
Vol.:(0123456789)1 3

Medical Molecular Morphology (2020) 53:1–6 
https://doi.org/10.1007/s00795-019-00238-1

REVIEW

Histone H3.3 mutation in giant cell tumor of bone: an update 
in pathology

Hidetaka Yamamoto1 · Shin Ishihara1 · Yu Toda1 · Yoshinao Oda1

Received: 2 October 2019 / Accepted: 11 November 2019 / Published online: 20 November 2019 
© The Japanese Society for Clinical Molecular Morphology 2019

Abstract
Giant cell tumor of bone (GCTB) is a locally aggressive bone tumor that frequently shows local recurrence and occasion-
ally shows malignant transformation to high-grade sarcoma. Histologically, conventional GCTB is composed mainly of 
three types of cells: mononuclear neoplastic cells with an osteoblastic precursor phenotype, mononuclear histiocytic cells, 
and osteoclast-like multinucleated giant cells. These cells interact with each other via the RANKL-RANK axis and other 
mechanisms for tumor formation. The vast majority of GCTBs were recently revealed to harbor H3F3A p.G34W mutation, 
and a minor subset have H3F3A p.G34L, p.G34M, p.G34R, or p.G34V mutation. H3.3 G34W mutant-specific immuno-
histochemistry is a highly sensitive and specific surrogate marker for H3F3A p.G34W mutation in GCTB and thus useful 
for differential diagnoses of histological mimics. H3.3 mutant-specific immunohistochemistry has also contributed to the 
understanding of the bone-forming ability of neoplastic cells of GCTB and the remarkable new bone formation after treat-
ment with denosumab, an inhibitor of RANKL. In primary and secondary malignant GCTBs, the H3F3A gene allele can be 
preserved or lost with malignant transformation.
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The clinical and histopathological features 
of GCTB

Giant cell tumor of bone (GCTB) is an osteolytic neoplasm 
that usually develops in the metaphysis to epiphysis of a 
long bone (such as the femur or tibia) or in the axial skeleton 
(such as the spine or sacrum) of young to middle-aged adults 
[1]. GCTB may occur in the metaphysis without involving 
the epiphysis, particularly in children whose growth plates 
are still open. Clinically, GCTB behaves as a locally aggres-
sive tumor, sometimes with destruction of bone cortex and 
extraosseous invasion. GCTBs frequently show local recur-
rence. Some GCTBs have shown metastasis to the lung, in 
keeping with the histology of conventional GCTB. In rare 
instances, GCTB shows malignant transformation to high-
grade sarcoma [2].

Histologically, conventional GCTB is composed mainly 
of three types of cells: mononuclear neoplastic cells, mono-
nuclear histiocytic cells, and osteoclast-like multinucleated 
giant cells (Fig. 1a) [1]. The mononuclear neoplastic cells 
have round to spindle-shaped nuclei and various degrees 
of mitotic figures. Secondary aneurysmal bone cyst-like 
change is often associated with GCTB. The name "giant cell 
tumor" has been somewhat confusing regarding the nature 
of neoplastic cells. Recent studies have obtained evidence 
that mononuclear cells with an osteoblastic precursor phe-
notype are the true neoplastic element of GCTB, whereas 
mononuclear histiocytic cells and osteoclast-like multinucle-
ated giant cells are considered non-neoplastic elements [3, 
4]. However, mononuclear neoplastic cells and mononuclear 
histiocytic cells are indistinguishable only by cellular mor-
phology on hematoxylin–eosin stained specimens. Mononu-
clear neoplastic cells can be identified by osteoblast-related 
markers such as RUNX2 and p63 [3]. In contrast, mono-
nuclear histiocytic cells and osteoclast-like multinucleated 
giant cells are positive for CD68.

Despite the osteoblastic precursor phenotype of neo-
plastic cells, bone formation is usually absent and osteoid 
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formation can be seen only focally in conventional GCTB 
(Fig. 1b) [5]. This matter is discussed later.

Several experimental data support that mononuclear neo-
plastic cells, mononuclear histiocytic cells, and osteoclastic 
giant cells interact with each other via growth factors and 
cytokines, and they are thought to play important roles in the 
development of bone-destructive lesions with unique histol-
ogy [reviewed in Ref. 3].

Histone H3.3 mutation and the diagnostic 
implications

As a basic element of chromatin, the nucleosome consists 
of a core of eight histone proteins (two each of H2A, H2B, 
H3, and H4) wrapped by DNA. The N-terminal tails of these 
histone proteins can be modified by histone modificatory 
enzymes, including acetyltransferases for acetylation and 
methyltransferases for methylation [6]. Histone modification 
plays an important role in the epigenetic regulation of gene 
expression. Histone H3.3 is encoded by two genes located 
in different loci: H3F3A on chromosome 1 and H3F3B on 
chromosome 17. Data are accumulating regarding histone 
H3.3 gene mutations in neoplasms, such as p.K27M and 
p.G34R/V in pediatric gliomas, p.G34W in GCTBs, and 
p.K36M in chondroblastomas (Fig. 2) [7–9].

Approximately 90% of GCTBs harbor H3F3A 
p.G34W mutation, and minor subsets (each < 2%) have 
H3F3A p.G34L, p.G34M, p.G34R, or p.G34V muta-
tion [9–12]. Up to 90–95% of chondroblastomas have 
H3F3B p.K36M mutation [9, 11]. A monoclonal anti-
body against H3.3 G34W mutant protein (clone RM263) 

Fig. 1   Histological appearance of a giant cell tumor of bone (GCTB) 
(a–c) and immunohistochemistry for H3.3 G34W mutant-specific 
antibody (d–f). Conventional GCTBs consist of mononuclear neo-
plastic cells, mononuclear histiocytic cells, and osteoclast-like multi-
nucleated giant cells (a), and mononuclear neoplastic cells are posi-

tive for H3.3 G34W (d). Focal osteoid formation is seen in GCTB 
(b), and the osteoid-forming cells are positive for H3.3 G34W (e). 
Immature bone formation is remarkable in this denosumab-treated 
GCTB (c), and the bone-forming cells are positive for H3.3 G34W (f)

Fig. 2   Structure of a part of the histone H3.3 tail, corresponding 
H3F3A/B genes and mutation hot spots in GCTB and chondroblas-
toma
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is now commercially available for immunohistochemistry. 
Several studies have revealed that H3.3 G34W mutant-
specific immunohistochemistry is a highly sensitive and 
specific surrogate marker for the presence of H3F3A 
p.G34W mutation in GCTBs [12–14]. Immunoreactivity 
for H3.3 G34R and H3.3 G34V mutant-specific antibod-
ies also well correlate with the presence of corresponding 
H3F3A mutation [12]. Likewise, an H3.3 K36M mutant-
specific antibody is available for the diagnosis of chon-
droblastoma [15].

In GCTBs, mononuclear cells show nuclear expression 
of H3.3 G34W with a mosaic pattern (Fig. 1d) [12]. This 
phenomenon probably indicates that the H3.3 G34W-
positive neoplastic cells and the H3.3 G34W-negative 
histiocytic cells are admixed within the mononuclear cell 
population.

GCTB should be distinguished from various types of 
bone lesions with osteoclastic giant cells, including chon-
droblastoma, non-ossifying fibroma, giant cell repara-
tive granuloma, primary aneurysmal bone cyst, and giant 
cell-rich type osteosarcoma. These lesions (except for 
a minor subset of osteosarcomas) are negative for H3.3 
G34W immunohistochemistry, indicating the utility of 
this immunohistochemistry for the differential diagnosis 
of morphologic mimics [12, 13].

RNNKL‑RANK signal, denosumab therapy, 
and histopathological correlation

It is well known that receptor activator of nuclear factor 
kappa-B ligand (RANKL) and its receptor RANK axis play 
an important role in the development of GCTB [reviewed 
in Ref. 3]. RANKL is expressed by mononuclear neoplastic 
cells and binds to RANK on the surface of osteoclastic mult-
inucleated giant cells, leading to the activation and prolifera-
tion of these giant cells (Fig. 3). The activated osteoclastic 
giant cells play an important role in bone absorption.

Denosumab, an inhibitor of RANKL, has shown a prom-
ising antitumor effect for GCTB [16, 17]. By targeting the 
RANKL-RANK axis, the osteoclastic activity of giant cell 
is considerably reduced. GCTBs after denosumab treat-
ment have shown drastic histological changes such as giant 
cell depletion, various degrees of spindle-cell proliferation, 
and new bone formation (Fig. 1c) [12, 18–20]. Accord-
ing to these reports, the spindle cells and the cells in and 
around immature bone in denosumab-treated GCTBs are 
immunohistochemically positive for H3.3 G34W (Fig. 1f), 
and H3F3A mutations are consistently detected in the cor-
responding samples [12, 14, 19, 20]. These findings suggest 
that neoplastic cells may still be alive even after denosumab 
treatment. Indeed, a recurrent lesion after the discontinua-
tion of denosumab treatment can show conventional GCTB 
morphology again.

Fig. 3   Hypothetical model of bone formation and absorption in 
GCTB. In conventional GCTBs, bone absorption by osteoclastic giant 
cells is activated, while bone formation by H3F3A-mutated neoplastic 
cell is very limited (a). In a post-denosumab GCTB, bone absorption 

by osteoclastic giant cells is suppressed due to the inhibition of the 
RANKL-RANK axis by denosumab (b). Instead, immature new bone 
formation by neoplastic cells is increased (b)
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The appearance of post-denosumab GCTBs is distinct 
from the histology of conventional GCTB and can be 
reminiscent of osteosarcoma or malignancy in GCTB, 
potentially leading to diagnostic difficulty [18]. In diag-
nostically challenging cases, it is therefore important to 
know the patient’s complete clinical history and to per-
form immunohistochemistry for H3.3 G34W.

Remarkable immature bone formation in post-deno-
sumab GCTBs may be related to the potential bone-form-
ing ability of neoplastic cells and an interaction between 
the neoplastic cells and osteoclastic giant cells (Fig. 3). 
As mentioned above, focal or only limited osteoid forma-
tion is sometimes observed in denosumab-naïve GCTBs 
[1, 5]. Our recent study revealed that the cells within oste-
oid and immature bone was occasionally immunoreactive 
for H3.3 G34W in primary GCTB (Fig. 1e), suggesting 
that at least some population of osteoid-forming cells in 
GCTBs has a neoplastic nature, and these neoplastic cells 
have a latent bone-forming ability [12].

In experimental models, osteoclasts were likely to 
suppress osteoblast differentiation [3, 21]. The neoplas-
tic cells of GCTB are able to differentiate into mature 
osteoblasts when separated from the osteoclasts, and a 
mineralized nodule or bone formation can be induced [22, 
23]. In this context, the remarkable new bone formation 
in denosumab-treated GCTBs might be explained in part 
by the idea that the osteoblastic differentiation and bone-
forming abilities of mononuclear neoplastic cells are 
activated once these cells are free from the influence of 
osteoclastic giant cells (Fig. 3) [12, 19]. Further research 
is needed to test this hypothesis.

Malignant giant cell tumor of bone

Malignant change in GCTB is a rare phenomenon, occur-
ring in approx. 1% of GCTBs [1, 2]. Such a malignancy 
presents as either the primary tumor at presentation (pri-
mary malignant GCTB) or secondary malignant transfor-
mation in a recurrent GCTB, especially after radiation 
therapy (secondary malignant GCTB). The malignant 
component histologically corresponds to osteosarcoma, 
fibrosarcoma or, less frequently, undifferentiated high-
grade pleomorphic sarcoma (formerly, malignant fibrous 
histiocytoma) [2]. At the molecular level, some popula-
tion of malignant GCTBs have TP53 gene mutation in the 
malignant component [24].

Several recent studies demonstrated that both conven-
tional GCTB and malignant components shared H3F3A 
p.G34W mutation and H3.3 G34W mutant protein expres-
sion, suggesting that this type of mutation is preserved 
even after the malignant transformation (Fig. 4a) [12, 
25, 26]. In contrast, Yoshida et al. reported that, in some 
population of malignant GCTBs, H3F3A gene mutation 
and H3.3 G34W immunoreactivity are not present in the 
malignant component whereas the conventional GCTB 
component harbors this mutation (Fig. 4b) [27]. Those 
authors observed that one of the two alleles of H3F3A 
gene is deleted in the malignant cells in the malignant 
GCTB cases with loss of H3F3A mutation. Therefore, the 
loss of one allele of H3F3A (probably the mutant allele) 
in the malignant component may be responsible for the 
discordant H3F3A status between the two components. 

Fig. 4   Different H3.3 G34W expression status patterns in malignant 
GCTB. Concordant pattern (a) and discordant pattern (b) (each: 
hematoxylin–eosin stain with H3.3 G34W immunohistochemistry in 
inset). In the concordant pattern, the malignant component is positive 

for H3.3 G34W (a). In the discordant pattern, the malignant compo-
nent is negative for H3.3 G34W (b). In both examples, the conven-
tional GCTB component is positive for H3.3 G34W (not shown)



5Medical Molecular Morphology (2020) 53:1–6	

1 3

As the molecular mechanism of malignant transformation 
in GCTB is not fully elucidated, further investigation is 
expected.

Conclusion

The discovery of the H3F3A gene mutation and the develop-
ment of H3.3 mutant-specific immunohistochemistry have 
contributed to the improvement of the diagnosis of GCTB. 
In addition to the diagnostic aspect, the H3.3 mutant-specific 
immunohistochemistry has contributed to our understand-
ing of the bone-forming ability of GCTBs and the remark-
able new bone formation after the denosumab treatment. 
According to recent studies, H3F3A gene mutation status 
is presumably variable in the malignant transformation of 
GCTB. Further research is expected to clarify the molecular 
biology of GCTB and to establish better therapeutic strate-
gies for this tumor.
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