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Abstract

Giant cell tumor of bone (GCTB), is a rare intermediate malignant bone tumor with high local infiltrative ability, and is
genetically characterized by mutation in the H3-3A gene. Standard treatment is curative surgical tumor resection. GCTB
demonstrates both local recurrence and pulmonary metastasis after surgical treatment, and effective systematic chemotherapy
is yet to be established. Therefore, development of novel chemotherapies for GCTB is necessary. Although patient-derived
tumor cell lines are potent tools for preclinical research, 15 GCTB cell lines have been reported to date, and only four are
publicly available. Thus, this study aimed to establish and characterize a novel GCTB cell line for preclinical studies on
GCTB. Herein, we described the establishment of a cell line, NCC-GCTB5-C1, from the primary tumor tissue of a patient
with GCTB. NCC-GCTB5-C1 was shown to harbor a mutation in the H3-3A gene, which is typical of GCTB; thus, it has
useful properties for in vitro studies. We conducted the largest integrated screening analysis of 214 antitumor agents using
NCC-GCTB5-C1 along with four GCTB cell lines. Romidepsin (a histone deacetylase inhibitor), camptothecin, and actino-
mycin D (topoisomerase inhibitors) demonstrated remarkable antitumor effects, suggesting that these antitumor agents are
potential therapeutic candidates for GCTB treatment. Therefore, the NCC-GCTB5-C1 cell line could potentially contribute
to the elucidation of GCTB pathogenesis and the development of novel GCTB treatments.
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Introduction

A giant cell tumor of bone (GCTB) is an intermediate malig-
nant bone tumor with high local infiltrative ability beyond
the cortical bone and surrounding soft tissue [1, 2]. GCTB
is histologically defined by the presence of reactive multinu-
clear osteoclast-like giant cells and neoplastic mononuclear
stromal cells [3-5]; it is genetically characterized by muta-
tion in the H3-3A gene, which encodes replication-independ-
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ent histone H3.3 [6-9]. GCTBs are rare; they account for 5%
of all primary bone tumors. GCTBs typically affect adults
between 20 and 50 years of age. Most lesions develop in
long bones (75-90%), with the majority (50-65%) occurring
in the knee [1, 10]. Surgical tumor resection with wide exci-
sion or intralesional curettage is the only curative treatment
[2, 10, 11]. However, local recurrence and pulmonary metas-
tases after surgical treatment were observed; the local recur-
rence rate was 15-50% [1, 11, 12], and pulmonary metasta-
ses occurred in 2.1-6.6% of cases [13—15]. Therefore, it is
imperative to develop systematic chemotherapy for GCTB.
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Patient-derived cell lines are fundamental tools for pre-
clinical research as they offer the advantage of being easily
grown, inexpensive, and amenable to high-throughput test-
ing of therapeutic agents [16, 17]. However, very few sar-
coma cell lines exist [18]. To the best of our knowledge, 15
GCTB cell lines have been reported to date, and only four
are publicly available (Supplementary Table 1). Numerous
cell lines are required for drug screening, and cell lines of
rare cancers such as GCTB should be actively established.

Herein, we established a novel GCTB cell line from sur-
gically resected tumor tissues and named it NCC-GCTBS5-
C1. We then determined its molecular and phenotypic
characteristics. Furthermore, we conducted drug screen-
ing on NCC-GCTBS5-C1 cells along with four previously
established GCTB cell lines to evaluate the utility of a
panel of cell lines.

Materials and methods
Patient data

The donor patient was a 52-year-old man with GCTB, and
had no relevant medical history. He had experienced pain
in his right knee without any onset and visited a hospital
previously. The patient was initially treated conservatively.
However, the pain gradually worsened, and he underwent
further inspection. X-ray inspection and computed tomog-
raphy revealed an osteolytic lesion in the distal femur
without destructive changes in the marginal bone cortex
(Fig. 1a, b). Magnetic resonance imaging (MRI) revealed
a neoplastic lesion within the femur (Fig. lc, d). The
patient was referred to the National Cancer Center Hos-
pital, Tokyo, Japan for further treatment. The tumor was
diagnosed as a GCTB on open biopsy. Metastases were
undetected. The patient underwent aggressive curettage of
the lesion with reinforcement using autologous bone graft
implantation and plate fixation. Tumor tissues obtained
at the time of surgery were used to establish cell lines.
Histologically, the tumor partly consisted of a classic his-
tology showing uniform mononuclear cells with scattered
osteoclast-like giant cells (Fig. le). Furthermore, atypical
epithelioid cells were occasionally identified, exhibiting
enlarged lobulated nuclei and/or nuclear pseudo-inclusions
(Fig. 1f). Neoplastic cells were diffusely positive for H3.3
G34W on immunohistochemistry (Fig. 1g). Neither local
recurrence nor lung metastases were reported postoper-
atively. The use of clinical materials for this study was
approved by the ethical committee of the National Cancer
Center and written informed consent was obtained from
the donor patient.
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Fig. 1 Clinical and pathological data of NCC-GCTB5-C1. a, b X-ray
inspection and computed tomography depict osteolytic lesions within
the femur delineated by yellow arrows. ¢, d Magnetic resonance
imaging shows a mass in the distal femur that exhibits homogene-
ously high intensity with a short inversion time inversion recovery
image and low intensity with T1-weighted image. e H&E staining
depicts a classic histology of GCTB, showing uniform mononuclear
cells with scattered osteoclast-like giant cells. f Atypical epithelioid
cells are occasionally identified, exhibiting enlarged lobulated nuclei
and/or nuclear pseudoinclusions. g Neoplastic cells are diffusely posi-
tive for H3.3 G34W immunohistochemistry

Histological analysis

Histological examination was performed on 4 pm-thick sec-
tions of a representative formalin-fixed paraffin-embedded
tumor sample. The sections were deparaffinized and sub-
jected to morphological observation using hematoxylin
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and eosin (H&E) staining. They were stained with an H3.3
G34W antibody (1:1000, RM263, RevMAD Biosciences
USA, South San Francisco, CA, USA) to investigate H3.3
G35W expression.

Cell line establishment

Specimens derived from surgically resected tumors were
used to establish cell lines. The primary tissue culture was
done using Dulbecco’s Modified Eagle Medium/Nutrient
Mixture F-12 (DMEM/F12) (Gibco, Grand Island, NY,
USA) supplemented with 5% heat-inactivated fetal bovine
serum (FBS) (Gibco), 100 pg/mL penicillin, 100 pg/mL
streptomycin (Nacalai Tesque, Kyoto, Japan), 0.4 pg/mL
hydrocortisone (Sigma-Aldrich, St. Louis, MO, USA),
10 ng/mL bFGF (Sigma-Aldrich), 5 pg/mL insulin (Sigma-
Aldrich), and 10 pM Y-27632 (Selleck Chemicals, Houston,
TX, USA: Rock inhibitor) in 37 °C humidified environment
with 5% CO,. The cells were cultured in the environment
described above for more than three months and passaged
at least 20 times.

Short tandem repeat analysis for authentication

We conducted short tandem repeat (STRs) analysis of the
DNA extracted from the original tumor tissue and cell line
for authentication. DNA extraction was performed using an
AllPrep DNA/RNA Mini Kit (Qiagen, Venlo, Netherlands).
STR analysis of DNA was performed using GenePrint 10
(Promega, Madison, WI, USA), and the amplified DNA
fragments were detected using a 3500XL Genetic Analyzer
(Applied Biosystems, Waltham, MA, USA). The data were
analyzed using GeneMapper 5 (Applied Biosystems); the
STR profiles were compared with those recorded in the pub-
lic cell bank for reference matching with a standard match
threshold of 80%, according to the Tanabe formula [19, 20].

Mycoplasma contamination inspection

DNA derived from cells was evaluated for Mycoplasma con-
tamination using the standard procedure of cell line estab-
lishment, according to the international cell line authentica-
tion committee (The International Cell Line Authentication
Committee 2018) [21]. DNA extracted from cells was
amplified using an e-Myco Mycoplasma PCR Detection Kit
(Intron Biotechnology, Gyeonggi-do, Korea). The amplified
DNA was separated by electrophoresis on a 1.5% agarose
gel, stained with SYBR Safe DNA gel stain (Invitrogen,
Waltham, MA, USA), and evaluated using Amersham
Imager 600 (GE Healthcare Biosciences, Uppsala, Sweden).

Genetic analysis

To reveal the H3-3A gene mutation in the established cell
line, total RNA was extracted from GCTB cells using QIA-
zol Lysis Reagent (Qiagen) and miRNeasy Mini Kit (Qia-
gen). Subsequently, the extracted RNA was reverse-tran-
scribed to complementary DNA using Superscript III reverse
transcriptase (Invitrogen), according to the manufacturer’s
instructions. The H3-3A gene was amplified by PCR using
the H3-3A forward primer H3-3A_F (5’- TAAAGCACC
CAGGAAGCAAC-3’), H3-3A reverse primer H3-3A_R
(5’- CAAGAGAGACTTTGTCCCATTTTT-3’), and Plati-
num Taq DNA Polymerase High Fidelity (Life Technologies
Co., Carlsbad, CA, USA). The PCR products were purified
using the Wizard SV Gel and PCR Clean-Up System (Pro-
mega Co.), and direct sequencing was performed using the
BigDye v3.1 Cycle Sequencing Kit (Applied Biosystems)
and the Applied Biosystems 3130xL Sequencer (Thermo
Fisher Scientific Inc., Waltham, MA, USA) by GENEWIZ.
Sequence results were analyzed using ApE v2.0.61.

Cell proliferation assay

The cells were seeded at a density of 1.25x 10* cells/well
in 24-well culture plates at day 1. The number of cells was
measured using the Cell Counting Kit 8 (DOJINDO LABO-
RATORIES, Kumamoto, Japan) every 24-h for four days.
Doubling time was calculated based on the growth curve.

Spheroid formation assay

The cells (1 x 10%) were seeded in 96-well plates (96-well
Clear Flat Bottom Ultra Low Attachment Microplate; Corn-
ing, Inc., Corning, NY, USA) in DMEM/F12 containing 10%
FBS and maintained in a 37 “C humidified environment with
5% CO,. Spheroid formation was confirmed by microscopy
(Keyence, Osaka, Japan).

Invasion assay using real-time cell analyzer

Invasiveness was evaluated using a real-time cell analyzer
(xCELLigence, Agilent, Santa Clara, CA, USA), according
to the manufacturer’s instructions. The cells (4 x 10*) were
plated in the upper chamber with serum-free medium and
BD Biocoat Matrigel invasion chambers (BD Biosciences,
Franklin Lakes, NJ, USA). DMEM/F12 with 10% FBS was
set in the lower chamber. Cell invasion into the lower cham-
ber was evaluated using the impedance change detected by
the electronic device, which was recorded every 15 min for
72 h. MG63 osteosarcoma cells were used as control [22].
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Tumorigenesis assessment in nude mice

Tumorigenesis in mice was evaluated according to the
guidelines of the Institute for Laboratory Animal Research
(https://www.nationalacademies.org/ilar/institute-for-labor
atory-animal-research). The mixture comprising 1x 10°
cells, 100 pL D-PBS, and 100 pL BD Matrigel matrix
was injected subcutaneously into four different locations
of female BALB/c nude mice (CLEA Japan, Inc., Tokyo,
Japan). Tumor size was measured weekly with volume
defined by the following formula: volume = length x width?/2
as previously described [23]. Two months after inoculation,
the tumor was surgically excised and subjected to morpho-
logical inspection using H&E staining. All animal experi-
ments were performed in accordance with the guidelines
for animal experiments of the National Cancer Center and
were approved by the Institutional Committee for Ethics of
Animal Experimentation.

Drug screening test

Antitumor effects of the 214 antitumor agents were assessed
(Supplementary Table 2). The cells were seeded at 5 x 10*
cells/well in 384-well plates and incubated for one day. On
the second day, each agent was disseminated into two wells
of the plate and incubated for three days. Cell viability was
calculated using the Cell Counting Kit-8 (DOUJINDO LAB-
ORATORIES). The acquired data were integrated with the
results obtained for NCC-GCTB1-C1 [24], NCC-GCTB2-
C1 [25], NCC-GCTB3-Cl1 [25], and NCC-GCTB4-C1 [26],
which we previously reported. Quantile normalization was
performed using R (version 4.0.3, limma package version
3.46.0, Bioconductor) and unsupervised hierarchical cluster-
ing was performed using the gplots package (version 3.1.0,
CRAN, https://cran.r-project.org).

To estimate the half-maximal inhibitory concentra-
tion (ICs,), we chose 23 agents that demonstrated superior
antiproliferative effects based on results of the preceding
drug screening test. Cells were exposed to each agent at
ten different concentrations. The ICs, value was calculated
using logistic regression analysis applied to the relationship
between the common logarithm of concentration and cell
viability for each agent.

Results

Authentication of the established cell line
Authentication of the NCC-GCTBS5-C1 cell line was per-
formed by analyzing the STR at 10 loci (Table 1, Sup-

plementary Fig. 1). The match ratio of STR between the
cells and the original tumor tissue was 97%. Mycoplasma
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Table 1 Results of short tandem repeat analysis of NCC-GCTB5-C1
and original tumor tissue

Microsatellite (Chromosome) NCC-GCTB5-C1 Tumor tissue

Amelogenin (X Y) X, Y X, Y
THO1 (3) 6 6

D21S11 (21) 31.2 31.2
D5S818 (5) 11,12 11,12
D13S317 (13) 9, 10 9,10
D7S820 (7) 7,10 7,10
D16S539 (16) 11,13 11,13
CSFIPO (5) 10 10

vWA (12) 14, 16, 17 14,17, OL
TPOX (2) 11 11

H3-3 ac T GG A6 6 6T G AaAG
T T o low] v [ x|
G35W (GGG > TGG)

A\ ‘\“ ( ‘\k
AT,

Fig.2 Mutation in NCC-GCTB5-C1 cells. Sequencing data for H3-
3A showing mutation peak in NCC-GCTBS5-CI1 cells (passage 20)

contamination was investigated by detecting its DNA
sequence in the cellular DNA specimen; we confirmed
that the contamination was negative (data not shown).

Characteristic of NCC-GCTB5-C1 cells

NCC-GCTB5-C1 harbored a p.Gly35-Trp mutation in
the H3-3A gene, resulting from a GGG > TGG nucleotide
alteration (Fig. 2). NCC-GCTB5-C1 cells exhibited pleo-
morphic spindle-shaped morphology under 2D-culture
condition (Fig. 3a, b). NCC-GCTB5-CI1 cells formed
spheroids under 3D-culture condition, and HE staining of
the spheroids showed densely proliferating pleomorphic
spindle cells (Fig. 3c). NCC-GCTBS5-C1 cells showed con-
stant but slower proliferation than NCC-GCTB1-C1, NCC-
GCTB3-Cl1, and NCC-GCTB4-C1 cells, with a population
doubling time of 32 h (Fig. 3d). The RTCA invasion assay
showed that NCC-GCTBS5-C1 cells were more invasive
than the MG63 cells in vitro (Fig. 3e). Tumorigenesis of
NCC-GCTB5-C1 cells was not observed in the nude mice
(data not shown).


https://www.nationalacademies.org/ilar/institute-for-laboratory-animal-research
https://www.nationalacademies.org/ilar/institute-for-laboratory-animal-research
https://cran.r-project.org

Establishment and characterization of NCC-GCTB5-C1: a novel cell line of giant cell tumor of... 1625

d = 16-
Doubling time (hr)
—a— | GCTBI 20
8 | -+ | GCTB2 34
A GCTB3 25
+ | GeTad| 20: ///A
-~ | Gerss| 32

Relative cell proliferation (log,)
S
]

2 —
1 -
T T T T 1
0 24 48 72 96 120
Time (hr)
€
M NCC-GCTBS-C1 e
» 2.0 MG63 i
D
< g
1.
8 15 y
= 1.0 Ve
D V4
© s
0.0 keet oo . k.
0 10 20 30 40 50 60 70
Time (hr)

Fig.3 Characterization of NCC-GCTBS5-C1. a, b NCC-GCTB5-C1
(passage 36) showing pleomorphic spindle cell morphology under
2D culture conditions. ¢ The H&E-stained spheroids section of NCC-
GCTB5-C1 (passage 26). d Growth curve of NCC-GCTBS5-C1 (pas-
sage 34) along with previously established NCC-GCTB-C1 cell lines.
e Invasive capability of NCC-GCTBS5-C1 (passage 33) was observed
using Real Time Cell Analyzer. MG63 osteosarcoma cell lines were
shown as control cells

Sensitivity to 214 antitumor agents

We examined the antitumor effects of 214 antitumor agents
on NCC-GCTBS5-C1 cells. The viability of NCC-GCTB5-C1
cells after exposure to each antitumor agent is summarized

in Supplementary Table 3, along with the cell viabilities
of NCC-GCTB1-C1 [24], NCC-GCTB2-C1 [25], NCC-
GCTB3-C1 [25], and NCC-GCTB4-C1 [26]. The antitu-
mor agents were categorized into two groups according to
their antitumor effect: cluster A, effective group; and cluster
B, ineffective group (Fig. 4a, Supplementary Table 3). The
proportion of cytotoxic agents, particularly topoisomerase
inhibitors, was higher in cluster A than in cluster B (Fig. 4b,
¢, Supplementary Table 3, 4). As for tyrosine kinase, the
agent subtype was equally distributed between clusters A
and B (Fig. 4d, Supplementary Table 5), while all of the
histone deacetylase (HDAC) inhibitors belonged to cluster
A (Fig. 4e, Supplementary Table 6).

The ICs, values were calculated for antitumor agents
that were identified in the screening study; they are summa-
rized in Supplementary Table 7, along with those of NCC-
GCTB1-C1 [24], NCC-GCTB2-C1 [25], NCC-GCTB3-Cl1
[25], and NCC-GCTB4-C1 [26]. The HDAC and topoi-
somerase inhibitors showed remarkable antitumor effects in
GCTB cell lines, and their ICs, values and growth curves are
shown in Table 2 and Fig. 5, respectively. Notably, romidep-
sin demonstrated the strongest antitumor effect toward the
NCC-GCTB5-CI cell line among the HDAC inhibitors,
while actinomycin D and camptothecin showed the strong-
est antitumor effect among the topoisomerase inhibitors.

Discussion

Patient-derived cancer cell lines facilitate fundamental
research for elucidating pathogenesis and searching for novel
antitumor agent candidates. However, only four GCTB cell
lines have been reported in public cell banks to date, and
the paucity of GCTB cell lines hinders the development of
chemotherapy. In this study, we established a novel GCTB
cell line, NCC-GCTB5-Cl1, from a surgical specimen of
GCTB and assessed its characteristics. We performed
a drug screening analysis of five GCTB cell lines: NCC-
GCTB5-C1, NCC-GCTB1-C1[24], NCC-GCTB2-C1 [25],
NCC-GCTB3-C1 [25], and NCC-GCTB4-C1 [26], which
is the largest analysis that has been conducted. We reported
antitumor agents that showed remarkable effects on these
five GCTB cell lines.

The NCC-GCTBS5-C1 cell line recapitulated the typi-
cal characteristics of GCTB in multiple aspects. First,
the donor patient exhibited the typical clinical course of
GCTB, considering its epidemiology. The original tumor
occurred in the knee, which was the most common loca-
tion of GCTB. Radiological and histological images of the
original tumor showed typical GCTB features. Second,
NCC-GCTB5-C1 cells harbored a typical gene mutation
of GCTB. The mutation observed in NCC-GCTB5-C1 was
the p.Gly35-Trp mutation of H3-3A gene, which occurs in
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Fig.4 Drug screening tests on
GCTB cell lines. a The antitu-
mor agents were categorized
into two groups according to
their antitumor effect: Cluster A
as the effective group and Clus-
ter B as the ineffective group. b-
e The proportion of each agent
type belonging to each cluster.
The graphs are depicted after
normalization of the number of
agents. Data regarding NCC-
GCTB1-C1, NCC-GCTB2-C1,
NCC-GCTB3-C1, and NCC-
GCTB4-C1 were previously
reported [24-26]
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more than 90% of GCTB cases. Third, the morphology of
NCC-GCTBS5-C1 cells were not inconsistent with the char-
acteristics of the original tumor. NCC-GCTB5-C1 showed
both pleomorphic spindle-shaped cells under tissue culture
conditions, which reflected the morphology of the original
tumor that comprised a heterogeneous population of cells.

@ Springer

Thus, NCC-GCTBS5-C1 cells retain the typical features of
GCTB and serve as representative GCTB cell lines.
NCC-GCTB5-C1 cells exhibited multiple characteris-
tics suitable for in vitro experiments, and showed constant
proliferative ability, which was comparable to that of pre-
viously established GCTB cell lines. Furthermore, they
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Table 2 Summary of half-maximal inhibitory concentration (ICs,) values of HDAC inhibitors and topoisomerase inhibitors

Name of Drugs IC5o (M)
NCC-GCTB1-C1 NCC-GCTB2-C1 NCC-GCTB3-C1 NCC-GCTB4-C1  NCC-GCTB5-Cl1
HDAC inhibitors
Belinostat (PXD101) 0.67 40 0.83 0.013 0.046
Romidepsin (FK228, Depsipeptide) ~ 0.0029 1.8 0.0019 <0.0001 <0.0001
Vorinostat (SAHA, MKO0683) 7.6 36 2.0 0.85 1.0
Topoisomerase inhibitors
Actinomycin D 0.013 36 0.019 <0.0001 <0.0001
Camptothecin 0.82 39 0.45 0.0026 <0.0001
Carboplatin >100 >100 60 > 100 > 100
Daunorubicin HC1 0.76 32 1.1 0.0037 0.0074
Doxorubicin (Adriamycin) 0.19 30 0.46 44 0.057
Epirubicin HC1 0.24 20 0.58 73 0.070
Idarubicin HC1 041 15 0.56 0.00078 0.00022
Mitoxantrone 0.48 5.7 1.2 <0.0001 0.00040
Topotecan HCI 7.4 > 100 4.5 64 0.19

demonstrated invasive abilities and formed spheroids under
3D culture conditions. They did not demonstrate tumorigen-
esis in the skin of nude mice and were unsuitable for xeno-
graft experiments.

We performed an integrated drug-screening assay using
NCC-GCTBS5-C1 cells and four previously reported GCTB
cell lines. Notably, romidepsin, an HDAC inhibitor, exerted
remarkable antitumor effects on all GCTB cell lines except
NCC-GCTB2-Cl1, suggesting its effectiveness in GCTB
treatment. HDAC regulates gene expression by controlling
histone acetylation, which is one of the most extensively
studied post-translational covalent modifications of histones
[27]. Actinomycin D and camptothecin, which are topoi-
somerase inhibitors, also demonstrated remarkable antitu-
mor effects in GCTB cell lines, except NCC-GCTB2-C1.
Topoisomerase is a ubiquitous enzyme that plays a vital
role in replication, transcription, recombination, DNA
repair, and chromatin remodeling by regulating the DNA
helix construction [27, 28]. Neither HDAC inhibitors nor
topoisomerase inhibitors have been clinically investigated
for use in GCTB treatment according to the clinical trial
database Clinical Trials.gov [29]; thus, they are worth inves-
tigating further. Although our results should be validated
in other cancer models, such as patient-derived xenografts,

the results of the present study indicate the utilization of our
cell lines in the search for novel antitumor agent candidates.

Our study had limitations. First, although this is the
largest drug screening analysis conducted for GCTB, the
number of cell lines used is still insufficient compared to
that used for common cancers. For example, more than
100 cancer cell lines have been used in drug screening
studies for lung cancer [16]. Second, to achieve maximal
clinical benefit, the discovery of a synergistic combina-
tion of antitumor agents is required [30]. For example,
a combination of HDAC inhibitors and topoisomerase
inhibitors has been shown effective in preclinical studies
[27, 28, 31, 32]; thus, this should be further examined in
GCTB cell lines.

In conclusion, we successfully established a novel
GCTB cell line, NCC-GCTB5-C1, using a typical GCTB
case. NCC-GCTBS5-C1 cells exhibited continuous pro-
liferation, spheroid formation, and aggressive invasive-
ness. We also revealed the remarkable antitumor effect of
HDAC inhibitors and topoisomerase inhibitors, especially
romidepsin, actinomycin D, and campothecin, on GCTB
cell lines. These results indicate that NCC-GCTBS5-C1 has
the potential to facilitate numerous advances in preclinical
and basic research on GCTB.
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