
been used to treat hepatocellular carcinomas and it is also effective to OS PDSs, GPC3 would be a novel
prognostic parameter and therapeutic target of osteosarcomas.
� 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Osteosarcoma (OS) is the commonest pediatric bone-derived
malignancy with poor prognosis because of the early metastasis,
difficulty of radical tumor removal and heterogeneity toward
neoadjuvant chemotherapy [1]. According to International Child-
hood Cancer Classification (ICCCO), the 5-year survival rate of OS
patients is the second lowest in childhood malignancies, for only
69%, and adolescent for 67% [2]. Only 20% of OS patients presents
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with metastasis that is imaging detectable, while the majority of
the remaining 80% bears undetectable micro-metastases at diagno-
sis [3,4]. Surgery is still the first choice in OS treatment, and neoad-
juvant chemotherapy (NAC) is commonly used in order to shrink
the tumor mass and to kill the spreading cancer cells for facilitating
subsequent treatment [5]. Currently, NAC includes cisplatin, dox-
orubicin, high dose methotrexate and their combinations [6].
Although aggressive NAC has increased overall survival rate of
localized OS cases, the poor survival rates for OS patients with
metastasis or recurrence remains unimproved during the past dec-
ades [7] in term of less than 30% of post-relapse 5-year survival
rate [8,9]. Because of the limited success of surgical resection and
systemic chemotherapy for metastatic OS, it is necessary to explore
new molecular target(s) to improve the therapeutic outcome of OS
patients.

Large scale parallel next generation sequencing (NGS) is able to
read DNA sequence, transcriptome and epigenome information
from genome through sample preparation, cluster generation,
sequencing and data analysis [10]. With this technology, hundreds
of gene mutations have been found to be closely related to cancer
formation, of which some determine drug sensitivity and, therefore,
regarded as drug targets [11,12]. Currently, cancer-targeted NGS
has been widely used to direct personalized therapy of colorectal
[13], lung [14] and breast cancers [15,16]. In the case of osteosarco-
mas, some common gene mutations have also been detected by
NGS but lack of the drug targetable ones as those found in other
types of cancers [17] . Consequently, the clinical treatments of
osteosarcoma remain almost unchanged during the decades [17].
It would be of scientific values and clinical significance to find out
the novel genetic or epigenetic alteration(s) related to chemo-
sensitivity and secondary drug resistance of osteosarcomas. In this
context, cancer-targeted NGS performed on the paired primary and
metastatic OS may help us to identify genetic alteration(s) related
with tumor progression and drug resistance.

NGS test can reveal a large number of genetic information,
while the proportion of genetic alterations that can be used to
guide drug use is still limited at current stage [18]. For instance,
only 0.4% of tumor-related genetic variants has corresponding
FDA approved targeted drugs and another 9.6% of gene variants
might become potential therapeutic targets [18]. The situation of
OSs is even dim as none of the current targetable mutations has
been so far detected in them [19]. Moreover, the heterogeneity of
cell composition in OSs leads to even poor chemotherapeutic con-
sequence. Therefore, there is an urgent need for a new drug sensi-
tivity detection system that can select the drugs suitable for
individual OS case from the existing anti-OS agents.

Patient-derived spheroids/PDSs are cell spheroids formed by
cancer cell suspension under 3D culture condition. As PDSs largely
retain the biological characteristics of their original tumor, they are
very suitable for validation of NGS-generated genomic data, the
analyses of high-throughput drug screening and detection of the
factors related with drug response [20]. This platform is particu-
larly valuable for OSs that lack of targeted drugs and rely on
chemotherapeutic strategy. For this reason, a pair of primary and
metastatic tumors was collected from a 20-year-old OS patient,
which were undergone cancer-targeted NGS and spheroid-based
drug sensitivity assay, so as to find potential genetic markers clo-
sely related to drug sensitivity and prognosis of OSs.

2. Materials and methods

2.1. Ethical approval and consent to participate

The contents of this study were reviewed and approved by the
Research Ethics Committee of Guangdong Provincial People’s
Hospital, Guangdong Academy of Medical Sciences (No.
2

GDREC2020093A). The samples used in current study were col-
lected from the Department of Orthopaedic Oncology, Guangdong
People’s Hospital, Guangzhou, China, and thewritten informed con-
sentswere obtained from the patients and/or his immediate relative
(s) with recognized guidelines. This research project was conducted
according to the guidelines and approval of biomedical ethics.

2.2. Surgical specimens and pathological classification

The fresh specimens of a 20-year-old male OS patients were col-
lected from the primary growth site by bone puncture biopsy and
from the metastatic tumor at the time of operation 5 months after
neoadjuvant chemotherapy. The tissues obtained were separated
to several parts for three dimensional spheroid culture, the frozen
tissue section and DNA isolation, respectively. The remaining spec-
imens were formalin-fixed, paraffin- embedded and sectioned for
hematoxylin and eosin (H/E) staining. The stained slides were eval-
uated by the experienced orthopedic pathologists to confirm the
diagnosis.

2.3. Sample preparation for NGS sequencing

The surgical samples were received freshly within 2 h, which
were placed in transport medium containing advanced DMEM/F12
(Gibco, 12634010), 100 U/mL penicillin (Gibco, 10378016), 100 lg/
mL streptomycin (Gibco, 10378016) and 20lg/mL nystatin (Sangon
Biotech, 89104730). The representative part of them was incised to
prepare cell suspension for spheroid production. The remaining
sample was snap-frozen for frozen section and DNA extraction.
Genomic DNA was extracted from tumor tissue and paired blood
samples with the DNAeasy Blood and Tissue kit (Qiagen, 69504)
according to the manufacturer’s instructions. DNA sample was
quantified using the Nanodrop 2000c (Thermo Fisher, USA) and
the Qubit High Sensitivity dsDNA assay (Thermo Fisher, Q32851).

2.4. Library preparation, sequencing and data analysis

A total of 550 genes that are closely related with cancer forma-
tion and progression were selected for capture. Genomic DNA was
sheared via sonication while using an S220 focused-ultrasonicator
(Covaris, 500217, USA) to prouduce fragmented genomic DNA
(500 ng) and DNA libraries were constructed using the KAPA Hyper
Prep kit (KAPA) following the ‘‘with beads” manufacturer protocol.
DNA libraries were analyzed on TapeStation to verify correct frag-
ment size and to ensure the absence of extra bands. Samples were
quantified using KAPA qPCR quantification kit. The captured
libraries were sequenced using the Illumina Hiseq X platform with
paired-end sequencing runs (2 � 150) under Illumina recom-
mended protocols. Raw reads were checked and filtered with Fastp
with default parameters [21]. The filter reads were aligned to the
human reference genome hg19 with the BWA-MEM algorithm
[22]. Optical and PCR duplicate were marked using picard and local
realignment around indel region was performed using GATK [23].
For cases with matched normal samples, the somatic mutations
were identified using MuTect2 with default settings[24]. Copy
number aberrations were identified by cnvkit and manually anno-
tated as reference [25,26]. High quality variants were further fil-
tered by 1000 Genomes (20110521 release), ESP6500, ExAC, and
CG46 (popfreq_max_20150413), provided by ANNOVAR to remove
the potential SNP sites [27]. Annotation of variants were carried
out with ANNOVAR [27].

2.5. Spheroid culture

This experiment was conducted according to the protocol for
generating human osteosarcoma spheroids [28,29]. After three
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washes in PBS, the tumor samples were minced into small particles
(less than0.1 mm diameter) on ice. The minced tissues were incu-
bated with 1 mL TrypLE (Gibco, A1217701) for 45 min at 37 ◦C and
washed with DMEM (Gibco, 14190250) containing 500U penicillin,
500 lg/mL streptomycin and 50 lg/mL nystatin. After digestion,
the cell suspension was filtered through a 70-lm cell strainer to
remove undigested large fragments and centrifuged at an average
of 300 rpm for 5 min to pellet cells. The isolated cells were re-
suspended in a complete culture media and mixed with a 1:2 vol
of Matrigel matrix (Corning, phenol red free, 356237). 3D culture
was performed in the form of about 5000 cells/30uL droplet/well
(48-well plate). After allowing the Matrigel polymerize, complete
medium was added and the cell left at 37 ◦C and was changed
by in two-day intervals. The complete medium contains DMEM/
F12 with L-Glutamine and Sodium Bicarbonate (Gibco,
12634010), 10% fetal bovine serum (FBS, Australia, Gibco,
10099141), 100 U/mL Penicillin, 100 lg/mL Streptomycin (Gibco,
15070063), Nystatin 20 lg/mL (Sangon Biotech, 89104730), Nicoti-
namide 10 mM (Sigma, N0636), N-Acetylcysteine 1 mM (Sigma,
106425), A83-01 0.5 lM (Tocris, 909910), B-27 minus vitamin A
1x (Invitrogen, 12587010), EGF 50 ng/mL (Peprotech, AF-100–
15), RSPO1 500 ng/mL (Peprotech, 120–38), SB-202190 10 lM
(Sigma, 152121), 10 lmol/L Rock inhibitor Y-27632 (Sigma–
Aldrich, HY-10071) and 0.01 ng/mL Noggin (Medical Chemical
Express, HY-P7086). The proliferating OS tumoriods were serially
passaged every 3 weeks by dissociation with 250-500uL TrypLE
Express (Gibco, A1217701). The spheroids of this OS case keep
alive over 3 months before frozen storage for future use.

2.6. OS-spheroid-based drug sensitivity assays

Drug sensitivity assays were conducted on primary and meta-
static OS spheroids by the use of 1 lM doxorubicin/DOX (Med-
CheExpress, MCE, HY-15142) [30], 4 lM cisplatin/CDDP (MCE,
HY17394) [31], 10 lM methotrexate/MTX (MCE, HY-14519) [30],
10 lg/mL (MCE, HY-17419) ifosfamide/IFO [32] and 10 lM carbo-
platin/CBP (MCE, HY-17393) [33]. The treatments lasted for 96 h.
The second-line drugs including 10 lM palbociclib/PAL (MCE, HY-
50767) [34], 20 lM etoposide/EPEG (MCE, HY-13629) [35] and
1 lM vinorelbine/NVB (MCE, HY-12053) [36] were employed to
treat the metastatic OS spheroids. After 72-hour drug treatments,
the spheroids were incubated overnight in a medium containing
10 lM EdU (Beyotime Biotech. Inc. Shanghai, China; C0078L) per-
meable red fluorescent dye for cell proliferation test. TUNEL cell
apoptosis detection kit (Beyotime, C1088) was used to detect the
apoptotic cells in the spheroids by the methods described else-
where [37]. In parallel, cell viability and death of the experimental
groups were elucidated using a Calcein/PI cell viability detection kit
(Beyotime Biotech. Inc. China, C2015) and trypan blue viable/nonvi-
able cell discrimination assay. Briefly, the spheroids were incubated
in cell recovery solution (CRS) under 4 �C for 30 min by the end of
drug treatments. When spheroids were disassociated completely
in CRS, they were washed and enrich in PBS. The spheroids were
incubated with trypan blue or calcein/PI dye solution. Trypan
blue-stained dead and -unstained living cells in the individual
spheroids were counted under phase contrast microscope (Nikon,
Eclipse Ts2). The dead cells with PI-labeled red nuclei and the viable
cells with calcein-labeled green nuclei were counted under the flu-
orescenct microscope (Carl Zeiss, Axio Imager2). Over 50 spheroids
in each of the experimental groups were counted. The experiments
were repeated for three times to get the reliable results.

2.7. Immunohistochemical staining

By the end of experiments, the spheroids were harvested and
fixed in 4% paraformaldehyde for 60 min. The fixed spheroids
3

were re-suspended in 2% warm agarose. OTC-embedded fixed
spheroid and tissues were sliced into 5 lm sections. The frozen
tissue sections were fixed by cold acetone for 20 min. Spheroid
and tissue slices were conducted to Hematoxylin and Eosin Stain-
ing Kit (Leagene, 082A20). In parallel, immunohistochemical
staining was performed by the method descried elsewhere [38].
The rabbit anti-human GPC3 antibody (Abcam, ab174851) were
used in the dilution rates of 1:500. Color reaction was developed
by DAB Horseradish Peroxidase Color Development Kit (Beyotime,
P0203).

2.8. CD133 and GPC3 double immunofluorescent labeling

CD133 and GPC3 double immunofluorescence labeling was per-
formed on tumor tissue and spheroids. The tumor tissues and
spheroids were rinsed with PBS, and then fixed by 4%
paraformaldehyde for 60 min. After blocked with 10% goat serem
in PBS for 20 min, samples were incubated overnight at 4 �C with
rabbit anti-CD133 antibody (1:200; Bioss, 5814R) and mouse
anti-GPC3 (1:500; Cell Marque, 261 M-94). Followed by co-
incubation with Coralite488-conjugated goat anti-rabbit IgG and
Coralite594-conjugated goat anti-mouse IgG (both in 1:500;
Peprotech) at 37 �C for 1 h. Nuclei were labeled with Hoechst
33,342 and captured by fluorescence microscope (Nikon, ECLIPSE
Ni-U).

2.9. Detection of mutant GPC3 transcripts via Sanger sequencing

The high quality mRNA of fresh tissue was sliced by freezing
microtome and the slices were kept in RNA ladder. The tissues
were harvested for RNA extraction with the RNAeasy animal RNA
isolation kit with spin column (Beyotime, Shanghai, China). As
for spheroids, RNA was extracted by single cell/low input RNA
library prep kit for illumina (NEBNext, Hertfordshire, UK,
E7530L). After that, the RNA concentrations were measured by
Nanodrop 8000 (Thermo, USA). In order to detect the RNA com-
pleteness without DNA contamination, we use RNA gel elec-
trophoresis. After that, extracted RNA was reverse transcribed
into first strand cDNA using PrimeScript RT reagent kit (Takara,
RR037B). And real-time PCR were performed in triplicates using
PremixTaq (Takara, R004A) and Applied Biosystems Veriti 96-
well Thermal Cycler (Thermal, USA). The amplified DNA were also
quantified by Qubit High Sensitivity dsDNA assay. Housekeeping
gene b-actin was used for normalization. Gene specific primers
for GPC3 and b -actin were designed by Primer Express (Sangon
Biotech, Shanghai, China). The primer sequences are GPC3 50 to
30- GTCCCTTGAAGAACTTGT [39] and 30 to 50-
TAGTTCCCTTCTTCGGCTG (designed by Accurate Biology); b -actin
50 to 30- CTCCATCCTGGCCTCGCTGT and 30 to 50- GCTGTCACCTT-
CACCGTTCC [40]. 2 ll of 271 bp GPC3 PCR products from individual
experimental groups were undergone electrophoresis and the
remaining parts were subjected to Sanger sequencing. b -actin
was cited as internal qualitative and quantitative control.

2.10. Spheroid treatment with anti-GPC3 antibody

The anti-Glypican-3/GPC3 mouse monoclonal antibody was
purchased from Cell Marque (California, USA, 261 M�94) for the
use of GPC3-targeted therapy. The spheroids generated from the
primary and metastatic tumors were treated by gradient concen-
trations (0.5, 1, 1.5 and 2 lg/mL) of the antibody for 96 h. By the
end of the treatments, the spheroids were checked by EdU prolifer-
ation assay, TUNEL apoptosis assay with the methods described
elsewhere [37]. Trypan blue viable/nonviable cell discrimination
assay and Calcein/PI cell viability assay were employed to deter-
mine cell death rates of the experimental groups by the procedures
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described above. The experiments were repeated for three times to
establish confidential conclusion.

3. Results

3.1. Osteosarcoma and its post-chemotherapy metastasis

The 20-years old male patient without family cancer history
was diagnosed with osteosarcoma in Guangdong Provincial
Fig. 1. CT, MRI and morphological images of primary osteosarcoma and its met
osteosarcoma. (a) On primary, CT showed a large, well-defined irregular mass at hume
Coronal sections MRI image of the shoulder on primary and metastasis OS as upper, (a),
staining of the primary and metastatic tumors.
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People’s Hospital. Enhanced CT revealed a 15.7 cm � 11.8 cm
tumor mass with a smooth surface arising on the left humerus,
multiple round low-density shadows are seen inside. The tumor
parenchyma is unevenly strengthened, with local bone destruction
on the left scapula, and the surrounding soft tissues is swell
(Fig. 1A and 1B). The tumor was surgically removed shortly after
diagnosis. Pathological examination revealed scattered
osteoclast-like multinucleated giant cells with obvious atypia,
spindle-like phenotype and increased nuclear fraction (Fig. 1C).
astasis. (A) CT image of the shoulder in a 20-year-old man with left humerus
rus. (b) On metastasis, CT showed an invasive mass on left neck and shoulder. (B)
(b) belongs to T1 + contrast, (c), (d) are T2 weighted images. (C) HE morphological



Fig. 2. NGS detection of GPC3 mutation in the primary and metastatic osteosarcomas. (A) Representative Circos plots of the different molecular subtypes of primary
osteosarcoma and its metastatic counterpart; Cytogenetic map of chromosome X and physical map of GPC3 mutation. (B) Gene mutation sites and mutation abundance of the
primary and metastatic osteosarcomas. (a) mutation sites; (b) mutation abundance.
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Five months after neoadjuvant chemotherapy, CT and MRI showed
the absence of tumor formation at original site (left upper extrem-
ity) but a new tumor mass was observed between left shoulder and
neck, and the high-density shadow of left subclavian vein to the
superior vena cava indicated the tumor thrombus formation
(Fig. 1A and 1B). Left scapula and neck mass resection was con-
ducted and the postoperative pathological examination diagnosed
the removed tumor again as osteoblastic osteosarcoma (Fig. 1C).
The adjuvant chemotherapy was conducted using high-dose
methotrexate (MTX), cisplatin (CDDP), doxorubicin (DOX) and ifos-
famide (IFO) but failed to suppress tumor growth.

3.2. Altered somatic mutation spectrum of primary and metastatic OSs

In order to identify somatic mutations, cancer-targeted NGS
covering 550 cancer-related genes was performed on the DNA
samples prepared from the primary and metastatic OS tissues,
respectively [41]. The results revealed 10 somatic alterations
(GPC3, SOX10, MDM4, MAPK8 mutations and MDM2, CDK4,
CCND3, RUNX2, GLI1, FRS2 amplifications) in primary tumor tissue
and 13 somatic alterations (GPC3, SOX10, EGF mutations and
CDK4, CCND3, MDM2, RUNX2, GLI1, FRS2 CARD11, RAC1, SLC16A7,
PMS2 amplifications) in its metastatic counterpart, of which 3
(CDK4, CCND3 and MDM2)had clear or potential clinical signifi-
cance (Fig. 2A and 2B). The cancer tissues are microsatellite stable
(MSS) with 4 single-nucleotide variants (SNVs) in primary cancer
tissue and 3 SNVs in the metastatic one.

3.3. Increased GPC3 mutation abundance in metastatic tumors

To demonstrate the heterogeneity of this OS case, the mutation
profiles of primary and metastatic tumor specimens were analyzed
and then mutation clonal clustering were performed to aggregated
9 sub-clones (Fig. 3). For these 9 clones, we plotted the clonal evo-
lution and generated the phylogenetic tree. It was found that the
mutated clone with GPC3 take the majority (Fig. 3). GPC3 is a
member of heparan sulfate proteoglycans, which attaches to the
cell membrane and is frequently expressed in hepatocellular carci-
nomas (HCCs) as an therapeutic target. The GPC3 mutation rate is
56.49% in the primary tumor and raised to 87.06% in the metastatic
one, indicating that the tumor cells harboring mutant GPC3
became predominant in the metastatic cells (Fig. 3).

3.4. Mutant GPC3 upregulation in metastatic tumor and spheroids

To clarified whether GPC3 gene is expressed after mutation,
GPC3-oriented RT-PCR and quantitative RT-PCR/qPCR were per-
Fig. 3. Schematic diagram of osteosarcoma patient’s evolution tree. GPC3 mutation
indicating that the mutant GPC3 harboring OS cells became predominant as tumor prog
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formed on the RNA samples of primary and metastatic tumors.
RT-PCR generated 271 bp GPC3 product in primary tumor and its
spheroids, which showed 2.04 time increase in the metastatic
tumor and 1.67 time increase in the metastatic tumor-derived
spheroids (Fig. 4A); qPCR showed 2.78 time increase of GPC3
expression in the metastatic tumor and 2.92 time increase in meta-
static tumor-derived spheroids in comparison with that of their
primary counterparts (Fig. 4 B). The following Sanger sequencing
demonstrated that the GPC3 transcripts with ‘G’ to ‘A’ point muta-
tion at the position of 1046 in Exon 4 were detected in the primary
tumors and spheroids, which became abundant in the metastatic
tumor and spheroids (Fig. 4C).

3.5. Increased GPC3 production in metastatic OS cells

The histological, the biological and differentiation features of the
primary and metastatic OSs are well maintained by their spheroids
in terms of the similar phenotype, SOX9/Vimentin co-expression
[42,43] and CD133 production (Fig. 5A-D). The spheroids were
formed within 10 days and kept growth after serial passages until
frozen storage (Fig. 5B). Double immunofluorescent staining
revealed that the OS specific marker SOX9 (green-labeled) is
labeled in the nuclei and vimentin (red-labeled) is labeled on the
membrane of primary and metastatic OS tumors and their spher-
oids (Fig. 5C). Immunofluorescent staining also showed that GPC3
was detectable in the cytoplasm and membrane of primary OS
tumor and spheroids, and became intensified in their metastatic
counterparts (Fig. 5D). At the same time, the green-labeled CD133
and the red-labeled GPC3were detected in the primary and became
strong positive in the metastatic OS tissue and spheroids (Fig. 5D).

3.6. Distinct response of p-PDS and m-PDS to chemotherapy

Tumor spheroids derived from the primary (p-PDS) and metas-
tatis osteosarcoma specimens (m-PDS) were subjected to drug sen-
sitivity test, using 4 first line anti-osteosarcoma drugs (doxorubicin/
DOX, cisplatin/CDDP, methotrexate/M, ifosfamide/I) and carbo-
platin/CBP. The results revealed that those drugs exerted inhibitory
effects on the primary osteosarcoma spheroids, ofwhich CBP caused
94.36%, ifosfamide caused 86.15%, CDDP caused 79.79%, doxoru-
bicin caused 75.1% and methotrexate caused 53.73% of cell death
after eliminating natural mortality (Fig. 6A and 6C). The response
of metastatic spheroids to those drugs became poor in terms of
55.14% of cell death in doxorubicin-treated, 41.5% in ifosfamide-
treated, 39.26% in CBP-treated, 32.13% in methotrexate-treated
group and 20.45% in CDDP-treated group when natural cell death
were eliminated (Fig. 6B and 6C).
abundance was 56.49% in the primary tumor and 87.06% in the metastatic one,
ression.



Fig. 4. Increased abundance of GPC3 mutation in the metastatic osteosarcoma. (A) Reverse transcription polymerase chain reaction detected GPC3 expression and Gray
value analysis of GPC3 expression between the primary andmetastatic OS tissue and their spheroids. (B) qPCR quantification of GPC3 expression in primary and metastatic OS
tissues and spheroids. (C) Sanger sequencing analysis of GPC3 transcripts demonstrated G to A mutation in Exon 4.
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Fig. 5. Morphology and GPC3 expression of primary and metastatic osteosarcoma tissues and their spheroids. (A) H&E staining of primary and metastatic OS tissue
under different magnification. (B) Bright field and HE demonstration of primary and metastatic OS tissues and their spheroids (X 20). (C) SOX9 (green) and vimentin (red); (D)
GPC3 (green) and CD133 (red) immunofluorescence imaging of the primary and metastatic tumors and their spheroids (X10). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Drug response of patient-derived OS spheroids of the primary and metastatic tumors. EdU proliferation and Calcein /PI cell viability assays performed on the
primary (A, C) and the metastatic spheroids (B, D) after 96 h drug treatments. (-: negative control; +: positive control; DOX: doxorubicin; CBP: carboplatin; CDDP: cisplatin;
IFO: ifosfamide; MTX: methotrexate; PAL: palbociclib; EPEG: etoposide; NVB: vinorelbine.)
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3.7. Suppression of PDSs by GPC3-targeted therapy

The targeted-therapy with anti-GPC3 antibody (GPC3-Ab) has
been used in multiple cancer clinical trial [44]. GPC3-positive
metastatic OS spheroids (m-OS spheroids) were treated by GPC3-
Ab in the doses of 0, 0.5, 1 and 2 lg/mL respectively and then by
1 lg/mL GPC3-Ab and 4 lM cisplatin combination. EdU cell prolif-
eration test and TUNEL assay showed that GPC3-Ab caused growth
suppression and apoptosis of m-OS spheroids in dose-related fash-
ion (Fig. 7A). The results of Calcein-PI cell viability assay were con-
sistent with the above findings (Fig. 7B 7C). The m-OS spheroids
were resistant to 4 lM cisplatin but 92.93% of their cells died of
apoptosis after 96 h of 1 lg/mL GPC3-Ab/4 lM cisplatin treatment
(Fig. 7C).

4. Discussion

Osteosarcoma (OS) is the most common primary bone malig-
nancy, of which 53% occurs among children and adolescents [46].
It therefore seriously affects the physical and mental health, life
quality and even life of this young group [47]. Surgery is the main
treatment for osteosarcoma, while the survival rate of osteosar-
coma patients with surgery alone is only 15% � 17% [48]. The
application of high-dose methotrexate, doxorubicin, cisplatin and
ifosfamide as neoadjuvant chemotherapy (NAC) increased the
patients’ survival rate by 3 times [49], but the patients suffered
from a series of adverse reactions during and after treatment.
Moreover, some OS patients bear small metastases at the time of
diagnosis, whose prognosis is even worse [50]. This situation is also
hold true in the case reported here. The 20-year-old male patient
was diagnosed with osteosarcoma of the left upper limb. 5 months
after neoadjuvant chemotherapy and surgery, the second tumor
appeared at shoulder and neck. Pathological examination con-
firmed that the primary and secondary tumor shared similar
9

histopathological phenotype of osteosarcoma. Because conven-
tional anticancer drugs had been used in NAC and postoperative
chemotherapy, the recurrent tumor would process the capacity
of multidrug resistance. Therefore, it is necessary to analyze the
genomic features of the recurrent or metastatic tumors and com-
pare with that of its primary counterpart. To explore the internal
mechanism leading to drug resistance and to find potential target
(s) for the treatment of osteosarcoma, the patient-derived spher-
oids would be required to conduct drug sensitivity assay and to
evaluate the difference of chemo-sensitivity between the primary
and metastatic tumors.

Cancer-targeted NGS (Ct-NGS) sequencing is able to discover
genetic alterations closely related to cancer formation and pro-
gression, and to provide evidence and important clues for individ-
ualized anticancer therapy [51]. Therefore, Ct-NGS covering 550
cancer-related genes was performed on the primary and recurrent
tumor tissues as the first experimental step [41]. The results
revealed 10 somatic mutations and 6 germline mutations in pri-
mary tumors, including GPC3, SOX10, MDM4 and MAPK8 mis-
sense mutations. In the case of the metastatic tumor, only an
additional EGF missense mutation with the mutation abundance
of 1.33% was detected. It should be noted that the mutation abun-
dances of GPC3 and SOX10 were the highest in primary one, and
the former increased from 56.49% to 87.06% (1.54 times) and the
latter increased from 21.9% to 29.86% (1.36 times) in the recur-
rent tumors, while MDM4 and MAPK8 became no more detect-
able in the metastatic tumor. The above evidence suggests that
the distinct increase of GPC3 mutation abundance in the meta-
static OS cells is a nonrandom event with certain biological
significance.

Currently, the association of SOX10 [52], MDM4 [53], MAPK8
[54], MDM2 [55], CDK4 [56], CCND3 [57], Runx2 [58], Gli1 [59],
FRS2 mutation [55] with osteosarcoma formation has been docu-
mented, while no report is so far available concerning GPC3 muta-



Fig. 7. GPC3 targeted therapy performed on metastatic OS spheroids. (A) Apoptosis and proliferation of m-OS spheroids labeled by TUNEL and EdU under anti-GPC3-
antibody (GPC3-Ab) treatment. (B) Cell death rate of m-OS spheroids treated by gradient GPC3-Ab, 4 lM cisplatin. and GPC3-Ab/cisplatin. combination. *, p = 0.013 in
comparison with normal culture group; **, p = 0.00046, 0.00049, 0.00026, in comparison with normal culture group; #, p = 8.44x10-5 in comparison with in comparison with
2.0 lg/mL GPC-Ab treated group.
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tion and expression in osteosarcomas especially those with metas-
tasis and/or multidrug resistance. It has been found that GPC3 is an
oncofetal protein expressed in 72% of hepatocellular carcinomas
[60] and 97% in hepatoblastomas [59]. Because GPC3 is absent in
normal liver tissues as well as the benign liver diseases such as
liver cirrhosis and fatty liver , it has regarded as a target for
targeted-therapy of hepatocellular carcinoma [60], and GPC3-
targeting therapy has been proved effective in clinical practice
[61]. Additionally, high frequency of GPC3 expression was also
found in Wilms tumor (58%), malignant rhabdomyosarcoma
(65%), germ cell tumor (99%) and other solid embryonic tumors
[62], implicating its favorable role(s) in childhood cancer forma-
10
tion. To ascertain the expression of mutant GPC3 in the primary
and metastatic osteosarcomas, transcriptome-based Sanger
sequencing was conducted, which showed that mutant GPC3 gene
was transcribed in primary tumor and in higher levels in its meta-
static tissue and spheroids. It is thus the first report about GPC3
mutation and expression in osteosarcoma, and its significant up-
regulation in metastatic osteosarcoma. These findings indicate that
this genetic alteration may be related to the aggressive behavior of
osteosarcoma and the prognosis of patients. In view of the onco-
genic effect of GPC3 and the promising application of anti-GPC3
therapy in liver cancer and other tumors, it is reasonable to spec-
ulate that GPC3 may be a potential therapeutic target for osteosar-
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comas, and the targeted anti-GPC3 drugs used in other types of
cancers may be also applicable for the osteosarcomas with GPC3
mutation and/or expression.

Patient-derived tumor spheroids (PDSs) are 3D cultures of can-
cer cells derived from an individual patient. Because PDSs well
maintain the basic biological features of their original tumors, they
have been widely used in translational oncology research including
the PDS-based prediction of chemo-sensitivity for personalized
treatment [63–65]. Recently, the spheroids of established OS cell
lines and the pulmonary metastasis of an OS case were successfully
cultured [43,44], while the PDSs prepared from original osteosar-
coma and bone metastasis remain unavailable. In this study, a pair
of primary and bone metastatic PDSs was successfully cultured
using the tumor samples of the same OS patient, and drug sensitiv-
ity assay was performed on them. The results revealed that pri-
mary PDSs were sensitive to the first line anti-OS drugs in the
order of carboplatin, ifosfamide, doxorubicin/carboplatin combina-
tion and cisplatin, while the metastatic PDSs became tolerable to
all of those drugs especially to cisplatin. These results suggest that
the metastatic spheroids with the increase of GPC3 mutation abun-
dance (87.06%) acquired the ability of multidrug resistance. RT-PCR
and immunofluorescent labeling further demonstrate significant
upregulation of GPC3 expression in metastatic tumor (2.04�) and
its spheroids (1.67�) in comparison with that of their primary
counterparts. For these reasons, we assumed that GPC3 mutation
and upregulation may be responsible for the poor drug response
and therefore bone metastasis. Given lack of molecular therapeutic
target of OS patients, it would be of therapeutic value if the PDSs,
especially the m-OS one of this patient are committed to death by
anti-GPC3 approach.

Monoclonal antibody therapy against GPC3 has been used in the
clinical treatment of HCCs [45,66,67]. In order to explore the pos-
sible application of this therapy to GPC3 + osteosarcoma, four con-
centrations of GPC3 monoclonal antibodies (0.5, 1, 1.5 and 2 lg/
mL) were used to incubate with the spheroids derived from this
multidrug-resistant metastatic OS case. The results showed that
the GPC3 antibody effectively inhibited the growth of spheroids
and induced apoptosis in a dose-related manner. According to
the data of clinical treatment of hepatocellular carcinomas, the
anti-GPC3 antibody can sensitize HCC cells to conventional anti-
cancer agents including cisplatin [19]. Because the spheroids of
this metastatic OS exhibited strongest acquired resistance to cis-
platin in comparison with its response to other drugs, they were
treated by anti-GPC3 antibody and cisplatin combination. It was
found that neither the low dose of anti-GPC3 antibody (1 lg/mL)
nor 4 lM cisplatin exerted obvious inhibitory effect on the spher-
oid but their combination caused remarkable cell death (92.93%).
These results thus suggest 1) that GPC3 may be an important factor
leading to drug resistance and recurrence in this patient and 2) that
GPC3-targeted therapy may be applicable to GPC3-positive OS
cases by itself or in combination with other anticancer drugs.
Unlike the situation in most human malignancies, no usable
genetic alteration has been so far available for targeted osteosar-
coma therapy [17]. The findings of this study thus indicate that
GPC3 mutation and expression may be the potential therapeutic
target of osteosarcomas. Investigation of the generality of OS
GPC3 mutation and/or expression in a large panel of OS cases
and the therapeutic consequence of mutant or wild type GPC3
inhibition will further support this notion.

Taken together, this study demonstrated for the first time GPC3
mutation in a primary osteosarcoma and the increased abundance
and upregulation of mutant GPC3 in its metastatic tumor/-
spheroids with multidrug resistance. Blockage of GPC3 function
with anti-GPC3 antibody efficiently led osteosarcoma spheroids
to apoptosis and improved the therapeutic efficacy of cisplatin.
Because GPC3-targeting therapy has been used to treat hepatocel-
11
lular carcinomas and it is also effective to the OS spheroids with
multidrug resistance, GPC3-targeting therapy would be a novel
approach for better management of osteosarcomas. To further sup-
port this notion, we will profile the frequency and expression pat-
terns of GPC3 in sufficient cases of osteosarcomas.
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