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HIGHLIGHTS

o We investigated the genomic characteristics of our established novel organoids from human MGCTs.
e Our novel organoid model was genetically confirmed to be a malignant transformed tumor.
e Our organoid model could be used to elucidate the molecular pathogenesis of a MGCT and develop novel treatment modalities.

ARTICLE INFO ABSTRACT

Keywords: Malignant giant-cell tumors are extremely rare bone sarcomas that transform from conventional giant-cell tu-
Malignént giant-cell tumor mors during long periods of treatment. Owing to their rarity, no further analysis of their molecular pathogenesis
Organoid exists, and thus, no standard treatment has been established. Recently, organoid culture methods have been
g:z:gs:fctomas highlighted for recapturing the tumor microenvironment, and we have applied the culture methods and suc-
H3-3A G34W mutation ceeded in establishing patient-derived organoids (PDO) of rare sarcomas. This study aimed to investigate the
genomic characteristics of our established novel organoids from human malignant giant-cell tumors. At our
institute, we treated a patient with malignant giant-cell tumor. The remaining sarcoma specimens after surgical
resection were cultured according to the air-liquid interface organoid-culture method. Organoids were xeno-
grafted into NOD-scid IL2Rgnull mice. The developed tumors were histologically and genomically analyzed to
compare their characteristics with those of the original tumors. Genetic changes over time throughout treatment
were analyzed, and the genomic status of the established organoid was confirmed. Organoids from malignant
giant-cell tumors could be serially maintained using air-liquid interface organoid-culture methods. The tumors
developed in xenografted NOD-scid IL2Rgnull mice. After several repetitions of the process, a patient-derived
organoid line from the malignant giant-cell tumor was established. Immunohistochemical analyses and next-
generation sequencing revealed that the established organoids lacked the H3-3A G34W mutation. The xeno-
grafted organoids of the malignant giant-cell tumor had phenotypes histologically and genetically similar to
those of the original tumor. The established organoids were confirmed to be derived from human malignant
giant-cell tumors. In summary, the present study demonstrated a novel organoid model of a malignant giant-cell
tumor that was genetically confirmed to be a malignant transformed tumor. Our organoid model could be used to
elucidate the molecular pathogenesis of a malignant giant-cell tumor and develop novel treatment modalities.
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1. Introduction

Giant-cell tumor of the bone (GCTB) comprises 5% of all primary
bone tumors [1-3]. Although GCTB shows local aggressiveness, it rarely
metastasizes to the lungs [4]. Malignant giant-cell tumor (MGCT) is
defined as a malignancy occurring from a GCTB with malignant trans-
formation [5-7]. MGCTs can be primary (i.e., those consisting of con-
ventional GCTB and sarcoma components at presentation) or secondary
(i.e., those that occur subsequent to conventional GCTB), and most
MGCTs are secondary [5,6]. Malignant transformation in GCTB is rare,
occurring only in 2-9% of patients within > 5 years [7-10]. It is unclear
whether such malignant transformation is caused by repeated surgery,
radiation, or denosumab, an anti-receptor activator of nuclear factor-
kappa B ligand (RANKL) human monoclonal antibody [11-14].

Although the standard treatment for GCTB is surgical resection with
bone curettage or resection, no standard or effective treatment for
MGCT has been identified [6,10,12]. MGCTs typically present as high-
grade tumors and histologically appear as undifferentiated pleomor-
phic sarcoma, osteosarcoma, or fibrosarcoma; thus, perioperative
chemotherapy is often administered. Particularly, regimens for osteo-
sarcoma, in combination with surgical resection with wide margins, are
used for MGCTs demonstrating an osteosarcoma phenotype. However,
the efficacy of these regimens is still unclear, and patients have poor
prognoses [10]. Novel treatment modalities for MGCT based on its
molecular pathogenesis and sarcoma mechanisms are required to
improve prognosis.

Genetically, over 90% of GCTB cases have characteristic point mu-
tations at the G34 position of H3-3A, encoding histone H3.3, leading to
the substitution of glycine by tryptophan (G34W) [15,16]. H3-3A is a
histone variant encoding histone H3.3. H3.3 has an essential function in
maintaining genome integrity in development and the cell cycle incor-
porated in chromatin. Mutations in H3-3A are also associated with
various tumors aside from GCTB, including pediatric glioblastoma
(K27M) and pediatric diffuse pontine glioma (K27M) [17,18]. In addi-
tion, chondroblastoma has a point mutation at the position of H3F3B
(K36M), also encoding H3.3 [15,19]. Some MGCTs have an H3-3A
G34W mutation, while others do not. Yoshida et al. demonstrated that
an H3-3A G34W-negative component had an H3-3A copy-number
deletion, whereas an H3-3A G34W-positive component had an intact
H3-3A copy number; a subset of MGCTs had no H3-3A mutation [20].
Ishihara et al. also reported that TP53 mutations may play a role in the
malignant transformation of GCTB through interactions with dysfunc-
tion of histone methylation as evidenced by H3K27me3 loss [21].
However, the genetic mechanisms underlying the malignant trans-
formation of GCTB are not clearly understood.

Thus, this study aimed to investigate the genetic changes throughout
the course of treatment in MGCT. Moreover, we established a patient-
derived organoid and organoid-derived xenograft (ODX) model from
the MGCT and genetically defined that the established organoid line was
a malignant transformed GCTB.

2. Materials and methods
2.1. Patient (OICI-MGCT-0876)

A 41-year-old Japanese man experienced a painful left knee 3
months before his presentation to our institute. Magnetic resonance
imaging (MRI) revealed a bone tumor in the left distal femur, and he was
referred to our hospital. The patient underwent lesion curettage and
artificial bone grafting, and pathological examination revealed that the
tumor was a GCTB (Fig. 1A, B and Fig. 2A, B). At the 10th year of follow-
up, radiography revealed a relapse, and denosumab therapy was started.
MRI at 1 year and 2 months after treatment initiation showed that the
tumor had hardened, and thus, denosumab treatment was terminated.
However, MRI at 2 years and 6 months after treatment termination
showed recurrence. Denosumab was started again, and lesion curettage
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and bone cement filling were performed 3 months later (Fig. 1A and C).
Immunohistochemistry showed partial H3.3 G34W positivity, but
microscopic examination revealed proliferating nests of atypical cells
with pleomorphism (Fig. 2A and B).

Meanwhile, malignant cells tested negative for H3.3 G34W.
Chemotherapy with doxorubicin, cisplatin, and a high dose of ifosfa-
mide, which is a regimen against osteosarcoma [22], was administered.
After four courses of chemotherapy, preoperative MRI showed a marked
increase in tumor size and extraosseous extension. The patient under-
went surgical resection with wide margins and arthroplasty, and we
developed MGCT organoids from tumor samples (T3) (Fig. 1A and D).
Microscopic examination revealed no evidence of a conventional GCTB
image, and 60% of tumor cells were necrotic. Immunohistochemical
analysis indicated negative results for H3.3 G34W (Fig. 2A and B). One
month later, computed tomography (CT) revealed multiple distant me-
tastases in the left inguinal region, liver, and lungs (Fig. 1A and E). The
patient was treated with a combination of gemcitabine and docetaxel,
but metastases in the liver and lungs increased in size. The tumor also
did not respond to pazopanib treatment. The patient died of the disease
1 year after the diagnosis of MGCT.

2.2. Culture medium

The organoid culture medium was used as previously described [23].
Briefly, the basal medium consisted of Advanced Dulbecco’s Modified
Eagle’s medium (DMEM)/F12 (Thermo Fisher Scientific) supplemented
with HEPES (10 mM, Thermo Fisher Scientific), GlutaMAX (1x, Thermo
Fisher Scientific), and penicillin-streptomycin-glutamine (1x, Thermo
Fisher Scientific). The organoid culture medium consisted of basal me-
dium supplemented with nicotinamide (10 mM, Sigma-Aldrich, St.
Louis, MO, USA), N-acetylcysteine (1 mM, Wako), A-83-01 (500 nM,
Wako), B-27 (1x, Gibco), recombinant human EGF (50 ng/mL, Sigma),
gastrin I human (10 nM, Peprotech), recombinant human Noggin (100
ng/mL, Peprotech), recombinant human R-spondin 1 protein (500 ng/
mL, R&D Systems), SB-202190 (10 pM, ChemScene), and 10% Afamin/
Wnt3a CM (MBL).

2.3. Air-liquid interface organoid cultures

Primary MGCTs were obtained from the remaining surgically
resected tissue (100-500 mg) as previously described [23]. Briefly, after
four washes of the tumor tissues with ice-cold phosphate-buffered sa-
line, the cells were minced with sterilized scissors and placed on a 60-
mm dish for 15 min at room temperature (25 °C). The collected cells
were suspended in DMEM (GIBCO, Grand Island, NY, USA) and incu-
bated with 50 pg/ml of Liberase TH (Sigma-Aldrich) for 15 min at 37 °C.
The supernatant was discarded, and the cells were incubated in 5 mL
fetal bovine serum (Sigma) at 37°C for 15 min to inactivate Liberase TH.
The cells were suspended in 40 mL DMEM and passed through a 1000-
pm cell strainer (pluriStrainer, pluriSelect Life Science UG & Co.KG) to
remove debris.

After washing with the basal medium, the prepared cells (5 x 10°-1
x 10%) were suspended in the upper layer of the prepared collagen, and
an organoid culture medium (1.5 mL) was added. The organoids were
cultured at 37 °C in 95% air, 5% CO», and 100% humidity. The organoid
culture medium was changed every 3 days. The collagen gel matrix
(Cellmatrix type I-A, Nitta Gelatin Inc.) and culture dish were prepared
according to the protocol of the organoid culture procedure as previ-
ously described [23]. After transferring the upper and bottom layers of
collagen with organoids and mincing them, organoid culture was per-
formed in the same manner as that for primary air-liquid interface ALI
organoid cultures mentioned above. The minced organoids obtained
during the passage were frozen in Stem Cell Banker (Amsbio ZENOAQ,
11890) and stored in a —80°C freezer until use. When we thawed the
stored organoid for use, their viability was about 60-80%.
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Fig. 1. MGCT in the left thigh of a 41-year-old man. (A) Clinical course. The treatment period is indicated with the black arrow; change in pathological diagnosis,
blue and red bars. The white triangle shows the various clinical events, including surgery, progression of disease, and outcome. The colored pentagon indicates
chemotherapies. DOX; doxorubicin, CDDP; cisplatin, HD-IFM; high-dose ifosfamide, Gem; gemcitabine, Doc; docetaxel. The organoids were established from the
sample of 3rd surgery (T3). (B-E) Clinical images, including X-ray photograph (Xp), magnetic resonance imaging (MRI), and computed tomography (CT) at each time
point. T1-4 indicates the time points 1-4, as shown in Fig. 1B-E and Fig. 2A-B. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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2.4. Establishment of novel patient-derived organoid and ODX from an
MGCT

After several serial passages with ALI organoid cultures, the cultured
cells were xenografted into 6-week-old NOD-scid IL2Rgnull mice. The
developed tumor was resected from the mouse, and the same tissue
preparation steps, as described above, were performed. The ALI orga-
noid culture was repeated for serial passages and xenografts in the NOD-
scid IL2Rgnull mice. When the tumor developed, patient-derived orga-
noids and ODX were established using the MGCTs. Mouse experiments
were performed as previously described [23].

2.5. RNA and DNA isolation

Total RNA was extracted using the RNeasy Plus Universal Mini Kit
(Qiagen) and RNeasy Mini Kit (Qiagen) according to the manufacturer’s
protocol. The purity was determined to be A260/A280 ratio above 2.0
for RNA. Total DNA from the original MGCT and the developed tumor
was extracted using the DNeasy Blood & Tissue Kit (Qiagen) according
to the manufacturer’s protocol. The total DNA from the formalin-fixed
paraffin-embedded (FFPE) tissue samples was extracted using the
QIAamp DNA FFPE tissue kit (QIAGEN, Hilden, Germany) according to
the manufacturer’s protocol.

2.6. Immunohistochemistry

Immunohistochemical studies were performed to clarify whether the
phenotypes of the cultured organoids and the developed tumors
matched those of the original tumors. The tumor and organoid speci-
mens were fixed in 10% neutral buffered formalin, embedded in
paraffin, sectioned into 4-pm thickness, and stained with hematoxylin
and eosin. Paraffin-embedded sections were deparaffinized and dehy-
drated. The antigens were retrieved at 95 °C for 15 min in pH 6.0 citric
acid buffer. After blocking endogenous peroxidase activity for 15 min
with 3% hydrogen peroxide solution, the sections were incubated for 1 h
with 2.5% normal horse serum at room temperature to prevent
nonspecific binding.
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Next, the sections were incubated overnight with a primary antibody
in a blocking solution at 4 °C. After washing with phosphate-buffered
saline, the slides were incubated with ImmPress horseradish peroxi-
dase anti-rabbit immunoglobulin G peroxidase polymer secondary
(Vector Laboratories) for 30 min, followed by DAB staining (Peroxidase
Stain DAB Kit, Nacalai) until the appropriate stain intensity developed
(1-2 min). The slides were washed and counterstained with Gill No. 3
hematoxylin (Sigma-Aldrich) for 45 s. As a negative control, staining
was performed in the absence of primary antibodies. The histological
analyses were performed by a pathologist at our institute. Primary an-
tibodies against Anti-Histone H3.3 (mutated G34W, rabbit monoclonal,
clone RM307, dilution 1:2000; RevMADb Biosciences) were used.

2.7. Organoid proliferation assay

An organoid proliferation assay was performed as previously
described [23]. Briefly, cell suspensions from cultured MGCT organoids
were prepared according to ALI organoid-culture procedures. The
collagen gel matrix was prepared according to an organoid-culture
procedure. Millicell culture plate inserts (PICM 01250, Millicell-CM,
Millipore) were placed in a 24-well culture plate (Thermo Fisher Sci-
entific) to prepare the culture dish. To form the bottom layer, 150 pL of
prepared reconstituted collagen solution was added to the inserts under
sterile conditions. At 30 min after incubation for solidification at 37 °C,
the prepared cells (1 x 10°5 cells/well) were counted and collected.
They were then cultured in the upper layer of the prepared 150 pL of
collagen with 200 pL of organoid culture medium at 37 °C with 95% air,
5% CO2, and 100% humidity for 72 h.

3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide
(MTT) assays were used to detect live organoids 72 h after treatment
with doxorubicin (Wako) at concentrations of 0.15-1.5 pM or ever-
olimus (Wako) at concentrations of 10-1000 nM. Everolimus is a clini-
cally used mammalian target of rapamycin (mTOR) inhibitor and was
selected in the current study from among targets based on genomic
analysis in the MGCT case. Live organoids were detected by adding 100
pL of 5 mg/mL MTT solution in phosphate-buffered saline and incu-
bating for 4 h. In this method, only live organoids could be detected as
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Fig. 2. Histological appearance of the original tumor. (A) Hematoxylin & eosin staining of original tumors at each time point. (B) Immunohistochemical reactivity
against H3.3 G34W antibody in the original tumor at each time point. Scale bar: 100 pm. In T2, H3.3 G34W positive and negative lesions were separately

demonstrated.
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blue spots, and the spot areas were counted using ImageJ according to
the manufacturer’s protocol.

Cell viability was also evaluated with the CellTiter-Glo® 3D ac-
cording to the manufacturer’s protocol for experiments of growth curve
and drug treatment of everolimus.

2.8. RNAseq analysis

The total RNA was sent to Seibutsu Giken Inc. (Kanagawa, Japan) for
next-generation sequencing. RNA sample concentrations were measured
using a Quantus Fluorometer and Quanti Fluor RNA System (Promega).
RNA quality was checked using a 5200 Fragment Analyzer System and
Agilent HS RNA Kit (Agilent Technologies). The next-generation
sequencing library was prepared using the MGIEasy RNA Directional
Library Prep Set (MGI Tech Co., Ltd.), according to the manufacturer’s
protocol. Library concentrations were measured using the Synergy LX
and Quanti Fluor dsDNA systems, while library quality was checked
using a Fragment Analyzer and dsDNA915ReagentKit (Advanced
Analytical Technologies). Circular DNA was prepared from the library
using the MGIEasy Circularization Kit (MGI Tech Co., Ltd.).

DNA nanoballs (DNB) were made with DNBSEQG 400 RS high-
throughput sequencing kit (MGI Tech Co Ltd) according to the manu-
facturer’s protocol. Sequencing was performed using DNBSEQ-G400 for
at least 2 x 100 bp read. Adapters and primers from the delivered
FASTQ files were removed using Cutadapt (ver. 1.9.1). Short-read se-
quences (under 20) and low-quality score reads (<40) were removed
using a sickle (ver. 1.33). HISAT2 (ver. 2.2.1) was used to read the
alignment and map the GRCh38 reference genomes. After reading and
writing the alignment data in SAM and BAM formats using SAMtools,
the data were sorted and indexed. Read counts per gene were obtained
using featureCounts (ver. 2.0.0). The relative expression level of each
gene was normalized to the reads per kilobase million and transcripts
per million. The genetic characteristics and transcriptome profiles were
analyzed and visualized using iDEP and RaNA-seq [24,25].

2.9. Whole-exome sequencing analysis

The total DNA of the tumor samples and matched normal tissue was
sent to Rhelixa (Tokyo, Japan) for whole-exome sequencing. The con-
centrations and quality of the DNA samples were measured using Qubit
and gel electrophoresis. Sequencing was performed using target capture
with an Agilent SureSelect V6 58 M. Raw sequence data were generated
using Illumina NovaSeq 6000 sequencers. Quality checks of the library
were performed using the FastQC software. After trimming the
sequencing data with Trimmomatic software (ILLUMINACLIP 2:30:10),
sequencing data were mapped to the reference genome using BWA
software. Deduplication reads were excluded, and an interval list
defining the area of the exome kit target was created using Picard
software. Base scores of the generated BAM files were corrected, and
small polymorphisms were extracted using GATK (BaseRecalibrator and
ApplyBSQR).

Somatic mutations between tumor samples and paired normal tissues
were identified using GATK (Mutect2). Information on the obtained
single-nucleotide variant, including genotype and amino acid, was an-
notated and integrated into the variant call format file. The variant allele
frequency (VAF) was calculated using the following formula: alteration
reads / (alteration reads -+ reference reads). The candidate mutations in
a sample were listed according to the following criteria: (i) number of
detections among the samples > 2, (ii) > 50 variant reads in the sample,
(iii) VAF in the sample > 0.1, and (iv) putative impact annotated as high
or moderate with mutations in the protein-coding region. Copy number
variation between normal tissue and tumor samples was analyzed using
the CNVKit.
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2.10. Statistical analysis

Data were analyzed using Student’s t-test. All statistical analyses
were performed using Excel (Microsoft, Inc, Redmond, Washington).
Statistical significance was set at P < 0.05.

3. Results

3.1. Establishment of a novel organoid line from human MGCT (OICI-
MGCT-0876)

The organoids grew steadily over time during serial passages and
their viability increased by approximately 2.5-fold in 72 h (Fig. 3A and
B). The size of the MGCT organoids increased in a short period, the
organoid morphology was distorted, and dendritic morphology growing
from the organoid surface was observed (Fig. 3C). On culturing for >2
weeks, some organoids aggregated and could not be easily broken dur-
ing the pipetting phase of the passage procedures, indicating strong
cell-cell adhesion in the organoids (Fig. 3D). MGCT organoids were
repeatedly xenografted in mice, and tumors developed within 30-60
days. These tumors demonstrated a pleomorphic histological appear-
ance resembling that of the original tumor under hematoxylin and eosin
staining (Fig. 3A and E). Immunohistochemical analysis of the xeno-
grafted tumor was negative for H3.3 G34W (Fig. 3E). This indicated that
OICI-MGCT-0876 had high tumorigenesis and retained its original
characteristics.

3.2. Genetic changes and characteristics of OICI-MGCT-0876

Fifteen of 26 (57.7%) mutations in the selected genes, including
oncogenic mutations of TP53 and TSC2, were more enriched in MGCT
than in GCTB (Fig. 4A and Table S1). Almost all of these mutations,
including TP53 and TSC2, were detected in the established MGCT
organoids, indicating that the characteristics of genomic alterations
were preserved to some extent in these organoids (Fig. 4A). Copy
number alterations were more frequent in MGCT than in GCTB, indi-
cating that MGCT had higher genomic instability (Fig. 4B). In addition,
the H3-3A mutation was detected in GCTB but not in MGCT and ODX
(Fig. 4A). Copy number analysis also indicated that the chromosomal
region, including H3-3A, was lost (Fig. 4B). The H3-3A mutation
(G34W) was absent in MGCT through malignant transformation because
the mutated chromosomal region, including H3-3A, might be deleted
owing to genomic instability (Fig. 4C).

3.3. Transcriptome profiling in OICI-MGCT-0876

The heatmap, correlation matrix, scatter plot, and principal
component analysis of the gene expression of each sample are shown in
Fig. 5A-C, Supplemental Figs. S1-S3, and Table S2. The gene-expression
profiles of the normal tissue did not correlate with those of the original
GCTB, MGCT, PDO or ODX (Supplementary Fig. S1). The gene profiles of
GCTB showed moderate correlations with those of MGCT, PDO and
ODX. Meanwhile, the gene profiles of MGCT and ODX were strongly
correlated. These results suggested that the gene expression signatures
of OICI-MGCT-0876 tumors were almost identical to those of primary
MGCT tumors. In addition, gene expression signatures were enriched
through the malignant transformation from GCTB to MGCT. Tran-
scriptome analysis showed that 4466 and 641, 6746 and 595, and 5336
and 715 genes were upregulated and downregulated in MGCT, ODXs
and PDOs, respectively, compared to the normal tissue at fold changes
>2 (Fig. 5D and Tables S3-S5).

CD44 is involved in cancer stem cells and plays a role in cancer
development and progression [26,27]. TWIST is involved in metastasis,
chemoresistance, and epithelial-mesenchymal transition [28,29]. CD44
and TWIST expression was markedly high in tumors and ODX (Fig. 5D).
Enrichment analysis showed that the mTOR and TP53 pathways were
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Fig. 3. Establishment of PDO and ODX models of OICI-MGCT-0876. (A) Morphology of OICI-MGCT-0876 organoids under ALI organoid culture by phase-contrast
microscopy (left). Developed tumors on NSG mice of ODX from PDO of OICI-MGCT-0876 (middle and right). (B) Growth curve of PDO from day O to day 4. Cell
viability was demonstrated with relative luminescence. (C) Images of growing organoid of OICI-MGCT-0876 at days 6, 11, and 19. Scale bar: 200 pm. (D) Organoid
images of OICI-MGCT-0876 in long periods of culture. Scale bar: 500 pm. (E) Hematoxylin & eosin staining (left) and immunohistochemical reactivity against H3.3

G34W antibody in xenografted tumor of OICI-MGCT-0876. Scale bar: 100 pm.

activated in MGCT and ODX (Supplementary Fig. S4A). The results of
Kmeans enrichment analyses for functional and ontological character-
ization of genes are shown in Supplementary Fig. S4B and Tables S6 and
S7. Gene expression was clustered into four groups, and cluster B was
enriched in both the original MGCT, ODXs and PODs. In this cluster, 283
genes and 15 biological pathways were identified, including the TP53
signaling pathway (5 genes) and the PI3K-Akt signaling pathway (14
genes). In addition, almost osteoblastic and osteoclastic markers were
high in GCTB but not in MGCT, ODXs and PDOs (Supplementary
Fig. S5).

With respect to response to chemotherapy and genome-based tar-
geted therapy for MGCT, organoid proliferation assay in OICI-MGCT-
0876 indicated that doxorubicin showed little antitumor efficacy for
MGCT, despite it being the first-line drug for sarcomas. In addition,
0.15-1.5 pM doxorubicin and 10-1000 nM everolimus did not effec-
tively suppress the organoid growth of OICI-MGCT-0876 (Supplemen-
tary Fig. S4C). We also confirmed the organoids showed the resistance
for the treatment of everolimus with CellTiter-Glo® 3D whereas those
organoids were almost dead with cell lysis buffer treatment as positive
control (Supplementary Fig. S4D). This demonstrated that OICI-MGCT-
0876 was resistant to doxorubicin and everolimus.

4. Discussion

The present study established and reported MGCT organoids from a
typical case of MGCT and treated them with genome-based treatment.
The organoids showed strong chemoresistance and high CD44 and
TWIST expressions. CD44 and TWIST expressions are strongly correlated
with chemoresistance in various cancers [26-29], which could explain
the current findings. To the best of our knowledge, the present study is
the first to establish MGCT organoids from a typical case of MGCT.

CD44 is negatively regulated by TP53 binding to a noncanonical
TP53-binding sequence in the CD44 promoter. Similar to previous re-
ports [26,27], our MGCT case showed high mRNA expression of CD44
when there was a p53 mutation. TWIST is a negative regulator of the
TP53-mediated response to cellular stress that acts by modulating both
ARF expression and p53 post-translational modifications, such as
phosphorylation and acetylation [28]. Furthermore, CD44 promotes c-
Src-mediated TWIST transcriptional activation [30]. In OICI-MGCT-
0876, these genes cooperate in various ways to exhibit malignant po-
tential. We also demonstrated that the H3-3A mutation was lost during
malignant transformation through loss of heterozygosity (LOH) with
copy number loss, supporting a previous finding [20] (Fig. 4C).
Although such genetic diversity might occur owing to genomic
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Fig. 4. Genetic changes and characteristics in malignant transformation from GCTB to MGCT and OICI-MGCT-0876. (A) Somatic mutations, including single-
nucleotide variants (SNVs) and short insertions/deletions (INDELs) (Left panel). Variant allele frequency of each mutation is visualized using a heatmap (Right
panel). (B) Copy number variations in tumors of GCTB and MGCT. H3-3A, located at chromosome 1 is indicated with red triangles. (C) H3-3A mutation status in the
present MGCT. The mutation is lost during malignant transformation through loss of heterozygosity with copy number losses (CNL-LOH). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

instability, the prognostic impact of the H3-3A gene in MGCT is unclear.
More than 90% of GCTB cases have an H3-3A G34W mutation, sug-
gesting that the mutation could be the causative gene for tumorigenesis.
However, previous studies indicated that H3-3A may not play an
oncogenic role in MGCT. This needs to be clarified through further
accumulation of cases and clarification of the underlying mechanism of
H3.3 functions.

Denosumab, a humanized monoclonal antibody on RANKL, has been
proven to be beneficial for GCTB [31,32]. Denosumab was administered
to the patient in this study. Although studies reporting the risk of ma-
lignant transformation in GCTB have increased, the hypothesis remains
controversial. The largest clinical trial of denosumab against GCTB re-
ported no increase in the risk of malignant transformation of GCTB (1%)
and found no biological evidence to support a causal association
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between malignancy and denosumab treatment [33]. Although deno-
sumab was used to treat the GCTB patient in this study for more than 10
cycles, and it took over 2 years of treatment with the drug for malignant
transformation to occur, we could not establish the definite cause of the
malignant transformation. The patient was first diagnosed with MGCT at
the second surgery, and we found both GCTB and MGCT regions by
histological analysis. In the third surgery, performed 4 months after the
second surgery, only malignant transformed cells were found. This
indicated that malignant cells rapidly became dominant in the MGCT.
Therefore, malignant transformation may have occurred shortly and
rapidly before the second surgery. Another possibility is that malignant
transformation occurred a long time ago, but the malignant cells
remained dormant. Accordingly, we investigated the genetic status,
including oncogenic mutations, such as TP53, of GCTB at the first sur-
gery. However, we could not obtain high-quality DNA from the paraffin-
embedded tissue samples. Further research is required for these
investigations.

The present study had some limitations. First, we established a

sarcoma organoid line of MGCT using the ALI organoid culture method.
However, it is unclear whether the ALI organoid culture method is
suitable for MGCT cells, although the established OICI-MGCT-0876
showed representative characteristics of MGCT. Second, this study was
conducted at a single institution. Therefore, it is possible that uninten-
tional bias in the experimental procedures was not fully eliminated, and
further investigation with a larger number of sarcoma samples is
required.

In conclusion, we presented a novel organoid model of MGCT that
was genetically confirmed to be a malignant transformed tumor. Our
organoid model could be a good model to elucidate the molecular
pathogenesis of MGCT and develop novel treatment modalities.
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