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Abstract

Giant cell tumor of bone (GCTB) is a rare osteolytic intermediate bone tumor that harbors a pathogenic H3F3A gene muta-
tion and exhibits characteristic histology. The standard curative treatment for GCTB is complete surgical resection, but it
frequently results in local recurrence and, more rarely, metastasis. Therefore, effective multidisciplinary treatment is needed.
Although patient-derived tumor cell lines are promising tools for preclinical and basic research, there are only four available
cell lines for GCTB in public cell banks. Thus, the aim of this study was to establish a novel GCTB cell line. Using surgically
resected tumor tissues from a patient with GCTB, we established a cell line named NCC-GCTB4-C1. The cells harbored
the typical H3F3A gene mutation and exhibited constant proliferation and invasive capabilities. After characterizing NCC-
GCTB4-Cl1 cell behaviors, we conducted high-throughput screening of 214 anti-tumor drugs and identified seven effective
drugs. Comparing the results of high-throughput screening using NCC-GCTB4-C1 cell line with the results using NCC-
GCTB1-C1, NCC-GCTB2-C1, and NCC-GCTB3-Cl1 cell lines that we previously established, four drugs were in common
effective. This study showed potential drugs for the treatment of GCTB. These data indicate that NCC-GCTB4-C1 has the

potential to be a powerful tool in preclinical and basic research on GCTB.
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Introduction

Giant cell tumor of bone (GCTB) is a locally aggressive
intermediate bone tumor comprising multinucleated giant
cells, similar to osteoclast stromal tumors of the bone [1,

< Tadashi Kondo
takondo@ncc.go.jp; proteomebioinformatics @ gmail.com

Division of Rare Cancer Research, National Cancer Center
Research Institute, 5-1-1 Tsukiji, Chuo-ku, Tokyo 104-0045,
Japan

Graduate School of Biomedical Sciences, Nagasaki
University, 1-12-4 Sakamoto, Nagasaki 852-8523, Japan

Division of Musculoskeletal Oncology and Orthopaedics
Surgery, Tochigi Cancer Center, 4-9-13 Yohnan,
Utsunomiya, Tochigi 320-0834, Japan

Division of Diagnostic Pathology, Tochigi Cancer Center,
4-9-13 Yohnan, Utsunomiya, Tochigi 320-0834, Japan

Division of Hepato-Biliary-Pancreatic Surgery,
Tochigi Cancer Center, 4-9-13 Yohnan, Utsunomiya,
Tochigi 320-0834, Japan

@ Springer

2]. GCTB is genetically characterized by a mutation in the
histone tail of histone variant H3.3, which is encoded by
H3F3A on chromosome 1 [3-6]. GCTB cases account for
5% of all primary bone tumor cases [7, 8]. The incidence
of GCTB is slightly higher in women than in men [2, 8,
9]. Most patients show GCTB occurrence between 20 and
50 years of age with less than 3% of patients showing occur-
rence before the age of 14 years, and only 13% of patients
showing occurrence after the age of 50 years [10]. GCTB
is typically observed in the ends of long bones such as the
distal femur, proximal tibia, distal radius, and proximal
humerus [1]. GCTB has a high risk of destroying the bone
and extending into the surrounding soft tissue, causing pain
[11].

For patients with GCTB, surgical removal, such as curet-
tage or resection, is a standard curative treatment [12—14].
However, it is not amenable to resect some sites (e.g., the
skull and spine), and 15%-50% of patients exhibit local
recurrence at any site after surgery usually within 2 years,
with a higher prevalence after curettages [15]. When GCTB
is not cured by surgical removal, treatment options become
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scarce and may not be curative or could be associated with
substantial morbidity. Thus, there is a need to develop novel
therapeutic strategies for GCTB.

Currently, hundreds of targeted treatments are under clini-
cal evaluation and outweigh the number of patients with
tumors who can be enrolled in such studies [16—18]. Preclin-
ical models have historically been a useful tool in research
to develop therapies for various diseases, including tumor
[19-21]. Mouse models, such as cell line-derived models,
patient-derived xenograft models, environmentally induced
models, and genetically engineered models are time con-
suming, cost intensive, and exhibit low throughput for drug
screening [20]. Since the establishment of the first patient-
derived tumor cell line, HelLa, in 1951 [22], cell lines have
played a critical role in tumor research and facilitated the
development of new anti-tumor therapeutics through high-
throughput screening of anti-tumor drugs [23-26]. Using
patient-derived cell lines, the Bodmer laboratory constructed
a panel of more than 120 colorectal tumor cell lines. This
colorectal tumor cell line panel revealed that 5-fluorouracil
showed sensitivity in a subset of 77 cell lines that had mis-
match repair status with a high-throughput drug screening
[27]. Similarly, in the study of GCTB, the use of cell lines
could provide valuable information.

It is not easy for researchers to utilize GCTB cell lines.
According to the cell line database Cellosaurus [28], 12 cell
lines of GCTB have been reported (Supplementary Table 1).
However, six cell lines were not registered for the cell bank
and two cell lines had discontinued distribution. Therefore,
only four GCTB cell lines registered for cell banks are cur-
rently available for research. This may be due to the lack of
clinical materials for both basic and translational research
and the intermediate characteristics of GCTB tumors. Con-
sidering these observations, it is imperative to establish more
cell lines from patients with GCTB who exhibit different
clinical features.

Here, we report a new GCTB cell line, NCC-GCTB4-Cl1,
established from the surgically resected tumor tissue of a
patient with GCTB. To demonstrate the usefulness of this
cell line, we studied its characteristics such as proliferation,
spheroid formation, and invasion. Furthermore, we revealed
the effectivity of this cell line in drug screening.

Materials and methods
Patient history

The patient was a 52-year-old male with a GCTB. The
patient had no particular symptoms, and an X-ray taken
by chance at a previous hospital indicated a bone tumor on
the left proximal tibia. For further examination and treat-
ment, the patient was referred to the Tochigi Cancer Center

(Utsunomiya, Tochigi, Japan). X-ray showed a soap bub-
ble appearance, which is typical of GCTB (Fig. 1A). Com-
puted tomography revealed a well-demarcated and translu-
cent lesion (Fig. 1B). Magnetic resonance imaging revealed
a 52 mmx43 mmx42 mm tumor (Fig. 1C, D). An open
biopsy was performed, and the tumor contained osteoclast-
like giant cells scattered between the mononuclear neoplas-
tic cells (Fig. 1E). The mononuclear neoplastic cells showed
diffuse H3.3G34W immunoreactivity (Fig. 1F). Based on
these pathological findings, the tumor was diagnosed as
GCTB. A part of the curetted tumor at the open biopsy was
used to establish the cell line described in this study. The
patient then underwent surgery, and no local recurrence
or metastasis was observed. The use of clinical materials
for this study was approved by the ethical committee of the
National Cancer Center (2004-050) and Tochigi Cancer
Center (A-493). Written informed consent was obtained
from the patient.

Histological analysis of tumor tissue

Histological examination was performed on 4-um-thick sec-
tions from a representative paraffin-embedded tumor sample.
After deparaffinization of the tissue sections with xylene
and ethanol, the sections were stained with hematoxylin and
eosin (HE). Endogenous peroxidase activity was inhibited by
adding 3% hydrogen peroxide to the sections. The epitope

Fig.1 Clinical and pathological data. A X-ray showing soap bubble
appearance in left proximal tibia. B Computed tomography showing
well-demarcated and translucent lesion. Magnetic resonance imag-
ing showing tumor with C low intensity in T1-weighted image and
D low to iso intensity in T2-weighted image. Yellow arrows indicate
the tumor. E Hematoxylin and eosin staining showing osteoclast-like
giant cells scattered between mononuclear neoplastic cells. F Immu-
nohistochemistry showing mononuclear neoplastic cells diffusely
positive for H3.3G34W
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retrieval procedure was performed to reverse the loss of anti-
genicity that occurs with some epitopes in formalin-fixed,
paraffin-embedded tissues. Primary antibody against histone
H3.3G34W mutant (RM263, 1:400, RevMAD Biosciences
USA Inc., South San Francisco, CA, USA) was used for
immunohistochemical analysis of the tissues. The I-VIEW
DAB universal kit (F. Hoffmann-La Roche Ltd, Basal, Swit-
zerland) and the Histofine simple stain-MAX-PO (multi) kit
(Nichirei Biosciences Inc., Chuo-ku, Tokyo, Japan) were
used to detect immunoreactivity. We used hematoxylin,
a nuclear stain, as a counterstain. BZ-X710 (KEYENCE
Corp., Osaka, Osaka, Japan) was applied for phase-contrast
inverted microscopic observation to visualize the stained
cell morphology.

Primary cell isolation and culture

Primary GCTB tumor cells were obtained as previously
described [29]. In brief, surgically resected tumor tissue was
mechanically dissected into small pieces and digested with
1 mg/mL collagenase type II (Worthington Biochemical
Corp., Lakewood, NJ, USA) for 30 min at 37 °C. The cells
obtained from the digested tissue were seeded on a collagen
type I-coated culture plate (Sumitomo Bakelite Co. Ltd.,
Shinagawa-ku, Tokyo, Japan) and maintained in DMEM/
F12 supplemented with GlutaMAX (Thermo Fisher Scien-
tific Inc., Waltham, MA, USA), 5% heat-inactivated fetal
bovine serum (FBS) (Thermo Fisher Scientific Inc), 10 uM
Y-27632 (ROCK inhibitor; Selleck Chemicals, Houston, TX,
USA), 10 ng/mL bFGF (Sigma-Aldrich Co. LLC, St Louis,
MO, USA), 5 ng/mL EGF (Sigma-Aldrich Co. LLC), 5 pg/
mL insulin (Sigma-Aldrich Co. LLC), 0.4 pg/mL hydrocor-
tisone (Sigma-Aldrich Co. LLC), 100 pg/mL penicillin, and
100 pg/mL streptomycin (Nacalai Tesque Inc., Nakagyo-ku,
Kyoto, Japan). The culture medium was changed every 2-3
days. The status of the cells was confirmed through micro-
scopic observations (Carl Zeiss AG, Oberkochen, Germany),
and when the cultured cells reached sub-confluency, they
were washed with PBS (—) (Nacalai Tesque Inc), which was
followed by dissociation with Accutase (Nacalai Tesque
Inc); they were then transferred to another tissue culture
plate. The cells were continuously incubated at 37 °C in a
humidified atmosphere containing 5% CO,.

Cell line authentication and quality control

Authentication and quality control of the established cell
line were conducted following a previously reported protocol
[29]. In brief, we extracted DNA from the obtained tumor
tissues and established a cell line using the Qiagen DNeasy
Blood and Tissue Kit (QIAGEN N.V., Hilden, Germany).
To confirm the authentication, we conducted short tandem
repeat (STR) analysis for 10 loci using the GenePrint 10
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system (Promega Co., Madison, WI, USA) and a 3500xL
Genetic Analyzer (Thermo Fisher Scientific Inc.). STR pro-
files were analyzed using GeneMapper software (Thermo
Fisher Scientific Inc.) and matched to the data in the public
cell banks with the Cellosaurus 38.0 STR similarity search
tool, CLASTR 1.4.4 [28] with a standard match threshold
of 80% [30]. To confirm the quality of the established cell
line, we performed a mycoplasma contamination test with
the DNA fragmentation of mycoplasma using the e-Myco
Mycoplasma PCR Detection Kit (iNtRON Biotechnology
Inc., Seongnam-si, Gyeonggi-do, Korea). Using agarose gel
electrophoresis, DNA fragments amplified using PCR were
separated and stained with SYBR Safe DNA gel stain (Inv-
itrogen Corp., Waltham, MA, USA).

Genetic analysis

To reveal the H3F3A gene mutation in the established cell
line, total RNA was extracted using QIAzol Lysis Reagent
(QIAGEN N.V.) and miRNeasy Mini Kit (QIAGEN N.V.)
from the GCTB cells. Subsequently, the extracted RNA was
reverse-transcribed to complementary DNA using Super-
script Il reverse transcriptase (Invitrogen), according to the
manufacturer’s instructions. The H3F3A gene was ampli-
fied using PCR with the H3F3A forward primer H3F3A_F
(5'- TAAAGCACCCAGGAAGCAAC-3"), H3F3A reverse
primer H3F3A_R (5'- CAAGAGAGACTTTGTCCCATT
TTT-3'), and Platinum Taq DNA Polymerase High Fidel-
ity (Life Technologies Co., Carlsbad, CA, USA). The PCR
products were purified using Wizard SV Gel and PCR
Clean-Up System (Promega Co.), and direct sequencing
was performed using the BigDye v3.1 Cycle Sequencing Kit
(Applied Biosystems, Waltham, MA, USA) and the Applied
Biosystems 3130xL Sequencer (Thermo Fisher Scientific
Inc.) by GENEWIZ. The sequence result was analyzed using
ApE v2.0.61.

Spheroid formation assay

Spheroid formation capability was assessed as previously
described [29]. In brief, the established cells were seeded
at a density of 1x 103 cells/well in a 96-well Clear Round
Bottom Ultra Low Attachment Microplate (Corning Inc.,
NY, USA), and spheroid formation was confirmed through
microscopic observation (KEYENCE Co.). After 3 days of
culture, the spheroids picked up from the plate were covered
in gel using iPGell (GenoStaff Co. Ltd., Bunkyo-ku, Tokyo,
Japan) and fixed with 10% formalin neutral buffer solution.
To prepare a paraffin section of the fabricated spheroids, the
gel-covered spheroids were embedded in paraffin and sliced
into 4-micrometer-thick paraffin sections. The sectioned
spheroids were subjected to hematoxylin and eosin staining
followed by microscopic observations.
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Tumor cell proliferation assay

To assess the potential for proliferation, established cells
were seeded at a density of 2.5 10* cells/well in a 24-well
culture plate (Corning Inc.). The number of cells was
counted at multiple time points for 96 h, and the doubling
time was calculated based on the growth curve. All experi-
ments were performed in triplicates.

Tumor cell invasion assay

To examine the invasive potential, we utilized the Real Time
Cell Analyzer, xCELLigence (Agilent Technologies Inc.,
Santa Clara, CA, USA). The MG63 osteosarcoma cell line
(Japanese Collection of Research Bioresources Cell Bank,
Ibaraki, Osaka, Japan), which has a constant invasiveness,
was used as a control [31]. Subsequently, Matrigel Basement
Membrane Matrix (Corning Inc.), which has been generally
used for in vitro tumor invasion assay, at a protein concentra-
tion of 9.3 mg/mL was layered on the membrane in the upper
chamber, and 1x 10* cells were seeded on it. DMEM/F12
supplemented with GlutaMAX, 5% FBS, 10 uM Y-27632,
10 ng/mL bFGF, 5 ng/mL EGF, 5 pg/mL insulin, 0.4 pg/
mL hydrocortisone, 100 pg/mL penicillin, and 100 ug/mL
streptomycin were added to the lower chamber. The upper
chamber was filled with DMEM/F12 without FBS. The
cells cultured on the upper chamber with a Matrigel-coated
membrane migrated to the bottom chamber and adhered to
the electronic sensors on the underside of the membrane.
The attached cells influenced the electrical impedance of
the electronic sensors. The invasion capability of the cells
was estimated based on the positive correlation between the
impedance and the number of cells. The impedance was
monitored every 15 min for 120 h and plotted as a function
of time after seeding.

Tumorigenicity assay in nude mice

The animal experiment was conducted in compliance
with the guidelines of the Institute for Laboratory Ani-
mal Research, National Cancer Center Research Institute.
Briefly, 50 pL of cells (1 x 10° cells) mixed with an equal
volume of Matrigel (21.2 mg/ml) was injected subcutane-
ously into BALB/c nude mice (CLEA Japan Inc., Meguro-
ku, Tokyo, Japan) using a 5 ml syringe (Terumo Corp.,
Shibuya-ku, Tokyo, Japan) and 26G needle (Terumo Corp.).
The tumor size was then measured weekly.

Screening for anti-tumor drugs
Drug screening was conducted using the established cell

line with 214 anti-tumor drugs, as previously described [29].
Using a Bravo automated liquid handling platform (Agilent

Technologies Inc.), the cells were seeded in a 384-well plate
(Thermo Fisher Scientific Inc.) at a concentration of 5x 10>
cells/well in DMEM/F12 supplemented with GlutaMAX,
5% heat-inactivated FBS, 10 uM Y-27632, 10 ng/mL bFGF,
5 ng/mL EGF, 5 pg/mL insulin, and 0.4 pg/mL hydrocor-
tisone and incubated at 37 °C in a humidified atmosphere
containing 5% CO,. On the day after cell seeding, using the
Bravo automated liquid handling platform, a drug library
that included 214 anti-tumor drugs (Selleck Chemicals)
(Supplementary Table 2), was applied at a concentration
of 10 uM, to the cells and incubated for 72 h. After incuba-
tion, cell viability was determined using the CCK-8 reagent
(Dojindo Molecular Technologies Inc., Kamimashiki-gun,
Kumamoto, Japan) according to the manufacturer’s protocol.
The response readout was calculated relative to the DMSO-
treated control in terms of % relative growth inhibition.

ICs, values, which are the concentrations required to
inhibit cell growth by 50% compared to the growth of con-
trol cells, were calculated from curves fabricated by plot-
ting cell survival (%) versus drug concentration (tM). Using
the Bravo automated liquid handling platform, cell suspen-
sions (5% 10° cells) were dispensed into 384-well plates.
Subsequently, 21 drugs were selected according to the 214
anti-tumor drug screening. Additionally, we selected pazo-
panib HCl, eribulin and doxorubicin which were often use
for the treatment of soft tissue sarcomas. These 24 drugs
were added to the 384-well plates at a serial dilution of
0.1-100,000 nM. The cells were maintained for 72 h, and
then cell viability was assessed using the CCK-8 reagent.
The readout was plotted against the concentrations of drugs
and examined with GraphPad Prism 9.1.1 software (Graph-
Pad Software Inc., San Diego, CA, USA). This anti-tumor
drug screening test was conducted in duplicate.

Results

Establishment and authentication of NCC-GCTB4-C1
cell line

Using surgically resected tumor tissues from a patient with
GCTB, we established a cell line named NCC-GCTB4-
C1. The cell line was maintained for over 30 passages for
approximately six months. To authenticate the established
cell line, we examined 10 STRs and found that the STR pat-
terns of the cell line were identical to those of the original
tumor tissues (Table 1, Supplementary Fig. 1). A database
search using the Cellosaurus 38.0 STR similarity search tool,
CLASTR 1.4.4, revealed that there are no existing cell lines
in public cell banks in which the STR patterns were identi-
cal to the NCC-GCTB4-Cl1 cell line. These data show that
NCC-GCTB4-Cl is a novel GCTB cell line. Mycoplasma
contamination test showed that NCC-GCTB4-C1 cells were
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Table 1 Results of Short tandem repeat analysis of NCC-GCTB4-C1
(passage 13) and original tumor tissue

Microsatellite (chromosome) NCC-GCTB4-C1 Tumor tissue

Amelogenin (X Y) X, Y X, Y
THOL1 (3) 6,9 6,9
D21S11 (21) 28.2, 30 28.2, 30
D5S818 (5) 12 12
D13S317 (13) 8,12 8,12
D7S820 (7) 10, 11 10, 11
D16S539 (16) 9,11 9,11
CSFIPO (5) 12,13 12,13
vWA (12) 17,18 17,18
TPOX (2) 8 8

negative for mycoplasma, as mycoplasma-specific DNA
was not detected in the NCC-GCTB4-C1 cell line (data not
shown).

Characterization of NCC-GCTB4-C1 cells

The G34W (p.Gly34Trp) mutation, which is the most typi-
cal mutation in GCTB, was detected in NCC-GCTB4-C1
cells. The G34W mutation in the cell line was confirmed by
Sanger sequencing (Fig. 2). NCC-GCTB4-C1 cells exhibited
spindle morphology under 2D monolayer cultures (Fig. 3A,
B). We found that NCC-GCTB4-C1 cells possessed the
ability to form spheroids when they were cultured in a low-
attachment round plate. The HE staining of the spheroids
showed that NCC-GCTB4-C1 cell line comprised spindle
and polygonal cells under 3D cultures (Fig. 3C). In the sphe-
roids, a small number of multinucleated cells were observed
(Fig. 3C). Constant proliferation of NCC-GCTB4-C1 cell
line was observed and population doubling time of 65.78 h
was calculated according to the growth curves of the cells
(Fig. 3D). Furthermore, the RTCA invasion assay showed
that NCC-GCTB4-C1 cells were more invasive than MG63
cells in vitro (Fig. 3E). Tumorigenesis in nude mice injected
with NCC-GCTB4-C1 cells was not observed in this study
(data not shown).

H3F34 ACc T G G
T G

AR G G G T G A A G

[o>w [ v [ «x

G34W(GGG > TGG)

Fig.2 Mutation in NCC-GCTB4-C1 cells. Sequencing data for
H3F3A showing mutation peak in NCC-GCTB4-C1 cells (passage
14)
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Fig.3 Characterization of NCC-GCTB4-C1 cells. A, B NCC-
GCTB4-C1 cells (passage 19) showing spindle cell morphology
under two-dimensional culture conditions. C Hematoxylin and eosin-
stain showing spindle and polygonal cells in the spheroid of NCC-
GCTB4-C1 cells (passage 19). D Growth curve of NCC-GCTB4-C1
cells (passage 25). Y-axis indicates the relative cell proliferation of
NCC-GCTB4-Cl1 cells, and X-axis represents the day after seeding.
E Real-time cell analyzer invasion assay showing the invasive ability
of NCC-GCTB4-Cl cells (passage 23) compared with that of MG63
osteosarcoma cells

Sensitivity to anti-tumor drugs

High-throughput screening with 214 anti-tumor drugs
(Supplementary Table 2) evaluated by the anti-proliferative
effects on NCC-GCTB4-Cl1 cells showed the effects of anti-
tumor drugs at a concentration of 10 pM (Supplementary
Table 3) and ranked the 214 drugs according to cell viabil-
ity after treatment. The ICs, values were calculated using
GraphPad Prism 9.1.1 software (Supplementary Table 4),
and the growth curves of the seven drugs with the lowest
IC4, values (< 100 nM) (Table 2) were shown in Fig. 4.

Discussion

We established a novel GCTB cell line, NCC-GCTB4-
C1. While complete resection is a standard treatment for
GCTB, it is often challenging due to postoperative recur-
rence [12—15]. The effectiveness of conventional chemother-
apy has not been proven in GCTB because of the difficulty
of large-scale randomized clinical trials. Therefore, novel
treatment methods are required. In recent years, multiple
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Table 2 List of drugs with the lowest ICs, values (< 100 nM)

CAS# Name of drugs ICy, (nM)
179324-69-7 Bortezomib 5.803
7689-03-4 Camptothecin 30.9
25316-40-9 Doxorubicin 41.01
26833-87-4 Homoharringtonine 9.89
70476-82-3 Mitoxantrone 55.44
128517-07-7 Romidepsin 0.1911
143-67-9 Vinblastine sulfate 91.75
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Fig.4 Growth-suppressive effects of anti-tumor drugs on GCTB
cells. Anti-proliferative effects of seven anti-tumor drugs on NCC-
GCTB4-C1 cells (passage 23) are shown

large-scale drug screening analyses have been conducted
for major tumors using a number of cell lines [26, 32, 33].
However, only four GCTB cell lines in public cell banks
have been reported to date, indicating that GCTB cannot
benefit from these analyses.

According to the patient background of the NCC-
GCTB4-C1 cell line, the original tumor was found in the
left proximal tibia, which is a typical site of GCTB. With
respect to patient age, the NCC-GCTB4-C1 cell line was
established from a 52-year-old male patient with GCTB.
Only 13% of cases occur in patients over the age of 50 years,
and females show a higher incidence of GCTB than men
[2, 8-10]. Therefore, only one GCTB cell line from a male
patient aged > 50 years has been reported to date (Supple-
mentary Table 1). Thus, the successfully established NCC-
GCTB4-Cl cell line was derived from patients with different
clinical features from those of previously established GCTB
cell lines.

Genetically, at least 95% of giant cell tumors of bone har-
bor pathogenic H3F3A gene mutations, approximately 90%
of which are H3.3 p.Gly34Trp resulting from a GGG > TGG
nucleotide alteration [6, 34]. Rare variants (for example,
p.Gly34Leu, p.Gly34Met, p.Gly34Arg, and p.Gly34Val)

have also been reported [35]. The most common p.Gly34Trp
mutation in the H3F3A gene was also detected in our previ-
ously established GCTB cell lines, NCC-GCTB1-C1 [36],
NCC-GCTB2-C1 [29] and NCC-GCTB3-C1 [29]. Consid-
ering the genetic diversity of GCTB, the number of GCTB
cell lines remains inadequate. Therefore, continuous efforts
to establish GCTB cell lines are required.

We found that the morphology of NCC-GCTB4-C1 cells
was mainly spindle-shaped under culture conditions. HE
staining showed that osteoclast-like multinucleated giant
cells were not included in the spheroid of NCC-GCTB4-Cl1,
and the main components of the spheroid were spindle and
polygonal cells. Considering that HE-stained tumor tissues
of GCTB contain multinucleated cells, the NCC-GCTB4-
C1 cell line is a clonal cell line of the spindle and polygonal
population. NCC-GCTB4-C1 cells also demonstrated con-
stant growth and were capable of invasion and spheroid for-
mation. While these characteristics are suitable for in vitro
studies, such as drug screening, tumorigenesis in nude mice
injected with NCC-GCTB4-C1 cells was not observed.
These results indicate that NCC-GCTB4-C1 cells may not
be suitable for xenograft experiments. Additional GCTB cell
lines are needed for in vivo research using GCTB cell lines.

In drug screening using 214 anti-tumor drugs, seven
drugs with the lowest ICy, values (< 100 nM) were doxoru-
bicin, bortezomib, camptothecin, homoharringtonine, mitox-
antrone, romidepsin and vinblastine sulfate. Notably, NCC-
GCTB1-C1, NCC-GCTB2-C1, and NCC-GCTB3-CI cell
lines also showed high sensitivity to doxorubicin, homohar-
ringtonine, mitoxantrone, and romidepsin [29, 36]. Among
these drugs, romidepsin, a histone deacetylase (HDAC)
inhibitor, which was approved by the U.S. Food and Drug
Administration for the treatment of cutaneous T-cell lym-
phoma [37] is the most effective drug for NCC-GCTB1-C1,
NCC-GCTB2-C1, NCC-GCTB3-C1, and NCC-GCTB4-C1.
However, according to the clinical trial database ClinicalTri-
als.gov [38], there are no studies that use HDAC inhibitor
for the treatment of GCTB. Recently, Yafei et al. reported
the anti-tumor effects of the HDAC inhibitor by the drug
screening in the patient-derived xenograft model of GCTB
[39], and our findings were concordant with their results.
While frequent point mutation have been reported in H3F3A
histone drivers of GCTB [3-5], the mutation is not targeted
therapeutically for GCTB [40], and the drug screening using
the models may be the effective approach. With GCTB cell
lines, this study showed potential drugs for the treatment
of GCTB.

In conclusion, we established a novel GCTB cell line,
NCC-GCTB4-Cl1, which exhibited continuous prolifera-
tion, spheroid formation ability, and aggressive invasive-
ness. From the genomic analysis, we identified point muta-
tion in NCC-GCTB4-C1. We also revealed the anti-tumor
effects of doxorubicin, homoharringtonine, mitoxantrone,
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and romidepsin on GCTB cell lines. These results indi-
cate that NCC-GCTB4-C1 has the potential to facilitate
a numerous advances in preclinical and basic research on
GCTB.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13577-021-00639-4.
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