An update of molecular pathology of bone tumors. Lessons
learned from investigating samples by next generation
sequencing
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Abstract
The last decade has seen the majority of primary bone tumor subtypes become defined by molecular genetic alteration. Examples include giant cell tumour of bone (H3F3A p.G34W), chondroblastoma (H3F3B p.K36M), mesenchymal chondrosarcoma (HEY1-NCOA2), chondromyxoid fibroma
(GRM1 rearrangements), aneurysmal bone cyst (USP6 rearrangements), osteoblastoma/osteoid
osteoma (FOS/FOSB rearrangements), and synovial chondromatosis (FN1-ACVR2A and ACVR2AFN1). All such alterations are mutually exclusive. Many of these have been translated into clinical
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service using immunohistochemistry or FISH. 60% of central chondrosarcoma is characterised by
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nant bone tumors. These findings will play an increasing role in reaching a diagnosis and in patient

either isocitrate dehydrogenase (IDH) 1 or IDH2 mutations distinguishing them from other cartilaginous tumours. In contrast, recurrent alterations which are clinically helpful have not been found in
high grade osteosarcoma. High throughput next generation sequencing has also proved valuable
in identifying germ line alterations in a significant proportion of young patients with primary maligmanagement.
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considering treatment options. Indeed, only a few subtypes of bone
tumors remain uncharacterized at a genomic level, such as sporadic

Massive parallel sequencing of primary bone tumors has revealed the

cases of osteofibrous dysplasia and adamantinoma. However, there is

full spectrum of driver gene alterations including single nucleotide var-

still much to be learnt as the presence of genetic alterations does not

iants (SNVs), somatic copy number variants, fusion genes, and more

always allow the separation of benign from malignant forms of a spe-

complex alterations such as chromothripsis. Many of these tumors

cific tumor type: for instance, detection of isocitrate dehydrogenase

can now be classified at least superficially on the basis of highly recur-

type 1/2 mutations in central cartilaginous tumors, H3F3B p.G34

rent and specific driver events, for example, the majority of osteosar-

mutants in giant cell tumor (GCT) of bone, and FN1-ACVR2A and

coma can be distinguished from chondrosarcoma on the basis of

ACVR2A-FN1 rearrangements in synovial chondromatosis occur in

IDH1/2 mutations, and/or COL2A1 mutations in the latter. The sys-

both the benign and malignant forms of these neoplasms.

tematic and comprehensive molecular analysis of these groups of

Large-scale sequencing studies of tumor and constitutional DNA

tumors was largely but not exclusively achieved through the Interna-

has in some cases led to the identification of new targets for personal-

tional Cancer Genome Consortium and demonstrates the benefit of

ized treatment approaches. Good examples include the treatment of

large multi-institute collaborations when studying rare tumor types.

GCTs of bone with monoclonal antibodies against Receptor activator

Collectively, the genetic profiling of primary bone tumors has trans-

of nuclear factor kappa-Β ligand (RANKL), and the aggressive form of

formed the ability of surgical pathologists to deliver diagnoses more

tenosynovial GCT with CSF1 receptor inhibitors.

reproducibly and accurately, particularly in histologically challenging
cases. This provides clinicians with greater confidence when

Despite all of the advances, there is no laboratory test that is
entirely sensitive or specific for a tumor, underscoring the need to

interpret all molecular pathology results in the context of the histol-

that osteoid osteomas and osteoblastomas are defined by alterations

ogy, clinical and familial history, and the relevant medical imaging.

in FOS and, rarely, FOSB and that both tumors types are driven by the
same genomic events. Taking into account their similar histology,
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these tumors most likely represent the same disease with different
clinical and radiological presentations. Finally, immunohistochemistry
for FOS is a simple method for screening equivocal cases for FOS rear-

2.1 | Osteoid osteoma and osteoblastoma

rangement and can be used as an axillary diagnostic test (Figure 1).

According to the current World Health Organization classification of
bone tumors, osteoid osteoma and osteoblastoma are regarded as

2.2 | Fibrous dysplasia

separate entities within the spectrum of benign bone-forming lesions.

Fibrous dysplasia is a fibro-osseous lesion: it is a skeletal anomaly

Arbitrarily divided by size (below or above 2 cm in diameter), clinical

caused by postzygotic missense mutations in GNAS which encode the

and radiological features, albeit both tumors exhibit a nearly identical
histology. Osteoid osteomas have a predilection for the cortex of long
tubular bones but can occur anywhere in the skeleton. Osteoblastomas most commonly develop in the posterior elements of the spinal
vertebra and are regarded as tumors of intermediate category (locally
aggressive). Both lesions usually affect children and young adults.
They do not transform into high-grade tumors. One of the most challenging tasks in diagnostic bone tumor pathology is to distinguish
osteoblastoma from osteoblastoma-like osteosarcoma, especially on
core biopsies.
Until recently, molecular data on osteoid osteoma and osteoblastoma were scarce.1,2 However, analysis of whole genome and RNAsequencing of five osteoblastomas and one osteoid osteoma revealed
that all tumors showed an oncogenic structural rearrangement in the

activating alpha subunit of the stimulatory G-protein. It can involve
single (monostotic) or multiple bones (polyostotic) and occurs alongside a range of endocrinopathies, and skin lesions such as McCuneAlbright syndrome.9 Mazabraud syndrome is defined as fibrous dysplasia and soft tissue myxoma(s).10
The GNAS mutations are most commonly involve codons 201 of
exon 8 (95%, mainly p.R201H and p.R201C) and 227 of exon 9 (5%,
Q227L).11,12 These mutations can also be identified in the so-called
liposclerosing myxofibrous tumors indicating that this lesion represents a regressive form of fibrous dysplasia.13 Exceptionally sarcomatous transformation, in the form of osteosarcoma, chondrosarcoma,
and an undifferentiated spindle cell sarcoma, may occur in fibrous
dysplasia.

AP-1 transcription factor, either FOS on chromosome 14, or, in one
case, its paralogue FOSB on chromosome 19.3 Notably, the previously
reported loss of 22q was not

detected.1,2
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Otherwise, the genomes

revealed few and insignificant alterations in terms of SNVs and copy

Osteosarcoma is the most common primary malignant tumor of bone,

number aberrations.3

generally affecting the metaphyses of long bones. It has a bimodal

Remarkably, the FOS break points were all exonic, residing within

age distribution with the majority of cases arising in children and

a narrow genomic locus of exon 4, and the rearrangements included

adolescence younger than 20 years. Aggressive high-grade tumors,

both interchromosomal and intrachromosomal events. Notably, the

represented by highly variable histological features, account for

rearrangements did not involve the coding sequence of other genes

approximately 90% of osteosarcomas and are treated with neoadju-

(KIAA1199, MYO1B, and ANK) and in the two remaining cases the

vant chemotherapy to address systemic spread that may be present at

fusion partner did not lie within a gene. Indeed, the vast majority of

the time of diagnosis. Despite the multimodal chemotherapy, 30%-

cases with FOS rearrangements that were detected by fluorescence in

40% of patients today still succumb to their disease, mainly due to

situ hybridization (FISH) were strongly immunoreactive for FOS using

refractory and/or recurrent disease.

an antibody against the N

terminus.3

Ten percent of osteosarcomas are classified as low and intermedi-

The FOSB rearrangement, identified in the one case sequenced,

ate grade, namely parosteal, periosteal, and low-grade central osteo-

revealed that the FOSB fusion gene would be brought under the con-

sarcoma, and are generally not treated with chemotherapy. Parosteal

trol of the PPP1R10 promoter through an in-frame fusion of PPP1R10

and low-grade central osteosarcomas represent subtypes with an

to FOSB in exon 1. Similar structural alterations involving the same

indolent clinical course and both tumors can generally be cured by re-

region of exon 1 have been reported in vascular tumors that can also

section with clear margins but share the risk of transformation into a

develop in bone, and include pseudomyogenic hemangioendothelioma

high-grade tumor, sometimes decades after the initial presentation.

and epithelioid

hemangioma.4–6

There is a high prevalence of MDM2 (and CDK4) amplifications in both

Distinguishing osteoblastoma from osteosarcoma is clinically

parosteal and central low-grade osteosarcoma (85% of parosteal and

important: 183 osteosarcomas, 97 of which exhibited an osteoblastic

25%-30% of central low-grade osteosarcoma, respectively), which can

phenotype, were analyzed for FOS expression by immunohistochem-

be exploited diagnostically using FISH. MDM2 immunohistochemistry

istry, and only 1 revealed positivity that was equivalent to the strong

is sensitive but lacks specificity. Roughly, 10% of conventional high-

expression seen in osteoblastomas. Furthermore, FOS and FOSB

grade osteosarcomas also harbor MDM2 amplification suggesting that

genetic alterations appear to be highly specific for osteoid osteoma

they may have arisen from a preexisting low-grade tumor. Recently, a

and osteoblastoma as analysis of the genomes of 55 osteosarcomas,

single study reported that five of nine cases of parosteal osteosar-

revealed no FOS rearrangement.7,8 Taken together, these data show

coma harbor a GNAS mutation in addition to MDM2 amplification.14

FIGURE 1 Photomicrograph of hematoxylin and eosin-stained section showing the characteristic features of an osteoblastoma. The inset on the

X-ray shows a lytic lesion in the posterior element of the spinal vertebra, and the immuno-stained section shows FOS nuclear positivity of the
osteoblastic cells
This was surprising as GNAS mutations until that point, were consid-

Hardcastle syndrome diaphyseal medullary stenosis which is inherited

ered to be specific for fibrous dysplasia (see above) and furthermore

as an autosomal dominant trait.19

the recurrent SNVs in fibrous dysplasia were considered to be mutually exclusive with MDM2 amplification. This prompted a follow-up
study of 97 osteosarcoma samples, 97 samples including 62 parosteal

4.2 | Somatic alterations in osteosarcoma

osteosarcomas and 24 low-grade osteosarcomas which failed to

High throughput next generation sequencing technology has con-

reveal GNAS alterations. Our results supported the previous observa-

firmed that osteosarcoma exhibits chromosomal instability character-

tions that GNAS mutations are highly specific for fibrous dysplasia and

ized by multiple complex rearrangements, and that the number of

not detected in parosteal osteosarcoma.15

SNV is relatively low compared to many cancers of adulthood. In

Despite substantial research efforts, in the majority of cases the

2011, chromothripsis was described in osteosarcoma and provided for

cause of osteosarcoma is not known (see below), and the diagnosis,

the first time an explanation for the genomic complexity of this tumor

subtyping, and grading remain defined by morphology alone. There

type.7

are no recurrent genetic alterations or molecular profiles linking the
prognosis of patients or their response to chemotherapy (other than
the presence of MDM2 amplification, see above), and notably survival
rates have not improved significantly over the last three decades.

4.3 | Cancer driver genes
As many as 67 different cancer genes, with structural variants being
the most common source of mutation, have been reported in osteosarcoma: the most common being alterations in TP53 which have
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4.1 | Germ line alterations

been reported in as many as 88% of cases. Other genes and/or signaling pathways include MYC, PTEN, ATRX, CDKN2A, PI3K/mTOR, IGF,
FGF, RUNX2, VEGFA, and E2F3.7,20 Although there have been
attempts to correlate specific somatic copy number alterations and

It is reported that ~20% of patients under the age of 25 presenting

the amount of chromosomal complexity with outcome and/or

with osteosarcoma have a germ line alteration predisposing them to

response to chemotherapy none have been found superior to the his-

the disease.16 The most common germ line-mutated genes in osteo-

tologically assessed response to treatment.

sarcoma are TP53 and RB1, and less commonly the RECQ helicases

Subgroups of osteosarcomas have also been identified as harbor-

(RECQL2: Werner syndrome; RECQL3: Bloom syndrome; RECQL4:

ing recurrent alterations that are potentially actionable including

Rothmund-Thomson syndrome).

FGFR1 amplification 18.5% of osteosarcomas that do not respond to

Other causes include ionizing radiation7: Pagetic bone disease

chemotherapy,21 and alterations in the IGF1R signaling pathway in up

associated with SQSTM1 mutations detected in 20%-50% of familial

to 14% of high-grade osteosarcoma.7 These findings require validation

and 10%-20% of sporadic cases, in addition to mutations in

in larger cohorts, and the clinical impact is tested by stratifying

TNFRSF11A (RANK) and VCP17,18; and bone infarct occurring in

patients in clinical trials.

5 | O S T E O C L A S T- R I C H T U MO R S

mutation which is restricted to H3F3A involving specifically Glycine
34, with G34W (p.Gly34Trp [p.G34W]) accounting for the vast major-

This is a diverse group of tumors exhibiting features of either or

ity of the variants and G34L (p.Gly34Lys [p.G34L]) for a small minor-

both bone and cartilage differentiation but all are linked through the

ity.23,24 Detection of the p.G34W mutation in the nuclei of the

presence of conspicuous numbers of large osteoclast-like cells con-

mononuclear cells by immunohistochemistry definitively showed that

taining up to 100 nuclei. Despite these multinucleate cells being the

this was the neoplastic cell: the antibody is highly specific and sensi-

most conspicuous cell type, it had been accepted for some time that

tive and is used for diagnostic purposes (Figure 2).23 Apart from this

the stromal population represents the neoplastic component. How-

H3F3 driver gene mutation in GCT, there was a relatively low somatic

ever, it has only been with the advent of molecular analysis that this

mutation burden and copy number, and rearrangement analysis

has been shown

definitively.22

Notably, two of the three epiphyseal-

based primary bone tumors—GCT of bone and chondroblastoma—
are osteoclast-rich: the third epiphyseal-based tumor is clear cell
chondrosarcoma (see below). Remarkably, all three tumor types have
been reported to harbor SNV in one of two genes, H3F3A or H3F3B,
encoding the replication-independent histone 3.3. These two genes
are found on chromosomes 1 and 17, respectively, but encode an
identical protein.22

showed that tumors were diploid overall, with a paucity of structural
changes.22
Ninety nine giant cell granulomas of the jaw have been assessed
for the expression of the H3.3 p.G34W mutant protein, but to date
no case with immunoreactivity has been identified. 23,24 This argues,
until proven otherwise, that giant cell granulomas of the jaw are not
only morphologically but also genetically distinct from GCT.
GCTs rarely occur in the immature skeleton, but in such circumstances they may be sited in the metaphyseal region. The identification of the H3.3 p.G34 mutant variants in such osteoclast-rich tumors

6 | GCT OF BO NE

argues that such neoplasms represent conventional GCT and should
be diagnosed and treated as such.23

GCT of bone is a locally aggressive tumor with a predilection to the
subarticular (epiphyseal) region of long bones. GCTs occasionally

7 | SYND ROMES INVO LVING GC T OF BONE

metastasize to the lung but the metastases retain the original histological features and are usually slow-growing with some cases even

Recently, a new cancer syndrome has been described involving pheo-

undergoing regression. Virtually all GCTs (96%) harbor a H3F3

chromocytomas, paragangliomas, and GCT caused by a postzygotic

FIGURE 2 Photomicrographs of the biopsy specimen showing a conventional giant cell tumor of bone (A) with diffuse H3.3 G34W expression

(B). Note that the expression is restricted to the tumor stromal cells, and it does not decorate the osteoclast-like giant cells. C, Inset of a lateral
radiograph showing the lytic tumor in the patella. D, A post-denosumab treatment specimen showing ossification of the matrix with absence of
osteoclast-like giant cells. E, H3.3 G34W expression is retained in the tumor cells

histone 3.3 G34W mutation.25 Histologically, the GCT appears identi-

(osteo-)chondroid matrix deposition, and the tumor presents most

cal to the sporadicvariant.

commonly in the immature skeleton although not exclusively. The

Familial clustering has been described in Pagetic bone disease,

majority is treated successfully with curettage. It very rarely

particularly in the early onset form (see above) which can be multifo-

metastasizes—a benign metastasizing chondroblastoma—but does not

cal, in individuals with GCT. Germ line missense mutations in

transform into a high-grade tumor.

2810C>G (p.Pro937Arg) in the zinc finger protein 687 gene (ZNF687)

Similar to GCT, virtually all chondroblastomas harbor a H3F3

have been found to be a familial monogenic cause of this phenotype

mutation. However, the mutation is confined to p.K36 and is always

and consistent with the autosomal-dominant inheritance pattern of

substituted for a methionine. Furthermore, although there is a clear

the disease. These ZNF687 mutations are mutually exclusive of other

preference for the mutations occurring in H3F3B, although occasion-

genes known to be associated with a Pagetic-related syndrome (see

ally they also are found in H3F3A.22

above).25

Gene expression of H3F3A and H3F3B does not distinguish
between GCT (H3F3A G34W mutant) and chondroblastoma (H3F3B

8 | CELL LINEAGE OF GCT OF BONE
The mononuclear neoplastic cell in the GCT has been considered for
some time to be of osteoblastic lineage. This view was based on the
observation that although bone formation is not common, it can be
extensive in a small numbers of cases; furthermore, these cells express
osteoblastic markers.26 However, the most definitive evidence to date
is gleaned from research published nearly 20 years ago which showed
that osteoclast formation is RANKL-dependent, a molecule produced
by osteoblastic cells, among others.27 This led to the development of
denosumab, a monoclonal antibody targeting RANKL, which has
proven useful as an adjuvant treatment of GCT. 28 The finding that
treatment of GCT with denosumab results in almost total depletion of
osteoclast-like giant cells and the maturation of the neoplastic mutant
cells, which is seen as the formation of new bone demonstrates
unequivocally that the neoplastic cells are of osteoblastic lineage
(Figure 2). This also reveals that osteoclasts curb bone formation. The
specific molecules responsible for this have not been characterized in
GCT so far, although candidates include those implicated in the
reverse coupling of bone formation and resorption described in the literature.29 Most recently, there is evidence that RANK secreted by

K36M mutant). Interestingly, different expression patterns of the two
genes have been reported during embryonic and postnatal development in both normal murine and human tissues, suggesting that temporal differences may account for the activity of the two genes.31,32
H3F3A p.K27M and p.G34R/V mutations also occur in childhood brain
tumors, but histone 3.3 mutations appear to be specific to certain
tumor types, indicating distinct functions of histone 3.3 residues,
mutations, and genes.33,34
Detection of the p.K36M in the H3F3A or the H3F3B genes is
diagnostic and is best sought using immunohistochemistry as immunoreactivity in even a few cells can clinch the diagnosis (Figure 3).35
As in GCT, the neoplastic cell in chondroblastoma is the stromal
mononuclear cell and not the osteoclast-like giant cell or its precursor.
Chondroblastoma in the jaw and skull bones is exceptionally rare,
and to date no case with a H3.3 p.K36M mutation has been identified
raising the question as to whether this tumor really occurs at this site.
The analysis of a large set of such tumors will be necessary to answer
this question.
The H3.3 p.K36M mutation is mutually exclusive of genetic alterations identified in other tumors which could be considered in the differential diagnosis.

osteoclasts act to suppress bone formation by reverse signaling
through osteoblastic RANKL. 30

9 | MALIGNAN T GCT OF BONE
Malignancy in GCT is rare but well described. In our experience, such
tumors which can be difficult to distinguish from telangiectatic osteosarcoma are characterized by a H3F3A G34 mutation. There appears
to be a wide variation of biological behavior in cases of malignant
GCT. However, with the ability to identify a H3F3A mutation, it will
be easier to distinguish these cases from other bone malignancies and
generate, with time, a larger cohort of patients with such tumors, permitting a better knowledge of the disease.23

11
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This is a benign locally aggressive osteoclast-rich tumor occurring in
any bone, including the vertebral bodies. It arises in the metaphysis of
long bones but may extend to the subarticular region. Approximately,
75% of cases harbor a balanced chromosomal translocation involving
USP6 gene, sited in chromosome 17p13, with a variety of fusion partners including CDH11, ZNF9, COL1A1, TRAP150, OMD, RUNX2, and
CTNNB1.36–39 As with other osteoclast-rich tumors, it is the mononuclear spindle cells that harbor the genetic alteration.39 The USP6 gene
rearrangement acts as an oncogene and brings about alteration of cell
migration and cytokinesis. It is important to distinguish this tumor
from secondary aneurysmal cystic change “secondary ABC” associated
with other neoplasms. In the event of secondary cystic change, the

10
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absence of USP6 gene rearrangement and/or the detection of a
genetic aberration characteristic of the underlying tumor, such as

This nonconventional benign cartilaginous tumor has histological, clin-

GNAS SNVs in fibrous dysplasia,11 a GRM1 structural alteration in

ical, and radiological features overlapping with those of GCT. How-

chondromyxoid fibroma, and H3.3 alterations in GCT and chondro-

ever, the stromal cells exhibit a chondroblastic phenotype, as seen as

blastoma, can help in reaching a diagnosis.

FIGURE 3 A, Axial MRI scan (T2-weighted, TSE, FS) showing a well-defined lobular lytic lesion in the calcaneus with fluid-fluid levels

characteristic of aneurysmal bone cyst change. B, Photomicrograph of the curettage specimen showing fibrino-osteoid seams forming the cystic
walls along with small fragments of an osteoclast-rich tumor. C, H3.3 K36M immunohistochemistry with nuclear expression highlights the tumor
fragments
Detection of a USP6 gene rearrangement is extremely helpful in

restricted to GCT. Tyrosine kinase inhibitors targeting the colony-

small samples when the differential diagnosis includes primary ABC

stimulating factor 1 receptor can induce a response in affected

and telangiectatic osteosarcoma: two neoplasms with significantly dif-

patients, therefore making an accurate diagnosis even more

ferent clinical courses and require distinct treatments.

important.46

USP6 rearrangements have also been detected in close to 90% of
nodular fasciitis, a soft tissue tumor, often thought to represent a
reaction to trauma that may resolve spontaneously. 36,40 Although
MYH9, on chromosome 22q12.3, is the common fusion partner (65%
of cases) with USP6 in nodular fasciitis, it has not been reported in
ABC. The USP6 alteration has also been detected in cases as myositis
ossificans, giant cell lesions of small bones, and fibro-osseous pseudotumors of digits suggesting that all such lesions are part of a spectrum
of tumors with overlapping histological features.41,42

13

| CHORDOMA

Chordoma is a primary malignant bone tumor showing notochordal
differentiation and is sited along the skeletal axis occurring in bones
from the skull base to the coccyx.47 Very rarely tumors occur in soft
tissues.44,45 Chordoma can present at any age from birth to late old
age, but most commonly in middle age. It is rarely seen in the black
African population.48 The median survival is 7 years and it behaves in
a locally aggressive manner with metastases occurring typically late in

12

| T E N O S Y N O V I A L G CT

the course of the disease.
Brachyury (TBXT) expression detected by immunohistochemistry

Tenosynovial GCT, which in its diffuse form is also known as pigmen-

is a highly specific and sensitive biomarker for chordoma: it decorates

ted villonodular synovitis, is a locally aggressive tumor harboring a

diffusely and strongly the nuclei of all chordomas other than the rare

specific translocation resulting in high levels of colony-stimulating fac-

dedifferentiated variant (Figure 4). Less specific markers include cyto-

tor 1 expression.43–45 Although arising in the synovium of the joint or

keratins, S100 protein, and aldo-ketoreductase 1B10.47 The TBXT

on the synovial lining of a tendon sheath, it can erode and even

protein expression is associated with somatic copy number gains in

destroy the adjacent bone, and in more advanced disease it can be dif-

27% of cases which may be seen as just one extra signal on FISH,

ficult to determine the original site of the tumor. Histologically it can

representing a simple tandem duplication although the genomic

mimic GCT. As the number of the neoplastic cells in the lesion is small,

events may be more complex.49 No pathogenic somatic SNVs in TBXT

the fusion gene is usually difficult to detect by FISH. However, the

in chordoma have been reported to date. Nevertheless, evidence for

test is rarely required as in most cases the histology is diagnostic.

TBXT being implicated in the pathogenesis of the disease is substan-

Detection of H3.3 p.G34W expression by immunohistochemistry

tial: at a genomic level, germ line tandem duplication of TBXT is a key

would exclude diagnosis of tenosynovial giant cell tumour as this is

genetic predisposition event in familial chordoma,50 silencing of the

FIGURE 4 A, Sagittal T2W TSE MRI scan showing a large sacral tumor. Photomicrographs showing both conventional (left side) and

dedifferentiated chordoma components in one slide (B) and separately (C, conventional; and D, dedifferentiated). Immunohistochemistry for
TBXT showing nuclear expression in the conventional areas (left side). E, The top-right dedifferentiated fragment shows no immunoreactivity

gene in chordoma cell lines results in senescence and cell death,51,52

SMARCB1 expression is due to the frequent homozygous SMARCB1

and 98% of patients with sporadic chordoma harbor the rs2305089

deletions, which are easily detected by FISH. This subtype of chor-

SNP within the DNA binding domain of TBXT.53

doma is most commonly seen in patients under the age of 30 occurring

Whole genome and RNA-sequencing of chordomas identified

most commonly at the skull base or high cervical vertebra, although

occasional rearrangements and copy number changes, including chro-

more recently a small number have been reported in the sacral region.

mothripsis, but recurrent gene fusions were not observed. 49 CDKN2A

These tumors typically show an inferior prognosis compared to con-

was confirmed as being a key cancer gene in chordoma supporting

ventional chordoma.62,63

the loss of expression in ~80% of

As a consequence, CDK4/

In a recent study, we reviewed 359 chordoma cases, all of which

CDK6 signaling becomes constitutively activated and might serve as a

were immunoreactive for TBXT and cytokeratins, for the expression

therapeutic target.55 Clinically actionable PI3K signaling mutations

of SMARCB1. Ninety two (25.6%) of these occurred at the skull base

including PIK3CA, PIK3R1, and PTEN have been identified in 16% of

and 57 (62.0%) affected young patients (≤30 years old). Four tumors

cases, although clinical trials are required to determine the clinical

(1.11%) showed absence of SMARCB1 immunoreactivity. However,

value of such targeted therapies. Although EGFR mutations have not

the incidence of SMARCB1-negative chordomas reaches 7% (4 of 57)

been identified in chordomas, the phosphorylated protein is expressed

if only patients younger than 30 years of age presenting with cervi-

in the majority of cases, and therapeutic compounds have been found

cal/skull base chordromas are considered “personal unpublished

to induce chordoma cell death in

cases.54

vitro.56–58

This research has resulted

communication.”

in the opening of a recent phase II clinical trial using Afatinib, a third

The identification of the SMARCB1-negtive chordoma subtype is

generation EGFR inhibitor. Finally, cancer driver events have also

clinically relevant as Enhancer of Zeste homologue 2 (EZH2) inhibitor

been identified in chromatin remodeling genes including SETD2,

drugs, such as Tazemetostat, potentially have a therapeutic benefit.

ARID1A, and PBRM1 raising the possibility that chordoma may be sus-

Notably five chordomas considered to represent conventional chordo-

ceptible to epigenetic inhibitors.49,59,60

mas have been reported to show loss of INI-1 expression.64,65 This may

Poorly differentiated chordoma was first described by Mobley

reflect the challenge of distinguishing conventional chordoma with aty-

et al as tumors with cohesive epithelioid morphology, marked pleo-

pia and poorly differentiated chordoma on a hematoxylin and eosin-

morphism, and mitotic activity. They express TBXT and cytokeratins

stained section, but irrespective of the reason, these cases highlight the

but unlike conventional chordoma additionally reveal loss of

importance of assessing the SMARCB1 immunoreactivity status in cases

SMARCB1 expression on immunohistochemistry.61 The loss of

other than those with significant histological pleomorphism as it may

(surface) are detected incidentally. Chondrosarcoma is the second
most common form of primary malignant bone tumor overall, but is
the most common form in adults. The general view is that enchondromas and osteochondromas represent the precursor lesion of central
and peripheral chondrosarcoma, respectively, but that transformation
occurs in a minority of cases, particularly in the latter. 66–68

14.1 | Isocitrate dehydrogenase 1 (IDH1) and
isocitrate dehydrogenase 2 mutations
Isocitrate dehydrogenase 1 (IDH1) and IDH2 somatic, heterozygous,
missense, and point mutations were first described in low-grade gliomas, secondary glioblastomas (80%),69 acute myeloid leukaemia
(16%),70 and less commonly in other neoplasms. The most common
mutations include R132 in IDH1 as well as R172 and R140 in IDH2,
which all result in changing key arginine residues required for enzyme
binding to the substrate isocitrate at the active sites. The mutant
enzymes lose the ability to convert isocitrate to α-ketoglutarate, and
additionally gain a new function that leads to the accumulation of
D-2-hydroxyglutarate,71 which competitively inhibits α-ketoglutaratedependent enzymes such as histone and DNA demethylases (for
review, see Ref. 71).
Sixty percent of central conventional and dedifferentiated as well
as periosteal cartilaginous tumors harbor IDH1 R132 or IDH2 R172
(the R140 variant is not reported in cartilage tumors) although the former represents roughly 90% of all mutations.66,72 These IDH1-mutant
and IDH2-mutant tumors can be distinguished from their wild-type
variants by their methylation profiles.73
There are several different IDH1 substitutions at residue p.R132,
the most common being R132C occurring in ~40% of IDH-mutant cartilaginous tumors, the other include R132G, R132H, R132L, R132S,
R132I, R132Q, and R172S. This is in contrast to IDH-mutant brain
tumors of which at least 70% harbor a R132H mutation and for which
there is an excellent antibody for diagnostic use. IDH1 and IDH2
mutations can occur in tumors of any site but are found more commonly in the tubular bones of the hands and feet with 90% of these
revealing a mutation compared to 53% of tumors in the long bones of
FIGURE 5 A, Sagittal MRI scan of the knee showing nodules within

Hoffa's fat pad and lying loose in the superior synovial
compartment. B, Photomicrograph of a multinodular bland
cartilaginous tumor covered by synovium, consistent with synovial
chondromatosis. C, Interphase fluorescence in situ hybridization
(FISH) using FN1 break apart probe confirming a FN1 gene
rearrangement (split red and green signal in the nuclei)

the appendicular skeleton, and 35% of those in the flat bones.66,74
These mutations have never been detected in other types of cartilaginous tumors including osteochondromas, and peripheral (secondary to
osteochondroma) chondrosarcomas which harbor a mutation in one
of the EXT genes,67 clear cell chondrosarcoma, mesenchymal chondrosarcoma, synovial chondromatosis, chondromyxoid fibroma, and chondroblastoma.35,75,76 Specifically, these mutations have not been
detected in osteosarcoma, making the detection of either an IDH1 or
IDH2 mutation a valuable biomarker for distinguishing chondroblastic

provide an opportunity for a patient to be entered into a clinical trial for

osteosarcoma from high-grade chondrosarcoma and dedifferentiated

a disease where there are currently only few therapeutic options.

chondrosarcoma exhibiting osteosarcomatous differentiation.66
IDH1 and IDH2 mutations do not correlate with grade of cartilaginous tumors: the mutations represent early events, and are retained
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through the life of the tumor, that is, as a tumor progresses from low
to high grades and into a dedifferentiated phenotype, in local recur-

Conventional cartilaginous tumors are the most common primary

rences and in metastatic lesions. However, neither their presence, nor

bone tumors and the incidence is likely to be underestimated as many

the different IDH1 mutations at residue p.R132, of which there are

of the benign lesions, enchondromas (central), and osteochondromas

several, appear to impact on clinical outcome.66,77 This is in contrast

with IDH1 mutations in glioblastomas which confer a better prognosis

that failure of cartilage to mature into bone in the growth plate results

compared with IDH wild-type brain tumors.

in persistent small enchondroma-type nodules in the medullary
bone.82 The mosaic pattern of disease is explained by an early postzy-

14.2 | Whole genome and exome sequencing
Our exome sequencing study of chondrosarcoma showed that the
somatic mutation burden in these tumors have a significant association with increasing grade: high-grade chondrosarcomas (grade II,
grade III, and dedifferentiated) have on average more than double the
somatic mutations per sample as grade I chondrosarcoma. Furthermore, the results confirmed some of what was already known: 33% of

gotic (somatic) mutation. The timing of these events is also likely to
explain the range of tumors seen in patients with Ollier disease: these
include enchondromas and spindle cell hemangiomas in Maffucci syndrome, and the more diverse range of tumors which include gliomas,
acute myeloid leukaemia, multiple cartilaginous neoplasms, and hemangiomas, which present in some patients.74,83

CDK4, CDK6, and CDKN2A mutations thereby confirming previous

15.2 | Less common forms of multiple
enchondromas

reports that loss of CDKN2A is a recurrent event in high-grade chon-

Individuals with a rare familial form of an Ollier-type phenotype have

drosarcoma, and is not seen in low-grade disease.78,79

been reported as harboring parathyroid hormone receptor 1 muta-

chondrosarcoma harbor alterations in the RB1 pathway, including

Other mutated genes that are commonly found in chondrosar-

tions.84 Metachromatosis is an autosomal dominant disease, charac-

coma include TP53 (20%), and genes involved in the hedgehog signal-

terized by a combination of exostosis and enchondromatosis tumor

ing pathway (18%) including PTCH1, SUFU, and GLI1 along with

syndrome, and caused by heterozygous loss-of-function PTPN11

RUNX2 and HHIP, some of which represent therapeutic targets. In

mutations.85 Dysspondyloenchondromatosis is inherited as an autoso-

addition, mutations of other known cancer genes include SETD2,

mal dominant trait caused by heterozygous mutations in COL2A1. This

KDM6A, NF2, SF3B1, TET2, DNMT3A, and TSC1.

syndrome is characterized by short stature with unequal limb length,

A novel recent finding in conventional cartilaginous tumor was

multiple metaphyseal and diaphyseal enchondromas in the long tubu-

the presence of COL2A1 in 37% of cases independent of the presence

lar bones, and osteopenia.86 Spondyloenchondrodysplasia is an

of IDH1/2 mutations; the gene shows hypermutability and the range

immuno-osseous dysplasia caused by biallelic mutations in ACP5.87

of mutations consisted of splice site, indels, missense, and large-scale
rearrangements. No synonymous mutations were identified. The patterns of mutation were consistent with selection for variants likely to
impair normal collagen synthesis. These alterations in COL2A1 appear
to be specific to chondrosarcoma.72

15.3 | Circulating tumor DNA for IDH1 and IDH2
mutations
A pilot study has shown that detection of IDH1 or IDH2 mutant molecules is associated with high-grade chondrosarcoma and a worse

14.3 | Synovial chondromatosis

prognosis.88

FN1-ACVR2A and ACVR2A-FN1 in-frame fusions were identified in two
cases of chondrosarcoma arising on the background of synovial
chondromatosis using whole genome and exome sequencing. Our
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group reported that 31 of 57 cases (54%) of synovial chondromatosis
and 2 of 3 cases of synovial chondrosarcoma harbor FN1 and/or
ACVR2A gene rearrangements as assessed by FISH80 (Figure 4). These
alterations define this tumor type but cannot aid in differentiating
between benign and malignant forms.

16.1 | Chondromyxoid fibroma
This benign tumor accounts for <1% of bone tumors, generally presents in the metaphysis of long bones, and exhibits a combination of
chondroid, myxoid, and fibrous tissue components organized in a
pseudolobulated fashion. It may contain atypical cells suggesting

15 | M U L TI P L E E N C H O N D R O M A S (A KA
E N C H O N D R O M A T O S I S)

malignancy. However, it has never been reported to transform into

There are several different forms of enchondromatosis characterized

onstrated that the recombination of the glutamate receptor gene

clinically by different phenotypes, some of which are classified

(GRM1) with several 50 partner genes, which represent strong pro-

genetically.81

moters, is responsible for the high expression of GRM1 in 90% of

a high-grade tumor or metastasise. 89
Whole-genome mate-pair sequencing and RNA sequencing dem-

cases.76 However, an antibody is not available for diagnostic pur-

15.1 | Ollier disease
Ollier disease is the most common form of multiple enchondromas
and tumors in 80% of individuals diagnosed clinically with this condition harbor either an IDH1 (98%) or IDH2 (2%) heterozygous somatic

poses. This work confirmed the previous report of chromosomal rearrangement of 6q24, where GRM1 is located.90

16.2 | Clear cell chondrosarcoma

mutation, and each tumor in an individual carries the same mutation.

This nonconventional epiphyseal-based cartilaginous tumor is consid-

There is a highly informative conditional knock-in mice demonstrating

ered to be a low-grade neoplasm. It has a distinctive morphology with

chondrocytes resembling hypertrophic cells of the growth plate along

receptor tyrosine kinase MET that specifically disrupts the differen-

with osteoid differentiation leading some to consider that this tumor

tially spliced exon 14, resulting in functional disruption of the MET

may be better classified as a variant of osteosarcoma. There are no

receptor. DNA sequencing of lesional tissue from 20 sporadic cases of

published next generation sequencing studies on this tumor type. In

osteofibrous dysplasia failed to identify similar aberrations of exon

view of the two other epiphyseal-based tumors, GCT and chondro-

14 splicing. This may reflect the low neoplastic cell population in these

blastoma, which both harbor histone 3.3 mutations, we looked for

tumors which is supported by the work of Gray et al who on studying

these mutations by immunohistochemistry also in clear cell chondro-

an additional sample expanded in culture which they then subjected

sarcoma and found that 1 of 10 was immunoreactive for p.K36M, a

to exome sequencing identified a somatic missense mutation in exon

finding confirmed by genotyping.35 A consortium from the Interna-

14, c.3008A>C (p.Tyr1003Ser). This suggests that this MET mutation

tional Skeletal Society is currently undertaking a review of a large

may represent a common event in the sporadic cases. However, fur-

series of cases to address the frequency of histone 3.3 p.K36M muta-

ther work is required to establish this. These findings provide oppor-

tion in this tumor type.

tunities for targeted therapies involving MET inhibitor drugs.95
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This tumor can occur in both bone and soft tissue and exhibits a
biphasic appearance including a chondro-osseous, and a small, blue,
round cell component. The latter can lead to it being difficult to distinguish from Ewing sarcoma, chondrosarcoma, and osteosarcoma. A
HEY1-NCOA2 fusion representing an in-frame fusion of HEY1 exon 4
to NCOA2 exon 13 was identified using exon array profiling. It was
found to be highly sensitive being detected in 100% of cases and also
specific for this tumor type, as it has not been detected in other types
of chondrosarcoma and Ewing sarcoma.91
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