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Abstract: Purpose: The nature of true neoplastic cells of giant cell tumor of bone (GCTB) remains unverified. As the 
effect of denosumab on true neoplastic cells needs to be clarified, direct targeting of these cells remains unclear. 
Methods: In this study, we obtained 32 formalin-fixed paraffin-embedded (FFPE) GCTB tissue blocks, performing 
H&E staining and immunohistochemistry staining of CD68. Multinucleated giant cells, monocytes, and CD68-neg-
ative mononuclear spindle cells were accurately captured by laser capture microdissection. The DNA of these cells 
was extracted, digested with HpaII and subjected to nested PCR amplification. We isolated and cultured GCTB pri-
mary tumor cells. The primary tumor cells were treated with denosumab and PDGFRA inhibitors. CCK8 assays and 
RT-qPCR were performed to reveal the effect of the inhibitors. Results: In HUMARA-heterozygous samples, CD68 
negative mononuclear spindle cells appeared as only one main peak after digestion, which suggests that the CD68 
negative mononuclear spindle cells are monoclonal. Denosumab had no direct effect on the growth of GCTB primary 
tumor cells. PDGFRA inhibitor Avapritinib had a direct inhibitory effect on the growth of the tumor cells and altered 
the tumor cell phenotype. AKT inhibitors had a similar inhibitory effect as Avapritinib. Avapritinib altered the expres-
sion of AKT-related genes, and down-regulated pGSK3β. The downregulation of pAKT and pGSK3β was partially 
reversed by co-treatment with the AKT agonist SC79, suggesting PI3K/AKT as a downstream pathway of PDGFRA. 
Conclusion: CD68 negative mononuclear spindle cells are the true neoplastic cells of GCTB. PDGFRA inhibition may 
be a novel targeted therapy for GCTB.
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Introduction

Giant cell tumor of bone (GCTB) is a primary 
borderline bone tumor, which typically occurs in 
the epiphysis of long bones, such as the distal 
femur, proximal tibia, and distal radius, etc. [1]. 
The main clinical symptoms are pain, joint 
movement disorder, local swelling, and some-
times pathological fracture. The vast majority 
of patients are young people aged 20 to 40 
years old, and the average age is about 33 
years old [2]. The incidence of giant cell tumor 
of bone is low, accounting for only about 5% of 
all primary bone tumors, slightly higher in 
women than in men [3].

GCTB consists of three types of cells: osteo-
clast-like multinucleated giant cells, mononu-
clear oval cells, and mononuclear spindle cells 
[4]. As the nuclei of oval cells are similar to the 
nuclei of multinucleated giant cells, many schol-
ars believe that multinucleated giant cells are 
not tumor cells but stem from mononuclear 
macrophages [5, 6]. Moreover, some research-
ers have discovered that GCTB is potentially 
invasive and has the characteristics of a true 
tumor after pathological and immunohistoch- 
emical assessment, indicating that GCTB is a 
true neoplasm, as the spindle cells are the pro-
liferating component, but this theory still lacks 
direct evidence [7-10]. Although the clinical and 
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pathological features of GCTB are well known, 
its nature remains unverified.

The differentiation of a true mesothelial neo-
plasm from mesothelial hyperplasia can be 
confirmed by monoclonality, one of the distin-
guishing characteristics of neoplastic lesions.  
It is accepted that tumor parenchymal cells  
are descended from a common progenitor and 
thus being monoclonal, while reactive lesions 
are often polyclonal [11, 12]. Clonality analysis 
based on X chromosome inactivation is a com-
mon and classical method to determine the 
clonality of hyperplasia [11]. According to Lyon’s 
hypothesis, one of the female’s two X chromo-
somes will be permanently inactive due to 
methylation during embryonic development, 
inherited from either parent [13-15]. Tumor 
cells, originating from the same single-cell pro-
genitor, should be monoclonal, and share the 
same inactivated X chromosome.

Denosumab is a humanized monoclonal anti-
body that specifically targets Receptor Activator 
of NF-κB Ligand (RANKL), which is aberrantly 
expressed and secreted by spindle mononucle-
ar cells. By binding to RANKL and inhibiting the 
RANKL-RANK axis, denosumab limits the differ-
entiation and maturation of monocyte-macro-
phages into osteoclasts, reduces bone resorp-
tion, and attenuates disease progression [16]. 
However, denosumab is only used as an adju-
vant therapy for unresectable GCTB, or in the 
case that surgical resection may cause serious 
complications; while surgical resection is still 
required for clinical cure. On the other hand, 
some studies have found that the recurrence 
rate of GCTB increased after denosumab treat-
ment, reaching 42.8% [17, 18], significantly 
higher than that of patients without deno- 
sumab treatment. Moreover, it has been report-
ed that after denosumab treatment, GCTB  
has undergone malignant transformation into 
osteosarcoma, fibrosarcoma and undifferenti-
ated pleomorphic sarcoma [19]. Therefore, it is 
not clear what function denosumab has on 
spindle mononuclear cells. Similarly, the thera-
peutic target against the tumor cells of GCTB is 
still not clear.

In this study, we aimed to use X chromosome 
inactivation-based clonality analysis to explore 
GCTB’s clonality and determine whether it is a 
true neoplasm parenchymal tissue and which 

cell is the true neoplastic component. Based on 
established pathology, the neoplastic compo-
nent of GCTB are stromal-derived spindle cells, 
which are typically CD68-negative; thus we tar-
geted CD68-negative mononuclear spindle 
cells for laser capture microdissection (LCM) 
and clonality analysis. We also aimed to deter-
mine the effect of denosumab on tumor cells 
and seek to find treatment directly targeting 
true neoplastic cells through drug screening. 
Hopefully, elucidation of GCTB’s nature may 
provide a novel perspective for its diagnosis 
and therapy.

Materials and methods

Clinical samples collection

We obtained 32 formalin-fixed paraffin-embed-
ded (FFPE) GCTB tissue blocks from Huashan 
Hospital of Fudan University (Shanghai, China), 
along with one FFPE liver cancer sample from  
a female as a positive control for clonality anal-
ysis. For primary cell culture, we also obtained 
one pair of fresh GCTB surgical samples from  
a patient before and after denosumab treat-
ment. The patient was a 30-year-old male with 
GCTB on distal right femur, who was treated  
at Huashan Hospital. All cases were initially 
diagnosed by an attending pathologist and 
reconfirmed by a consulting pathologist. In- 
formed consent was obtained for tissue use in 
all cases. This study was approved by the 
Institutional Review Board of School of Basic 
Medicine, Fudan University (2023-008).

Histologic assessment

Histologic assessment was performed on hem- 
atoxylin and eosin (H&E)-stained and immuno-
histochemistry (IHC) of CD68. GCTB displayed 
diverse cell types, with multinucleated giant 
cells, mononuclear oval cells, and mononuclear 
spindle cells scattered in the focus. Among 
them, multinucleated giant cells and mono-
cytes were accurately distinguished by H&E 
staining, while mononuclear spindle cells were 
identified as CD68-negative and fusiform in 
shape via IHC.

Immunohistochemistry

Immunohistochemistry for CD68 was per-
formed using a primary antibody (Cat. No. 
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ab201340; Abcam) at a dilution of 1:100. 
Briefly, the paraffin embedded tissue was sec-
tioned at 5 µm thickness and placed on slides, 
dried at 65°C for over 3 hours. After deparaf-
finization in xylene and alcohol and blocking  
of endogenous peroxidase in 1% hydrogen per-
oxide, antigen retrieval was carried out in tryp-
sin (Gibco, Thermo Fisher Scientific, USA) using 
a 37°C incubator for 1 hour. Sections were 
blocked with 5% goat serum for 30 minutes, 
incubated with primary antibody at 4°C over-
night, washed with PBS, incubated with sec-
ondary antibody (Dako, Agilent) at room tem-
perature for 1 hour, and washed with PBS. De- 
tection was achieved using a standard horse-
radish peroxidase (HRP)-based detection sys-
tem (Dako EnVision+ System-HRP, Agilent). 
Sections were counterstained with hematoxy-
lin. Negative controls were performed by omit-
ting the primary antibody.

Laser capture microdissection (LCM) and 
genomic DNA extraction

FFPE GCTB tissues, 5 μm thick, were affixed to 
slides (Applied Biosystems, Foster City, Ger- 
many), dried at 65°C for over 3 hours, dewaxed 
in xylene, and dehydrated with alcohol. Six sec-
tions of the same sample were H&E stained, 
and another six were subjected to CD68 IHC. 
Multinucleated giant cells, monocytes, and 
CD68-negative mononuclear spindle cells were 
accurately captured by laser capture microdis-
section (LCM) instrument. LCM was performed 
using an Arcturus XT instrument (Life Tech- 
nologies). For each cell type, approximately 
1,500-3,000 cells were captured per sample. 
The laser settings were as follows: spot size 
7.5-12 µm, power 60-80 mW, duration 8.0-10.0 
ms. Captured cells were collected onto CapSure 
Macro LCM caps (Life technologies).

The genomic DNA of captured cells on the cap 
was cleaved and extracted as per The PicroPure 
DNA Extraction Kit (Life Technologies) instruc-
tions. Whole tissue DNA was extracted using 
the QiAamp DNA Micro Kit (Qiagen, Hilden, 
Germany).

Restriction endonuclease HpaII digestion

The human androgen receptor gene (HUMARA) 
on the X chromosome contains variable CAG 
short tandem repeats (ranging from 11 to 30), 

making it a clonality marker. On the inactivated 
X chromosome, methylation of a CpG site up- 
stream of these repeats prevents HpaII diges-
tion [20], enabling HUMARA gene amplification. 
In heterozygous samples, both of the two 
homologous X chromosomes may be inactivat-
ed. Thus, two fragment sizes are amplified from 
the genomic DNA of polyclonal non-tumor cells 
after HpaII digestion. Whereas true tumor cells 
are monoclonal and exhibit only one fragment 
size, differing from non-tumor cells. This tech-
nique helps identify true tumors [21, 22].

In each case, genomic DNA from LCM-captured 
multinucleated giant cells, monocytes, and 
CD68-negative spindle cells was individually 
assigned to enzyme-digested and undigested 
subgroups. For the enzyme-digested subgro- 
ups, genomic DNA was quantified to 100 ng 
and subjected to a 3-hour, 37°C digestion using 
HpaII (New England Biolabs, Beverly, MA). For 
detailed methods, please refer to our previous 
research [22].

PCR amplification and data analysis

After HpaII digestion, the reaction mixture was 
purified using the QIAquick PCR Purification Kit 
(Qiagen) to remove salts and enzymes. Then, 2 
μL purified product was used as template for 
PCR amplification. HUMARA gene amplification 
was performed using nested PCR. The outer 
primers were: 5’-TCC AGA ATC TGT TCC AGA 
GCG TGC-3’ and 5’-GCT GTG AAG GTT GCT GTT 
CCT CAT-3’. The inner primers (fluorescently 
labeled with 6-FAM) were: 5’-GCA GCG CTC CGA 
GAA GTT CCT GTT C-3’ and 5’-GCT GGG AAC 
GGG GCT CCC CAG AAC-3’. The PCR reaction 
mixture (25 μL) contained 1× PCR buffer, 200 
μM dNTPs, 0.2 μM of each primer, 1 U of Taq 
DNA polymerase (TaKaRa), and 2 μL of template 
DNA. Initial denaturation was performed at 
95°C for 10 minutes, followed by 34 cycles of 
30 seconds at 94°C, 30 seconds at 64°C, and 
30 seconds at 72°C, with final extension at 
72°C for 10 minutes.

The fluorescence intensity detected by capillary 
electrophoresis appears as a peak map. In the-
ory, HpaII-undigested HUMARA DNA from het-
erozygote yields two peaks: Allele 1 and Allele 
2. A set of tightly clustered multiple peaks was 
adjacent to the major product peak due to Taq 
polymerase slippage during amplification [12, 
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Table 1. The sequences of primers in RT-
qPCR
Primer Sequence 5’-3’
GAPDH_F CTGACTTCAACAGCGACACC
GAPDH_R TGCTGTAGCCAAATTCGTTGT
PDGFRA_F TGGCAGTACCCCATGTCTGAA
PDGFRA_R CCAAGACCGTCACAAAAAGGC
PDGFRB_F AGACACGGGAGAATACTTTTGC
PDGFRB_R AGTTCCTCGGCATCATTAGGG
PDGFD_F TTGTACCGAAGAGATGAGACCA
PDGFD_R GCTGTATCCGTGTATTCTCCTGA
RUNX2_F TGGTTACTGTCATGGCGGGTA
RUNX2_R TCTCAGATCGTTGAACCTTGCTA
BCL2_F GGTGGGGTCATGTGTGTGG
BCL2_R CGGTTCAGGTACTCAGTCATCC
MCL1_F GTGCCTTTGTGGCTAAACACT
MCL1_R AGTCCCGTTTTGTCCTTACGA
BCL2L1_F GAGCTGGTGGTTGACTTTCTC
BCL2L1_R TCCATCTCCGATTCAGTCCCT
RBL2_F TGAGCGAAAGCTACACGCTG
RBL2_R TCCCTTTGCTTACAGTTGGAAC

22]. Obvious peaks were thus selected as main 
peaks for clonality analysis. To account for the 
preferential amplification of non-specific short 
fragments that could affect HUMARA gene 
amplification, we calculated the corrected 
cleavage ratio. It’s defined as:

Cleavage Ratio

area of the main peak at Allele 2 before digestion/area of the main peak at Allele 2 after digestion

area of the main peak at Allele 1 before digestion/area of the main peak at Allele 1 after digestion
=

Samples with cleavage ratio above 2.0 or below 
0.5 were considered to be monoclonal tumor 
tissues [23], and the corresponding cells were 
identified as tumor cells.

Isolation of GCTB primary cells

The isolation of GCTB primary cells was carried 
out as previously described [24-26]. Briefly, 
fresh surgical samples of GCTB were cut into 
small tissue blocks of approximately 1 mm3 in 
size and washed with PBS. The tissue blocks 
were digested by 0.2% type II collagenase 
(Thermo Fisher Scientific, USA)-DMEM medium 
in a constant temperature incubator at 37°C 
overnight. The digest was filtered through a 70 
μm cell screen and centrifuged at 1,500 rpm 
for 5 min. The supernatant was discarded, and 
the deposition was resuspended in 10% FBS-

DMEM culture medium, and seeded into di- 
shes.

CCK-8 assay

The cells were seeded at a density of 8,000 
cells/well in a 96-well plate. For denosumab 
(Xgeva, Amgen, USA), cells were treated with 
concentrations ranging from 10 to 800 μg/ 
mL for 48 h, and concentration of 800 μg/mL 
from 24 to 120 h. For Avapritinib (Selleckchem, 
USA) and Capivasertib (Selleckchem), cells 
were treated with concentrations ranging  
from 0.1 to 100 μM for 48 h. Control groups 
received an equal volume of vehicle (PBS for 
denosumab, DMSO for inhibitors, with final 
DMSO concentration <0.1%). After adding the 
CCK-8 reagent (Yeasen, Shanghai, China), the 
plate was incubated at 37°C for 2 h. The op- 
tical density (OD) value was measured at 450 
nm wave length by Multiskan GO spectropho-
tometer (Thermo Fisher Scientific).

RT-qPCR

Total RNA was isolated with FreeZol Reagent 
(Vazyme, Nanjing, China) from cells. cDNA  
was reverse transcribed with HiScript IV RT 
SuperMix (Vazyme). The Real-time quanti- 
tative PCR reaction system (20 µL) contained 
1× ChamQ Universal SYBR qPCR Master Mix 
(Vazyme), 0.4 µM each primer, and 1 µL of 
cDNA template. The expression level of 
PDGFRA, PDGFRB, PDGFD and RUNX2 RNA 
were normalized by GAPDH. The sequences of 
primers (Sangon Biotech, Shanghai, China) are 
shown in Table 1. The detection was carried out 
using a LightCycler 480 (Roche, Switzerland). 
The reaction conditions included an initial 
denaturation step at 95°C for 30 s, followed by 
40 cycles of denaturation at 95°C for 10 s and 
annealing/extension at 60°C for 30 s. The rela-
tive expression levels were calculated using the 
2-ΔΔCt method.

Statistical analysis

All data are presented as mean ± SEM. Sta- 
tistical analysis was performed with unpaired 
two-tailed Student’s t test, or one-way or two-
way analysis of variance (ANOVA) followed by 
Bonferroni’s posttest, in GraphPad Prism 5.0. 
p-value <0.05 was considered to be statistical-
ly significant.
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Figure 1. Typical pathological morphology, IHC detection of CD68, and 
HUMARA polymorphism of GCTB. A. Multinucleated giant cells (yellow ar-
row), mononuclear oval cells (red arrows), and mononuclear spindle cells 
(green arrow) were able to be detected by H&E stained (×200). B. Yellow 

arrow: multinucleated giant cells 
with CD68-positive; red arrows: 
CD68-positive mononuclear oval 
cells; green arrow: CD68-negative 
mononuclear spindle cells; black 
arrow: CD68-negative mononucle-
ar oval cells; orange arrow: CD68-
positive mononuclear spindle cells 
(×200). C. The HUMARA locus was 
heterozygous in 11 cases: No. 5, 
9-10, 17, 19, 20, 22, 24-25, 28, 
and 31, while they were homozy-
gous in the other cases. Scale bar 
100 µm. HUMARA: human andro-
gen receptor gene; GCTB: giant 
cell tumor of bone.

Results

Morphological characteristic 
of GCTB

Typical GCTB tissue was basi-
cally composed of three types 
of cells: multinucleated giant 
cells, mononuclear oval cells, 
and mononuclear spindle cells 
(Figure 1A). Multinucleated gi- 
ant cells were scattered among 
mononuclear cells in large nu- 
mbers, with many nuclei. IHC 
staining showed that multinu-
cleated giant cells and part  
of the mononuclear oval cells 
were CD68-positive, while ano- 
ther part of mononuclear oval 
cells and mononuclear spindle 
cells were negative (Figure 
1B). The CD68-negative mono-
nuclear spindle cells, which 
were the focus of our clonality 
analysis, exhibited elongated, 
fusiform shapes with scant 
cytoplasm and oval nuclei, dis-
tinct from the rounder CD68-
positive mononuclear cells.

Prior to clonality analysis, the 
polymorphism of the samples’ 
HUMARA gene must be con-
firmed. DNA was extracted 
from 32 GCTB cases. The HU- 
MARA gene was amplified, and 
the gene polymorphism was 
detected (Figure 1C; Table 2). 
Eleven of 32 cases were HU- 
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Table 2. Clinical features and HUMARA polymorphisms of the 32 GCTB patients
Case no. Age (y) Site HUMARA Case no. Age (y) Site HUMARA 
1 55 NA Homozygous 17 21 the head and neck of 

right femur
Heterozygous

2 28 the left radius Homozygous 18 26 the distal part of the left 
femur

Homozygous

3 64 the left tibia Homozygous 19 40 the proximal part of the 
left tibia

Heterozygous

4 33 the lower end of 
the left femur

Homozygous 20 22 the distal part of the left 
femur

Heterozygous

5 62 the lower end of 
the left femur

Heterozygous 21 29 the proximal part of the 
left tibia

Homozygous

6 37 the sacral region Homozygous 22 23 the left femur Heterozygous
7 50 the lower end of 

the left femur
Homozygous 23 48 the distal part of the left 

femur
Homozygous

8 22 the right tibia Homozygous 24 52 the proximal part of the 
left tibia

Heterozygous

9 60 the distal part of 
the left femur

Heterozygous 25 25 the proximal part of the 
right femur

Heterozygous

10 27 the region of bone 
saddle

Heterozygous 26 27 the proximal part of the 
left tibia

Homozygous

11 23 the proximal part 
of the tibia

Homozygous 27 15 the proximal part of the 
right tibia

Homozygous

12 39 the right wrist Homozygous 28 22 the parahumeral soft  
tissue of right upper arm

Heterozygous

13 40 the right radius Homozygous 29 31 the distal part of the left 
femur

Homozygous

14 42 the right acromion Homozygous 30 15 the proximal part of the 
left femur

Homozygous

15 26 the distal part of 
the left femur

Homozygous 31 32 the distal part of the 
right femur

Heterozygous

16 57 the proximal part 
of the right tibia

Homozygous 32 25 the proximal part of the 
left humerus

Homozygous

NA: not available; HUMARA: human androgen receptor gene; GCTB: giant cell tumor of bone.

MARA-heterozygous, which were suitable for 
further analysis.

The multinucleated giant cells in GCTB are 
polyclonal hyperplasia

As there are mainly three types of cells in GCTB, 
clonality analysis was performed on each type 
to confirm the genuine neoplastic cell popula-
tion within this tumor.

Before analyzing GCTB, in order to ensure the 
methodological feasibility and result reliability, 
hepatoma cells were selected as a positive 
control. The hepatoma cells showed 1 peak 
through digestion with HpaII, indicating that the 
cells were monoclonal, while liver cancer was a 
neoplastic hyperplasia (Figure 2A).

We chose to analyze the clonality of the osteo-
clastic multinucleated giant cells first. The mul-
tinucleated giant cells were captured by LCM 
machine (Figure 2B). The DNA of captured mul-
tinucleated giant cells was extracted, digested 
and non-digested, and amplified by HUMARA 
primer with 6-FAM fluorescence. The PCR prod-
ucts were subjected to capillary electrophore-
sis, and the fluorescence intensity peak map 
was analyzed.

The results showed that the two representative 
cases (No.10 and 25) were both polyclonal 
(Figure 2C), which indicated that osteoclast-like 
multinucleated giant cells were polyclonal 
hyperplasia, and were not the neoplastic com-
ponent of GCTB. Analysis of multinucleated 
giant cells from all 11 informative (heterozy-



PDGFRA regulates GCTB tumor cells via the PI3K/AKT pathway

330	 Int J Clin Exp Pathol 2026;19(7):324-339

Figure 2. HUMARA polymorphism of hepatocellular carcinoma and multinucleated giant cells in GCTB. A. HUMARA 
polymorphism of hepatoma cells. B. LCM captured multinucleated giant cells in GCTB in Case No. 10 and 25 (×400). 
C. HUMARA polymorphism in Case No. 10 and 25. N, normal tissue of GCTB; M, LCM-captured multinucleated gi-
ant cells; -, non-digestion with HpaII; +, digestion with HpaII. Scale bar 50 µm. LCM: laser capture microdissection.

gous) cases revealed polyclonal patterns,  
consistent with reactive hyperplasia (Supple- 
mentary Table 1).

The mononuclear spindle cells in GCTB are the 
true tumor components of GCTB

We further accurately captured mononuclear 
cells around multinucleated giant cells to ex- 
plore their clonality. The results showed that 

the mononuclear cells were polyclonal in most 
cases, while monoclonal in very few cases. 
Figure 3 demonstrated the results that the two 
cases (No. 10 and 25) were still polyclonal. 
Since mononuclear cells can be divided into 
two kinds: oval cells and spindle cells, we 
believed this needed further classification, as 
one of them could be the true neoplastic 
component.
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Figure 3. HUMARA polymorphism of Mononuclear cells in GCTB. A. LCM captured mononuclear cells in GCTB in 
Case No. 10 and 25 (×400). B. HUMARA polymorphism in Case No. 10 and 25. N, normal tissue of GCTB; S, LCM-
captured mononuclear cells; -, non-digestion with HpaII; +, digestion with HpaII) Scale bar 50 µm.

Based on the established pathological concept 
that the neoplastic component in GCTB is the 
stromal-derived spindle cell, which are typically 
CD68-negative, we targeted CD68-negative 
mononuclear spindle cells for LCM and clonali-
ty analysis. We used LCM to capture CD68-ne- 
gative mononuclear spindle cells and extract 
their DNA for clonality analysis (Figure 4A). In 2 
representative cases, No. 10 and 25, there was 
only one peak after digestion with HpaII enzyme 
(Figure 4B). Analysis of CD68-negative spindle 
cells from all 11 informative (heterozygous) 
cases showed a monoclonal pattern (Supple- 
mentary Table 1). Monoclonality, as determined 
by X-inactivation analysis, is a well-established 
hallmark of neoplastic proliferation, indicating 
origin from a single progenitor cell. The results 
showed that CD68-negative mononuclear spin-
dle cells were monoclonal and were true neo-
plastic cells of GCTB, which further demon-
strated that GCTB was a true tumor.

Isolation and identification of GCTB primary 
tumor cells

Primary cell isolation was performed on fresh 
tumor tissue from a patient with GCTB before 
and after denosumab treatment. One day after 
isolation and culture, three main types of cells 
in GCTB were observed: mononuclear spindle 
cells, mononuclear round cells, and multinucle-
ated giant cells (Figure 5A). After 2-3 passages, 
the only remaining primary cells were mononu-
clear spindle-shaped cells, while multinucleat-
ed giant cells and other cells disappeared 
(Figure 5B). The passaged primary cells were 
used for further study.

To identify the isolated primary cells, cellular 
immunofluorescence staining was performed. 
Immunofluorescence staining showed that mu- 
tant histone H3.3 (G34W) was strongly positive 
in the nucleus in approximately 90% of the iso-
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Figure 4. HUMARA polymorphism of CD68-negative mononuclear spindle cells in GCTB. A. LCM captured mono-
nuclear cells in GCTB in Case No. 10 and 25 (×400). B. HUMARA polymorphism in Case No. 10 and 25. N, normal 
tissue of GCTB; C, LCM-captured CD68-negative mononuclear spindle cells; -, non-digestion with HpaII; +, digestion 
with HpaII. Scale bar 50 µm.

lated adherent spindle cells, while CD68 was 
negative. (Figure 5C). Negative controls, per-
formed by omitting the primary antibody, sh- 
owed no signal. A known GCTB tissue section 
served as the positive control for the antibody. 
For further confirmation, DNA was extracted 
from primary cells and PCR amplification and 
Sanger sequencing were performed on the 
fragment near H3-3A G34W. Sequencing re- 
vealed a mutation at H3-3A G34W site in pri-
mary cells (Figure 5D). These results proved 
that the isolated primary cells were the tumor 
cells of giant cell tumor of bone.

Denosumab has no direct effect on the growth 
of GCTB tumor cells but indirectly changes the 
phenotype of GCTB tumor cells

Denosumab has a certain clinical effect on 
GCTB that makes it difficult to resect or it can 
cause serious complications after resection. 

However, the optimal administration time and 
dosing of denosumab are still not completely 
unified [16].

A high concentration (800 μg/mL) was included 
based on some in vitro studies [27, 28], al- 
though it exceeds typical serum levels. The pri-
mary tumor cells were treated with denosumab 
from 10 to 800 μg/mL for 48 h. Compared with 
the control group, different concentrations of 
denosumab had no direct effect on cell growth 
(Figure 5E). The tumor cells were treated with 
800 μg/mL denosumab continuously. The 
growth of cells at 24 h, 48 h, 72 h, 96 h and 
120 h did not change compared with the con-
trol group (Figure 5F).

We inquired whether denosumab could change 
the phenotype of GCTB tumor cells. RUNX fam-
ily transcription factor 2 (RUNX2) is essential 
for osteoblastic differentiation and skeletal 
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Figure 5. The effect of denosumab on GCTB primary tumor cells. A, B. The isolated primary cells from GCTB after 1 
day and 2-3 passages (×40, Scale bar 100 µm). C. The primary cells were positive for H3.3 G34W in nucleus and 
negative for CD68 (×400, Scale bar 50 µm). D. Sanger sequencing showed the primary cells exhibited a mutation 
at the H3-3A G34W site. E. Different concentrations of denosumab had no direct effect on the primary tumor cells’ 
growth. F. 800 μg/mL denosumab had no direct effect on the primary tumor cells’ growth in 120 h. G. RUNX2 
RNA increased after denosumab treatment in vitro, but decreased after treatment in vivo. *, P<0.05; **, P<0.01. 
RUNX2: RUNX family transcription factor 2.

morphogenesis and acts as a scaffold for 
nucleic acids and regulatory factors involved in 
skeletal gene expression [29]. qPCR showed 
that RUNX2 RNA increased after denosumab 
treatment in vitro (P<0.05), but decreased after 
treatment in vivo (P<0.01, Figure 5G). These 
results indicate that denosumab, at the tested 
concentrations, has no direct anti-proliferative 
effect on cultured GCTB tumor cells in vitro. The 
opposite changes in RUNX2 RNA expression 
observed in vitro versus in vivo samples sug-
gest that the drug’s effects on tumor cell phe-
notype may be context-dependent, potentially 
involving the bone microenvironment.

PDGFRAi has a direct effect on the growth of 
GCTB tumor cells and changes the phenotype 
of GCTB tumor cells

Platelet derived growth factor receptor alpha 
(PDGFRA), a member of receptor tyrosine 
kinase family, plays an important role in embry-
onic development, cell proliferation, survival 
and chemotaxis [30]. Avapritinib is a potent 
and selective inhibitor of PDGFRA (PDGFRAi) 
and KIT kinases. In addition to inhibiting the 
activation loop of wild-type PDGFRA and KIT 
kinases, it also has potent inhibition of PDGFRA 

D824V and KIT D816V mutants. High-thro- 
ughput drug screening showed that Avapritinib 
at 3 µM concentration had no significant in- 
hibitory effect on other kinases [31].

Primary tumor cells were treated with Avapritinib 
(0.1-100 uM) for 48 h. Avapritinib inhibited tu- 
mor cell growth in a dose-dependent manner, 
as the cell viability decreased to 50.54% with 
the concentration of 100 µM (Figure 6A).

Subsequently, we treated primary tumor cells 
with 10 µM Avapritinib for 24 h and detected 
the expression of related genes. Avapritinib up-
regulated the mRNA expression of PDGFRA 
(P<0.001), PDGFRB (P<0.05), PDGFD (P<0.01) 
and RUNX2 (P<0.05) in primary tumor cells 
(Figure 6B). These findings indicate that PD- 
GFRAi could inhibit the growth of primary tumor 
cells and alter the phenotype of primary tumor 
cells.

PDGFRAi regulates the growth and phenotype 
of GCTB tumor cells through the PI3K/AKT 
pathway

The PI3K/AKT/mTOR pathway plays a key role 
in the occurrence and development of many 
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Figure 6. PDGFRAi can regulate the growth and phenotype of GCTB tumor cells through the PI3K/AKT pathway. A. 
Avapritinib inhibited tumor cell growth in a dose-dependent manner. B. Avapritinib up-regulated the mRNA level of 
PDGFRA, PDGFRB, PDGFD and RUNX2 in primary tumor cells. C. Capivasertib inhibited the growth of tumor cells 
in a dose-dependent manner. The IC50 of Capivasertib on tumor cell growth was 21.53 µM. D. Capivasertib up-
regulated PDGFRA, PDGFRB, PDGFD and RUNX2 RNA in tumor cells. E. Avapritinib had an effect on AKT-related 
genes in tumor cells, up-regulating BCL2 and RBL2 RNA, and down-regulating MCL1 RNA. F. Avapritinib down-
regulated pAKT and pGSK3β, which was partly reversed by SC79. Ns, no significance; *, P<0.05; **, P<0.01; ***, 
P<0.001. PDGFRAi: PDGFRA inhibitor; PDGFRA: platelet derived growth factor receptor alpha; PDGFRB: platelet 
derived growth factor receptor beta; PDGFD: platelet derived growth factor D; BCL2: B-cell lymphoma 2 apoptosis 
regulator; RBL2: RB transcriptional corepressor like 2; MCL1: Myeloid cell leukemia 1 apoptosis regulator; pGSK3β: 
phosphorylated GSK3β (Ser9).

kinds of tumors, regulating cell proliferation, 
apoptosis and metabolism. There are three iso-
forms of PI3K: I, II and III. Type I PI3K is a het-
erodimeric structure composed of a catalytic 
subunit and a regulatory subunit, which can  
be further subdivided into types IA and IB. The 
former is activated by receptor tyrosine kinases 
(RTKs) and the latter by G protein-coupled 
receptors (GPCRs). PDGFRA is a member of the 
RTK family. When the ligand specifically binds 
to it, signal transduction adaptor proteins are 
phosphorylated, thereby activating type IA PI3K 
and activating downstream pathways [32].

Capivasertib is an orally active, broad-spec-
trum AKT inhibitor with inhibitory activity ag- 

ainst AKT1, AKT2, and AKT3. Capivasertib has 
anti-tumor activity and can be used to treat 
breast cancer, and it is currently in phase I clini-
cal trials.

Primary tumor cells were treated with Ca- 
pivasertib (0.1-100 µM) for 48 h. Capivasertib 
inhibited the growth of tumor cells in a dose-
dependent manner, and the IC50 of Capiva- 
sertib on tumor cell growth was 21.53 µM 
(Figure 6C).

Subsequently, we treated the primary tumor 
cells with 10 µM Capivasertib for 24 h and 
detected the expression of related genes. 
Capivasertib up-regulated the mRNA level of 
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PDGFRA (P<0.05), PDGFRB (P<0.05), PDGFD 
(P<0.01) and RUNX2 (P<0.05) in tumor cells 
(Figure 6D). AKT inhibitor can inhibit the growth 
of GCTB cells and change the cell phenotype, 
which is consistent with the effect of PDGFRAi. 
Moreover, Avapritinib modulated the expres-
sion of AKT-related genes in tumor cells, up-
regulating the mRNA level of B-cell lymphoma 2 
apoptosis regulator (BCL2, P<0.05) and RB 
transcriptional corepressor like 2 (RBL2, P< 
0.001), and down-regulating the mRNA level of 
Myeloid cell leukemia 1 apoptosis regulator 
(MCL1, P<0.05, Figure 6E).

Western blot analysis showed that treatment 
with 5 μM Avapritinib for 24 h decreased the 
levels of phosphorylated AKT (Ser473, p-AKT, 
P<0.01) and its downstream target phosphory-
lated GSK3β (Ser9, pGSK3β, P<0.01) in prima-
ry tumor cells. Co-treatment with the AKT ago-
nist SC79 (10 μM) partially restored the levels 
of pAKT and pGSK3β (Figure 6F). These finding 
indicate that PDGFRAi regulates the growth 
and phenotype of GCTB tumor cells through the 
PI3K/AKT pathway.

Discussion

GCTB is classified by the WHO as an intermedi-
ate tumor with a high recurrence rate and 
potential malignancy, accounting for about 5% 
of benign bone tumors [2]. Miller et al. found 
that GCTB can metastasize in the lung [33]. 
Quatma et al. also reported a case that can  
be transformed into epithelioid angiosarcoma 
[34]. In addition, Fumiaki Masul et al. believed 
that mononuclear stromal cells and osteoclast-
like multinucleated giant cells were induced by 
a variety of cytokines, which were induced in an 
autocrine or paracrine manner, and that was 
closely related to the invasiveness of GCTB 
[35]. Above all, GCTB exhibits the characteris-
tics of true neoplasm parenchymal. Before our 
research, a clonality analysis of giant cell tu- 
mors by Schwartz et al. detected all specimens 
were polyclonal indicating that GCTB was a 
non-neoplastic proliferation of mesenchymal 
cells [36]. However, the cell composition of 
GCTB is complex, and its cell component has 
three types: multinucleated giant cells, mono-
nuclear oval cells, and mononuclear spindle 
cells [37]. Our study performed a more accu-
rate clonality analysis based on cellular compo-
nents and confirmed that GCTB is a true tumor, 

and CD68-negative mononuclear spindle cells 
are its tumor cells.

Multinucleated giant cells in GCTB were poly-
clonal, indicating that they were reactive hyper-
plasia cells rather than neoplasm cells. In this 
study, laser capture microdissection was used 
to accurately separate and harvest multinucle-
ated giant cells in GCTB. The results of clonality 
analysis indicated that it was a polyclonal ori-
gin, which proved that it is a non-tumor compo-
nent. GCTB is named for its abundant multinu-
cleated giant cells, whereas our results sugg- 
ested that multinucleated giant cells are not 
neoplasm cells. Therefore, it is not appropriate 
to classify GCTB as osteoclasts.

The mononuclear cell components of GCTB are 
complex, which can’t be distinguished by H&E 
staining. It is well known that CD68 is a marker 
for monocyte-macrophage cell lines [38]. Pre- 
vious researchers found that CD68 was strong-
ly positive in osteoclast-like multinucleated gi- 
ant cells and mononuclear oval cells, and gen-
erally negative in mononuclear spindle cells 
with occasionally positive expression [9, 39, 
40]. Our study differentiated mononuclear cells 
by immunological expression of CD68 and dis-
covered that the clonality of CD68-negative 
spindle cells in mononuclear cells was inconsis-
tent with the whole monocytes. CD68-negative 
mononuclear cells are monoclonal proliferative 
tumor cells, most of which are mononuclear 
spindle cells. The CD68-positive cells, including 
multinucleated giant cells and some of the 
mononuclear cells, are polyclonal hyperplasia, 
which is similar to the reactive hyperplasia of 
granuloma. This phenomenon further explains 
why previous studies had found heterogeneity 
in the expression of CD68 in GCTB.

Only the CD68-negative mononuclear spindle 
cells are the genuine tumor cells in GCTB, not 
all the mononuclear cells. In previous publica-
tions, mononuclear stromal cells were thought 
to be the true neoplastic components of GCTB. 
However, their results are only presented in the 
form of immunohistochemistry and cannot be 
used as favorable evidence [41]. Some schol-
ars have also suggested this assumption based 
on these cells have strong growth and prolifera-
tion abilities both in vivo and in vitro [42]. In this 
study, we identified CD68-negative mononucle-
ar cells as monoclonal hyperplasia using clonal-



PDGFRA regulates GCTB tumor cells via the PI3K/AKT pathway

336	 Int J Clin Exp Pathol 2026;19(7):324-339

ity analysis based on X chromosome inactiva-
tion, strongly suggesting that they are true 
tumor components of GCTB.

During primary cell isolation, overnight diges-
tion was performed with type II collagenase 
according to published literature [24-26]. It is 
known that the primary cells have the charac-
teristics of fragility and significant batch-to-
batch variations. Our primary cells showed a 
good viability in morphology on the day after 
isolation and the CCK8 assay after enrichment 
and passage, which were suitable for subse-
quent functional experiments. Nonetheless, it 
is reported that type I collagenase has relative 
average activity of multiple enzymes [43], 
shortening the digestion duration while better 
preserving cell viability. Combined usage of 
type I and type II collagenases may lead to a 
higher digestion efficiency [44], representing a 
promising optimization strategy for future pri-
mary cell preparation.

H3.3 G34W is a mutant histone protein, which 
is manifested as a mutation from glycine (G) to 
tryptophan (W) in the 34th amino acid of his-
tone H3.3 [45]. This mutation is common in 
giant cell tumor of bone, which is the key muta-
tion to maintain the poor differentiation and 
abnormal proliferation of tumor cells, and is 
often used to assist in the diagnosis of giant 
cell tumor of bone clinically [46]. Immuno- 
fluorescence staining revealed strong nuclear 
positivity for H3.3 G34W in approximately 90% 
of the isolated adherent spindle cells, indicat-
ing that the most primary cells used in our sub-
sequent experiments were tumor cells from 
giant cell tumor of bone. In the future, the direct 
clonality analysis of the H3.3 G34W-positive 
cells in GCTB needs to be performed to 
strengthen our findings.

Denosumab, as a neoadjuvant therapy, pro-
vides new possibilities for treating GCTB. 
However, the effect of denosumab on CD68-
negative spindle tumor cells remains unknown 
[16]. We treated primary tumor cells with deno-
sumab in vitro. Our findings suggest that deno-
sumab inhibits the formation of osteoclastic 
multinucleated giant cells but has no direct 
effect on the growth of spindle mononuclear 
tumor cells. As C. P. Lau et al. [47] also found 
that the proliferation of GCTB tumor cells was 
not inhibited by denosumab therapy. However, 
MAK I W et al. [48] collected six samples of 

giant cell tumor of bone, two of which were 
treated with denosumab, and subjected to pri-
mary cell isolation and culture. It was found 
that after denosumab treatment, tumor cells 
were still present, but their growth rate in vitro 
was reduced by about 50%. We believe that the 
difference in tumor growth rate in this study 
may be due to the changes in tumor microenvi-
ronment caused by in vivo denosumab treat-
ment and cell-to-cell interactions, or the tumor 
heterogeneity among patient samples.

It is found that denosumab induced opposite 
changes in RUNX2 RNA expression in vitro ver-
sus in vivo samples. A. Schubert et al. [28] 
treated osteoblastic lineage cells from the alve-
olar bone with denosumab in vitro, and found 
that denosumab increased RUNX2, which is the 
same as our finding, while reduced the level of 
collagen I, and had no significant change in 
RANKL. X. Chen et al. [27] found that p62 was 
down-regulated after denosumab treatment in 
vivo, but the effect cannot be reproduced in 
vitro. All these findings suggested that the 
drug’s effects on tumor cell phenotype may be 
context-dependent.

PDGFRA, a member of RTK family, is an impor-
tant factor in bone development and skull  
closure during embryonic development, and 
also plays a role in mesenchymal stem cell 
recruitment and intestinal villus development 
during gastrointestinal mucosal development. 
PDGFRA has shown significant potential as a 
therapeutic biomarker in various tumors, such 
as gastrointestinal stromal tumor (GIST) [49], 
pediatric high-grade glioma (pHGC) [50] and 
others.

We hypothesized that PDGFRA may play an 
important role in GCTB tumor cell growth. We 
found that the growth of tumor cells was inhib-
ited by Avapritinib. Meanwhile, the mRNA 
expression of PDGFRA, PDGFRB, PDGFD, and 
RUNX2 was up-regulated by Avapritinib in tumor 
cells. Previous studies have found that the 
RTKs in GCTB are highly phosphorylated, in- 
cluding EGFR, Axl, RYK, PDGFRB, ALK, and IGF-
IR. Sunitinib, an inhibitor of PDGFRB, can inhibit 
the growth of bone giant cell tumor cells. 
Denosumab combined with Sunitinib can suc-
cessfully inhibit the growth of osteoclastic mul-
tinucleated giant cells and spindle mononucle-
ar cells in tumor tissues of patients [51]. 
However, the downstream pathway of PDGFRB 



PDGFRA regulates GCTB tumor cells via the PI3K/AKT pathway

337	 Int J Clin Exp Pathol 2026;19(7):324-339

has not been further explored. PDGFRA and 
PDGFRB belong to the platelet-derived growth 
factor receptor family in the RTK family and 
have similarities in structure and function. Our 
finding showed that PDGFRA inhibitor also 
inhibited the growth of GCTB tumor cells.

It has been reported that the PI3K/AKT/mTOR 
pathway plays a key role in the occurrence and 
development of a variety of tumors, regulating 
cell proliferation, apoptosis and metabolism 
[52]. However, PI3K can be activated by RTKs 
and activate the downstream AKT pathway [32, 
53]. In vitro treatment of primary tumor cells 
showed that AKT inhibitor Capivasertib had a 
dose-dependent inhibitory effect on tumor cell 
growth with an IC50 of 21.53 µM. Meanwhile, 
Capivasertib treatment could up-regulate the 
mRNA expression of PDGFRA, PDGFRB, PDGFD, 
and RUNX2 in tumor cells, which was consis-
tent with the effect of PDGFRAi. pGSK3β, an 
important downstream of PI3K/AKT pathway, 
was down-regulated by Avapritinib treatment, 
and partly reversed by co-treatment with AKT 
agonist. Therefore, we suggested that PI3K/
AKT is one of the downstream pathways of 
PDGFRA.

This study has several limitations. First, the 
clonality analysis was based on X-inactivation 
and is therefore applicable only to female 
patients, limiting the sample size for informa-
tive cases. Second, the primary cell culture, 
despite our enrichment steps, may still contain 
a small fraction of non-neoplastic cells, which 
could influence drug response assays. Third, 
although the viability of the primary cells after 
enrichment and passage was acceptable for 
subsequent experiments, the primary cells 
have the characteristics of fragility and signifi-
cant batch-to-batch variations, which may 
affect the reproducibility of experiments. It is 
recommended to conduct cell counting and cell 
viability assays immediately after primary cell 
isolation to obtain the baseline data for the pri-
mary cells, which will facilitate comparisons 
between different batches. Fourth, our func-
tional studies on PDGFRA/PI3K/AKT signaling 
were performed mainly in vitro using cells from 
a limited number of patients. Future studies 
with larger cohorts, in vivo models, and investi-
gations into the interplay between neoplastic 
spindle cells and other cellular components in 
the GCTB microenvironment are warranted to 

fully validate these findings and explore thera-
peutic potential.

Our findings will be helpful for understanding 
the nature of GCTB and pioneering novel tar-
geted therapies. Although the mystery of GCTB 
is gradually uncovered by scholars, many unre-
solved questions remain, including the interac-
tions among components of GCTB, its patho-
genesis and underlying mechanisms, as well as 
the disease-related signaling pathways.

Conclusion

GCTB is a true neoplasm, with CD68-negative 
mononuclear spindle cells identified as the mo- 
noclonal neoplastic component. PDGFRA inhi-
bition directly suppresses the growth of these 
tumor cells and alters their phenotype, likely 
through modulation of the PI3K/AKT signaling 
pathway. These findings suggest PDGFRA as a 
potential novel therapeutic target for GCTB, 
warranting further investigation.
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Supplementary Table 1. HUMARA polymorphisms and Cell Clonality of 32 GCTB patients

Sample 
No. HUMARA

Clonality of 
Multinucleated 

Giant Cell

Clonality of 
CD68-negative 

Spindle Cell

Sample 
No. HUMARA

Clonality of 
Multinucleated 

Giant Cell

Clonality of 
CD68-negative 

Spindle Cell
1 Homozygous NA NA 17 Heterozygous Polyclonal Monoclonal
2 Homozygous NA NA 18 Homozygous NA NA
3 Homozygous NA NA 19 Heterozygous Polyclonal Monoclonal
4 Homozygous NA NA 20 Heterozygous Polyclonal Monoclonal
5 Heterozygous Polyclonal Monoclonal 21 Homozygous NA NA
6 Homozygous NA NA 22 Heterozygous Polyclonal Monoclonal
7 Homozygous NA NA 23 Homozygous NA NA
8 Homozygous NA NA 24 Heterozygous Polyclonal Monoclonal
9 Heterozygous Polyclonal Monoclonal 25 Heterozygous Polyclonal Monoclonal
10 Heterozygous Polyclonal Monoclonal 26 Homozygous NA NA
11 Homozygous NA NA 27 Homozygous NA NA
12 Homozygous NA NA 28 Heterozygous Polyclonal Monoclonal
13 Homozygous NA NA 29 Homozygous NA NA
14 Homozygous NA NA 30 Homozygous NA NA
15 Homozygous NA NA 31 Heterozygous Polyclonal Monoclonal
16 Homozygous NA NA 32 Homozygous NA NA
NA: not available; HUMARA: human androgen receptor gene; GCTB: giant cell tumor of bone.


