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Abstract

Background Craniofacial osteosarcomas (CFOS) are uncommon malignant neoplasms of the head and neck with different
clinical presentation, biological behavior and prognosis from conventional osteosarcomas of long bones. Very limited genetic
data have been published on CFOS.

Methods In the current study, we performed comprehensive genomic studies in 15 cases of high-grade CFOS by SNP array
and targeted next generation sequencing.

Result Our study shows high-grade CFOS demonstrate highly complex and heterogenous genomic alterations and harbor
frequently mutated tumor suppressor genes TP53, CDKN2A/B, and PTEN, similar to conventional osteosarcomas. Poten-
tially actionable gene amplifications involving CCNE1, AKT2, MET, NTRKI, PDGFRA, KDR, KIT, MAP3K14, FGFRI,
and AURKA were seen in 43% of cases. GNAS hotspot activating mutations were also identified in a subset of CFOS cases,
with one case representing malignant transformation from fibrous dysplasia, suggesting a role for GNAS mutation in the
development of CFOS.

Conclusion High-grade CFOS demonstrate highly complex and heterogenous genomic alterations, with amplification involv-
ing receptor tyrosine kinase genes, and frequent mutations involving tumor suppressor genes.
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of the malignant neoplasms of head and neck, and approxi-
mately 6-7% of all osteosarcomas (OS) [1]. The clinical
presentation, biological behavior, and prognosis differ from
those conventional OS involving long bones. CFOS prefer-
entially involve maxilla and mandible with swelling, pain,
and teeth mobility as the most common clinical presenta-
tions. It affects adults at third to fifth decade of life, which
is 10-20 years older than conventional long bone OS [1, 2].
CFOS of gnathic bones tend to have more favorable prog-
nosis, longer survival, lower incidence of metastases com-
pared to long bone OS [3]. CFOS are treated with surgical
resection, chemotherapy and radiation. Although the role
of chemotherapy and radiation in the treatment of CFOS is
not well established [4], a recent meta-analysis of thirteen
studies with a total of 184 patients showed the five- and
ten- year overall survival rates for CFOS are 62% and 49%,

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12105-024-01634-5&domain=pdf

48 Page 2 of 10

Head and Neck Pathology (2024) 18:48

respectively, and chemotherapy could improve survival in
patients with a positive margin, high-grade histology or
recurrence [5].

CFOS are classified as low grade or high grade by his-
tology and intramedullary or parosteal by location. High-
grade OS can be primary or secondary. Secondary CFOS
are associated with prior risk factors such as Paget’s disease
of bone or radiation history, whereas primary CFOS occur
de novo without known predisposing factors. Depending on
the relative amounts of cartilage, osteoid and collagen pro-
duced by tumor cells, high-grade CFOS can be subclassified
as chondroblastic, osteoblastic, and fibroblastic subtypes.
Other histologic subtypes, such as telangiectatic, small cell,
giant cell-rich, and epithelioid have also been described.
Histologic type has not been shown to be correlated with
patients’ prognosis [1].

In recent years, significant progress has been made
toward understanding the molecular genetic underpinnings
of the OS of long bones through high-throughput sequenc-
ing technology. Several studies have shown that the OS
of long bones have highly complex and unstable genome
with a small number of recurrent gene mutations, including
TP53, RB1, CDKN2A, and ATRX [6-8]. Potentially targeta-
ble gene amplifications including KIT, KDR, PDGFRA, and
VEGFA were identified in a subset of OS of long bones [9].
Other recurrent gene alterations occur in less than 5-10%
cases, such as DLG2, MDM2, CDK4, ARIDIA, BRCA?2,
BAPI, RET, MUTYH, ATM, PTEN, WRN, RECQILA, ATRX,
FANCA, NUMAI, MDCI1, MYC, SOX17,SETD2, and muta-
tions in insulin-like growth factor (IGF) signaling genes
[6-10]. Novel mutation mechanisms, such as chromothrip-
sis (massive genomic rearrangements generated in a single
catastrophic event and localized to isolated chromosomal
regions) and kataegis (localized hypermutation) have been
described in OS of long bones [7].

Very limited genetic data have been reported in CFOS.
It is unclear whether CFOS share the same pathophysiol-
ogy with the conventional OS. No comprehensive genomic
analysis has been reported to date in CFOS. In the current
study, we performed comprehensive genomic studies on 15
high-grade cases by SNP array and MSK-IMPACT targeted
next generation sequencing.

Methods and Materials

Patient Data and Tumor Specimens

The study was conducted after Institutional Review Board
approval (#160-1516). The medical records and archived
pathological material were retrieved for patients treated dur-

ing the period between 1990 and 2018 at our institution with
a diagnosis of osteosarcoma in the craniofacial bones. The
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slides and pathological diagnosis from resected specimens
were re-reviewed by two pathologists who are subspecial-
ized in bone and soft tissue pathology. They also selected
appropriate block for molecular analysis. Fifteen cases with
confirmed pathological diagnosis of high-grade OS were
included.

SNP Array Analysis

Fifteen cases high-grade CFOS that had sufficient non-
decalcified viable tumor tissue available were selected for
molecular testing, including 3 radiation associated osteo-
sarcoma cases.

Genomic DNA was extracted from FFPE tumor tissues
using Qiagen DNeasy Tissue kit. Genome-wide DNA copy
number alterations and allelic imbalances were analyzed by
SNP-array using Affymetrix OncoScan Assay (Affymetrix,
CA). Eighty nanograms of genomic DNA were used for each
sample. Processing of samples was performed according to
the manufacturer's guidelines (Affymetrix). OncoScan SNP-
array data were analyzed by the software couple of OncoS-
can Console (Affymetrix) and Nexus Express (BioDiscov-
ery, CA) using Affymetrix TuScan algorithm.

NGS-targeted Sequencing by MSK-IMPACT

Mutation profile analysis of the 14 high-grade CFOS were
performed on the MSK-IMPACT platform [11, 12], a vali-
dated custom hybridization capture-based assay, which
is capable of detecting somatic mutations, small inser-
tions and deletions, copy number alterations, and selected
structural rearrangements of 468 genes. Briefly, barcoded
sequences are prepared and captured by hybridization with
custom biotinylated DNA probes for all exons and selected
introns of 468 oncogenes and tumor suppressor genes using
100-250 ng of input DNA. Captured libraries are sequenced
on an Illumina HiSeq (2 X 100 bp paired-end reads). Bioin-
formatics analysis included alignment of reads to the human
genome using BWA-MEM; duplicate read removal, base
recalibration, and indel realignment using GATK follow-
ing best practices; variant calling using MuTect for single
nucleotide variants and Somatic Indel Detector for indels.
Annovar was used to annotate the variants for cDNA and
amino acid changes. Final data were also manually curated
to exclude the germline SNP using the following criteria:
allele frequency from 0.4 to 0.6 or 0.8 to 1.0 unless the
tumor purity is greater than 80% or reported in the gnomAD
database more than 10 times. The sequence read alignment
processing, non-synonymous mutations, copy number alter-
ations and rearrangements were determined as previously
described [11].
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Results
Clinicopathologic Features

Of the 15 cases of high-grade CFOS, there were 5 females
and 10 males, with ages ranging from 19 to 74 years
(median: 52 years). Five tumors were located in maxilla,
eight in mandible, and two other locations. The predomi-
nant histological subtypes of the high-grade CFOS were
osteoblastic (2), chondroblastic (2), and fibroblastic (3). The
remaining cases were mixed subtypes. Tumor sizes ranged
from 1.5 to 8.0 cm (median 5.3 cm). The detailed clinical
and pathological features of 15 cases are summarized in
Table 1. Representative radiology images and histology pho-
tomicrographs are shown in Fig. 1. All patients underwent
surgical resection.

CFOS Demonstrate Highly Complex
and Heterogenous Genomic Alterations

All the 15 high-grade CFOS, which were submitted for
SNP array analysis, demonstrated highly unstable genome
with small- or large-scale copy number alterations (CNAs)
and allelic imbalance throughout all the chromosomes
(Fig. 2A). The aggregated CNAs and allelic imbalance

analyses demonstrated the frequency of recurrent unbal-
anced genomic aberrations shown in Fig. 2A top panel.
While the genomic landscapes appear to be heterogenous
from case to case, there were certain patterns seen as large
deletions or gains involving whole chromosomes, chromo-
some arms, or large chromosome segments. Chromosome
1q, 2q, 3q, 5p, 6p, 7, 8, 9q, 19p, 14, 20q, 21 preferentially
demonstrated copy number gain (>50% cases). Chromo-
some 3p, 5q, 6q, 10, 13, 17p preferentially demonstrated
copy number loss (>50% cases). Chromothripsis, massive
genomic rearrangement confined to localized chromosome
regions, was observed on multiple chromosomes. Figure 2C
demonstrates chromothripsis involving long arm of chro-
mosome 4, which manifests as oscillating copy number
alteration between gains and deletions (upper panel) and
corresponding interspersed loss of heterozygosity (LOH) at
heterozygous SNPs (lower panel).

The CNAs plots from MSK-IMPACT sequencing data
of 14 high-grade CFOS also demonstrated similar findings.
Figure 2B shows the CNAs plot from one representative
CFOS case demonstrating a highly complex and unstable
genome with copy number gains or losses involving all the
chromosomes. There are also more focal CNAs targeting
oncogenes or tumor suppressor genes (discussed in next
paragraph).

Table 1 List of all the craniofacial osteosarcoma cases included in the current study

Number Sex Age (years) Site Histology Grade Tumor Molecular studies
size
(cm)
1 M 19 Mandible Osteoblastic High 11 MSK-IMPACT, SNP Array
2 M 58 Maxilla Osteoblastic, Chondroblastic (RT associated) High 4.2 MSK-IMPACT, SNP Array
3 M 67 Mandible Osteoblastic, Chondroblastic, Fibroblastic (RT ~ High 6.5 MSK-IMPACT, SNP Array
associated)

F 54 Maxilla Osteoblastic High 1.5 MSK-IMPACT, SNP Array

5 M 54 Mandible Chondroblastic, Osteoblastic, Fibroblastic (RT  High 3.5 MSK-IMPACT, SNP Array
associated)

F 22 Mandible Osteoblastic, Chondroblastic High 6.5 MSK-IMPACT, SNP Array

7 M 52 Frontal sinus and  Osteoblastic, Chondroblastic, Fibroblastic High 7 MSK-IMPACT, SNP Array
infratemporal
fossa

8 F 37 Mandible Fibroblastic, Osteoblastic, Chondroblastic High 5.3 MSK-IMPACT, SNP Array
9 F 74 Maxilla Fibroblastic High 6.5 MSK-IMPACT, SNP Array
10 M 52 Maxilla Osteoblastic, Chondroblastic, Fibroblastic High 4 MSK-IMPACT, SNP Array
11 M 24 Mandible Fibroblastic High 8 MSK-IMPACT, SNP Array
12 M 43 Maxilla Chondroblastic High 4.5 MSK-IMPACT, SNP Array
13 M 25 Mandible Chondroblastic High 5.5 SNP Array
14 M 67 Mandible Fibroblastic High 5.3 MSK-IMPACT, SNP Array
15 F 29 Sphenoid wing Osteoblastic, Chondroblastic High 29 MSK-IMPACT

Cases #10 and #15 are the cases in which GNAS hotspot mutations were identified. The Case #10 had history of fibrous dysplasia since age of

11, in which histology of fibrous dysplasia is present on the H&E slide
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Fig. 1 Representative radiology
and H&E histology images of
CFOS of maxilla. A An axial
contrast-enhanced CT image
shows a 5.0 3.2 cm expansile
lytic lesion causing cortical
destruction (dotted arrows)

and cortical thinning in the left
mandible. The lesion contains

a focus of sclerosis (arrow) and
abuts the left molar root. B An
axial non-contrast T1-weighted
image demonstrates the lesion
with a cortical destruction
(arrow) and indistinguishable
from the adjacent muscles; C,
D H&E images (200x, 400x)

of a high grade fibroblastic
osteosarcoma composed of
predominantly of spindle cells
with focal pleomorphism

and focal neoplastic osteoid
(arrows); E H&E image (400x)
of a high grade osteoblastic
CFOS composed of highly
pleomorphic epithelioid tumor
cells surrounded individually by
eosinophilic lace-like neoplas-
tic osteoid (arrows); F H&E
image (400x) of a high grade
chondroblastic CFOS composed
of chondroid area (asterisk) and
peripheral early osteoid forma-
tion (plus sign). The chondroid
area consists of pleomorphic
epithelioid tumor cells in

the light blue chondroid matrix,
while immature osteoid matrix
is seen around the angular/spin-
dly atypical tumor cells at the
periphery of the chondroid area

Somatic Gene Mutations and Potentially Targetable
Oncogene Amplifications

The number of non-synonymous mutations (SNV or small
indels) ranged from 1 to 10 per case (median: 3 / case,
median tumor mutation burden: 2.6 / Mb). The most fre-
quently mutated gene was TP53 (79%, 11/14), alterations
of which include missense mutations (n = 8), frameshift
truncation (n=1), in-frame deletion (n=1), and splice
variant (n=1) (Fig. 3). These mutations were often accom-
panied by LOH at chromosome level (17p loss, affecting
TP53 at 17p13, as shown in chromosome CNAs section).
Other recurrently altered genes occurred at lower frequen-
cies (2-3 cases /14), including CDKN2A/2B homozygous
deletion, TERT amplification or hotspot mutation in the
promoter, PBRM 1 frameshift truncations, KMT2C mis-
sense mutations, APC missense mutations, GNAS hotspot

@ Springer

mutations, PTEN homozygous deletion, frameshift trun-
cation and missense mutation, RBI homozygous deletion,
missense mutation and in-frame deletion, and RAD50
missense mutation and in-frame fusion. These recurrently
mutated genes can be categorized into RAS-PI3K, cell
cycle, DNA repair, and epigenetic regulation pathways,
respectively, based on their biological functions.

Six out of fourteen (43%) cases had at least one
potentially actionable oncogene amplification, includ-
ing CCNEI, AKT2, MET, NTRK1, PDGFRA, KDR, KIT,
MAP3KI14, FGFRI1, and AURKA, most of which encode
protein kinases (Fig. 4). PDGFRA, KDR, and KIT were
co-amplified in one amplicon on chromosome 4pl6 in
one case. No clear association was found between genetic
alterations and histologic types for most cases, except two
cases (see next paragraph).
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Fig.2 CNAs by SNP array and
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GNAS Activating Mutations in CFOS

GNAS hotspot activating mutations (R201C, R201H), which
are the most common driver mutations in fibrous dysplasia,

were found in two high-grade CFOS (Fig. 5A, B). Inter-
estingly, both cases had concurrent mutations in 7P53 and
APC, suggesting possible synergistic effect among these
three genes during the development of CFOS. RB1, TGFBI,
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Fig.4 Oncoprint plot of potentially targetable gene amplifications in
14 high-grade CFOS
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and CBL were other mutated genes that occurred only in one
case. We were able to identify fibrous dysplasia component
in one case upon histology review. This was a 7 cm large
destructive tumor of left maxilla from a 52-year-old male,
who had history of fibrous dysplasia since age of 11. The
morphology was that of a high-grade osteosarcoma with
features of undifferentiated pleomorphic sarcoma in a back-
ground of fibrous dysplasia (Fig. 5C). The second case was
a 29-year-old female with a skull base tumor (infratemporal
fossa) which showed high-grade osteosarcoma with osteo-
blastic and chondroblastic differentiation.

Localized Hypermutation in APC

One of the mutant APC alleles, identified in one case of
the high-grade CFOS, demonstrated 8 missense mutations
within a range of approximately 2500 base pairs (Fig. 6). Six
of eight nucleotide substitutions were “G > A” (or “C>T” on
the complementary strand) transitions and two were “G > C”
(or “C>G” on the complementary strand) transversions.
Two of the mutations were 10 base pairs apart (genomic
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Fig.5 A Two cases of CFOS with GNAS hotspot mutations and con-
current mutations; B Schematic of GNAS protein and its hotspot
mutations; C Representative H&E images of one CFOS case with
area of fibrous dysplasia, top panel: 40x, bottom left: 200 X of osteo-
sarcoma area, bottom right: 100 X of fibrous dysplasia area

coordinates: cgr5:112,173,830 and chr5:112,173,840), and
were located on the same allele (in cis, Fig. 6C). The dis-
tances between other mutations were greater than the length
of reads of our sequencing platform (150 base pairs on aver-
age) so that whether they were in trans or in cis could not be
determined. This localized cluster of hypermutations, with
exclusive “C>T” and “C > G” substitution, and likely being

in cis, is highly suggestive a kataegis event targeting the
tumor suppressor gene APC.

Discussion

Most conventional OS of long bones are high-grade sarco-
mas that produce neoplastic osteoid and demonstrate nuclear
pleomorphism, frequent mitotic figures including atypical
mitoses, and intratumoral and intertumoral heterogeneity
by morphology. These histomorphologic abnormalities are
phenotypic expression of their underlying aneuploidy and
genomic instability. These hallmarks of OS have been well
studied through traditional technologies, such as karyotyp-
ing, comparative genomic hybridization, fluorescence in situ
hybridization, and quantitative PCR. In recent years, high-
throughput NGS-based molecular diagnostic tests have been
utilized to systematically analyze the gene mutations, CNAs,
and structural variants in conventional OS of long bones
[6-10]. These studies have confirmed our previous under-
standing of genomic instability in OS. As far as our knowl-
edge or search in literature, the current study is the first com-
prehensive genomics analyses on CFOS, using both SNP
array or targeted NGS sequencing technology, which dem-
onstrate that, high-grade CFOS also harbor highly unstable
and complex genomes, like their long bone counterparts. In
CFOS we identified some of the chromosomal alterations
have been recurrently identified in OS of long bones, such
as gain of 6p, gain of 8p, loss of 17p [13]. Relevant onco-
genes or tumor suppressor genes are located in these recur-
rent chromosomal regions, for instance, RUNX2, VEGFA,
E2F3, and CDCS5L on 6p, MYC on 8q, and TP53 on 17p.

We also observed chromothripsis and kataegis (the local-
ized hypermutation seen in APC gene) in the present study,
which suggests similar molecular mechanisms might account
for the aneuploidy/genomic instability of CFOS. Chromo-
thripsis is characterized by massive genomic rearrangement
confined to a localized chromosome region after a one-off
catastrophic chromosomal breakage [14—16]. Chromothrip-
sis results in multiple oscillations between two or three copy
number states on the affected chromosome. It is estimated
that chromothripsis can be seen in at least 2%—3% of all
cancers and is present in approximately 25% of bone cancers
[15]. Chromothripsis is found to be the molecular mecha-
nism initiating the chromosomal complexity of conventional
OS of long bones in>90% of cases [8, 10]. Chromothrip-
sis has been shown to generate genomic consequences that
promote cancer development. The preferential gain or loss
of certain chromosome or arms seen in the CFOS may be
a selection result of growth advantage conferred by gain of
oncogenes or loss of tumor suppressor genes, such as MYC
on 8q and TP53 on chromosome 17p.

@ Springer
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Fig.6 Localized hypermuta-

tions in APC in one CFOS case,

top panel: lollipop plot demon- A

strates locations of the mutant

amino acid residues on the

protein; middle panel: detailed i feeil
information on the mutations;

lower panel: IGV view of the B

NGS reads showing two adja-

APC

1200 1600 2000 2400 234333

Start Pos End Pos Ref Var Mutation Type Allele Freq
112175672 112175672 G A Missense_Mutation 0.05
112174040 112174040 G A Missense_Mutation 0.08
112173396 112173396 G A Missense_Mutation 0.05
112173830 112173830 G A Missense_Mutation 0.06
112173840 112173840 G C Missense_Mutation 0.06
112174406 112174406 G A Missense_Mutation 0.05
112174466 112174466 G A Missense_Mutation 0.07
112175842 112175842 G C Missense_Mutation 0.05

m«:-:-:-:-:-:g:-:-:m:-:-:—:::
pIS31 pisl  pidl pi32 pl2  qII2 ql22 qi32 aldl qld3 ai5  q2l.2 q222  q232 q311 q313 q33d a34 352

41bp

12173830 bp 1217380 bp 12473,

112473820 bp
I 1 | } | I |

fpoonnnnnnn)

. T Gene Protein Change
cent mutations are in cis

APC E1461K

APC D917N

APC G702E

APC EB47K

APC R850T

APC G1039R

APC E1059K

APC Q1517H
rastobe
} ll
s

Tumor- OSCFADD1-Tres2 Cover

Tumor- 0SCFADD1Tres2

Normal - OSCFADD1-Nres2 Cove [ B 0001

Normal- 0SCFADDT-Mies2

Sequence - G C T T AGA

RefSeq Genes

A£G ¥ 7 C 7 C 67T 7T C 7V 6 A A AAAGAY AGSEAGT ¥ VT G666 A G-

abra_target_regions.bed |

CFOS in this study have a median of 3 non-synonymous
mutation counts / case (median tumor mutation burden: 2.6
/ Mb), which places it at low to intermediate level in terms
of tumor mutation burdens when compared to other human
cancers [17]. The only mutated gene with high recurrent
frequency is TP53, the guardian of genome stability [18],
which is frequently found to be mutated in various human
cancers including ones showing chromothripsis [19]. Other
mutations occur at much lower frequencies, including ampli-
fication of oncogenes which are potentially targetable. The
relative low tumor mutation burden of CFOS is also con-
sistent with findings from OS of long bones [20], which
place OS in the “cold tumor’ category with possibly limited
potential for immune checkpoint inhibitors such as PD-L1
inhibitors. A recent clinical trial (NCT02301039) shows that
only 1 in 22 advanced OS treated with pembrolizumab (PD1
inhibitor) had partial response [21].

We identified GNAS hotspot activating mutations in two
CFOS cases and identified fibrous dysplasia component on
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histology in one patient who had prior history of fibrous
dysplasia. Malignant transformation of FD to OS or other
sarcomas has been well documented in the literature with
frequency varying from less than 1% to 6.7% [22-24]. GNAS
hotspot mutations were identified in both the fibrous dyspla-
sia and sarcoma components in majority of reported cases
(8/10) [25]. Consistent with our findings, TP53 inactivat-
ing mutations, multiple CNAs, and multiple chromosomal
abnormalities have been reported in the prior studies [25,
26]. Although structural variants involving GNAS have been
shown, de novo GNAS activating mutations have not been
reported in the previous comprehensive genomics studies
of long bone OS [6-9]. Majority of fibrous dysplasia cases
harbor GNAS R201C/R201H activating mutations [27, 28],
which are known driver mutations in the development of
fibrous dysplasia. GNAS encodes the alpha-subunit of the
heterotrimeric G protein complex. The missense muta-
tion at residue R201 causes constitutive activation of the
G-stimulatory pathway with increased cAMP production
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[29], which will disrupt the normal self-renewal process of
skeletal stem cells [30]. It is possible that GNAS activating
mutations, might cooperate with APC and TP53 inactiva-
tion in malignant transformation to high-grade CFOS based
on the observation from the current study. Studies using
genetically engineered mouse models with combination of
GNAS hotspot mutations with or without knockout of APC
and TP53 can further elucidate the role of GNAS, as well
as any synergistic role of APC and TP53 inactivation, in
the malignant transformation of fibrous dysplasia to CFOS.
In summary, high-grade CFOS demonstrate highly
unstable and complex genomes, recurrently mutated genes
including TP53, CDKN2A/B, and PTEN, and gene amplifi-
cations in CCNEI, AKT2, MET, NTRK1, PDGFRA, KDR,
KIT, MAP3KI14, FGFRI, and AURKA, leading to activa-
tion of the RAS-PI3K pathway, or aberrations in the cell
cycle, DNA repair, and epigenetic regulation pathways.
Thus potentially targetable genetic events (PDGFRA, KIT,
FGFRI, PTEN) are present similar to high-grade OS of long
bones. Further studies with a larger cohort are needed for
the true prevalence of these targetable genetic alterations.
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