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Abstract

Background. Gliosarcoma, an isocitrate dehydrogenase wildtype (IDH-WT) variant of glioblastoma, is defined by
clonal biphasic differentiation into gliomatous and sarcomatous components. While the transformation from a gli-
oblastoma to gliosarcoma is uncommon, the subsequent transformation to osteosarcoma is rare but may provide
additional insights into the biology of these typically distinct cancers. We observed a patient initially diagnosed
with glioblastoma, that differentiated into gliosarcoma at recurrence, and further evolved to osteosarcoma at the
second relapse. Our objective was to characterize the molecular mechanisms of tumor progression associated with
this phenotypic transformation.

Methods. Tumor samples were collected at all 3 stages of disease and RNA sequencing was performed to capture
their transcriptomic profiles. Sequential clonal evolution was confirmed by the maintenance of an identical PTEN
mutation throughout the tumor differentiation using the TSO500 gene panel. Publicly available datasets and the
Nanostring nCounter technology were used to validate the results.

Results. The glioblastoma tumor from this patient possessed mixed features of all 3STCGA-defined transcriptomic
subtypes of an IDH-WT glioblastoma and a proportion of osteosarcoma signatures were upregulated in the orig-
inal tumor. Analysis showed that enhanced transforming growth factor-g (TGF-B) and bone morphogenic pro-
tein signaling was associated with tumor transformation. Regulatory network analysis revealed that TGF- family
signaling committed the lineage tumor to osteogenesis by stimulating the expression of runt-related transcription
factor 2 (RUNX2), a master regulator of bone formation.

Conclusions. This unusual clinical case provided an opportunity to explore the modulators of longitudinal sarco-
matous transformation, potentially uncovering markers indicating predisposition to this change and identification
of novel therapeutic targets.

Published by Oxford University Press on behalf of the Society for Neuro-Oncology and the European Association of Neuro-
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Key Points

e Transforming growth factor- (TGF-) and bone morphogenic protein (BMP)
signaling are associated with the glioblastoma to gliosarcoma transition in a

clinical case that progressed to osteosarcoma.

e Primary bone osteosarcoma genes were expressed in the original glioblastoma.

Importance of the Study

Knowledge of the mechanism of the gliosarcoma
transformation from glioblastoma is limited. This study
provides the first comprehensive exploration of the
underlying pathways leading to this transformation,
within the context of a glioblastoma transforming to
gliosarcoma and then ultimately to an unequivocal oste-
osarcoma. After RNA sequencing and network analysis,
transforming growth factor-B (TGF-B) and bone mor-
phogenic protein (BMP) signaling were found associ-
ated with this transition, modulating RUNX2 expression
and likely leading to osteosarcoma. We also elucidated
the relationship between TGF-B and its downstream

Glioblastoma is a primary brain malignancy characterized
by high heterogeneity, invasiveness, and resistance to cur-
rent therapies, with a median survival of approximately 15
months.’® Molecular subtyping aids our understanding
toward tumor biology and improves prediction of clinical
outcomes,* but the evolving classification models do not
fully recapitulate tumor heterogeneity and longitudinal
malignant transformation. The existence of multipotent
glioma stem cells in the tumor leads to multiple lineage
commitments, further compounding uncertainties about
longitudinal progression.®

Gliosarcoma, a WHO-established variant of IDH-WT
glioblastoma, accounts for approximately 2% of all dif-
fuse glioma.5® The WHO 2021 guidelines have defined
gliosarcoma as a subtype of glioblastoma.® Primary
gliosarcomas frequently arise de novo with a predilec-
tion for the temporal lobes and secondary gliosarcoma
develops after cranial irradiation for glioblastoma.38 The
invasion of dura and extracranial metastases are more
common in gliosarcoma than glioblastoma with poten-
tial prognostic implications,®'%'2 although some studies
showed no significant differences in overall survival be-
tween gliosarcoma and glioblastoma.?"3 In many cases the
2 tumor types share identical clinical and radiological fea-
tures and are clinically managed under similar or identical
protocols, with surgery, radiation, and chemotherapy.’3-'5
Gliosarcoma histologically shows a biphasic pattern com-
position displaying adjacent regions of gliomatous and
sarcomatous differentiation with mesenchymal compo-
nents.*#'%'6 The glial component expresses glial fibril-
lary acidic protein (GFAP) and is reticulin-poor, while
sarcomatous lacks GFAP and is reticulin-rich.® Clinically,
these distinct features have been used to differentiate

regulators and signaling pathways. Primary bone osteo-
sarcoma genes were expressed in the original glioblas-
toma and a majority were expressed in the subsequent
gliosarcoma and osteosarcoma, implying that osteo-
genic origination commenced within the early stages of
the disease progression. This mechanism has not been
discussed previously in the treatment of gliosarcoma,
as the ultimate change to osteosarcoma enabled the
gliosarcoma transformation to be interrogated as an in-
termediate step (rather than a typical end-stage of dis-
ease progression).

between the glioblastoma and gliosarcoma cases.®'”'8
Other types of rare transformations of gliosarcoma in-
clude chondrosarcoma, angiosarcoma, osteosarcoma, and
liposarcomatous, myosarcomatous, leiomyomatous, and
neuroectodermal tumors.41518-20

Genetically, gliosarcoma is unstable, with more frequent
TP53 mutations,”'%'6 and a high rate of loss of heterozy-
gosity at 10q (88%).'6 Poorer survival among TP53-mutated
gliosarcoma patients has been reported, thus it has
been diagnostically divided into TP53 mutated and intact
(wildtype) gliosarcoma subtypes.'® The reported incidence
of TERT promoter mutations in gliosarcoma is 83%,'® PTEN
mutation (28.6-45%) and P16/NK4alpha homozygous dele-
tions is 37%."'% EGFR amplification was only found in 4%
of gliosarcomas, versus 40% in primary glioblastomas'#?'
and isocitrate dehydrogenase (IDH) mutations are rare in
gliosarcoma.’ It has been suggested that biomarkers of
gliosarcoma with potential therapeutic implications in-
clude PTEN, EGFR, BRAF, CDKN2A, and NF1.22 MGMT pro-
moter methylation is more frequent in glioblastoma than
in primary gliosarcoma®" and a trend of increased sur-
vival in patients with hypermethylated MGMT promoter by
improving the efficacy of TMZ treatment was reported.523

Knowledge of the underlying molecular etiology per
taining to gliosarcoma transformation from glioblastoma is
limited. The evolution to gliosarcoma has been associated
with altered pathways in MAPK signaling (EGFR, RASGRF2,
and  TP53), phosphatidylinositol/calcium signaling
(CACANT1s, PLCs, and ITPRs), and focal adhesion/tight junc-
tion (PTEN and PAK3) pathways.'>?* Mesenchymal transfor-
mation in gliosarcoma is associated with SNAI2, TWIST1,
and MMP-2/9 upregulation.?® Current consensus on the cel-
lular origin of gliosarcoma supports the monoclonal theory,
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that both glial and mesenchymal elements may be derived
from a common neoplastic neuroectodermal precursor.?8

The differentiation of gliosarcoma into osteosarcoma
is rare and has been reported in very few cases.!”20.27-31
Morphologically, the occurrence of osseous elements is
described as a process of tumor necrosis, calcification, cal-
cification of necrotic foci, and secondary ossification of the
calcified tissue.'?” The cellular origin of the osseous ele-
ment has been described as a metaplastic change of the
mesenchymal stroma and it has been reported that radia-
tion contributes to the osseous differentiation.30

Here we describe a patient initially diagnosed with gli-
oblastoma, which transformed into gliosarcoma at recur-
rence and further evolved into an osteosarcoma at second
disease relapse. This unusual case highlights the com-
prehensive evolution of this disease and facilitates our
growing understanding of the molecular genetics of glio-
blastoma and its rare variants. Our objectives were to char-
acterize the radiologic and histopathologic features of this
rare tumor, delineate the molecular mechanisms of tumor
progression associated with morphological and pheno-
typic transformations, and identify possible pathways of
disease transformation.

Materials and Methods
Tumor Specimen Acquisition

The initial surgical resection was performed outside the
National Institutes of Health (NIH) Clinical Center, and
the second and third tumor resections were carried out
at the NIH Clinical Center. The patient was enrolled after
signing informed consent to participate in the Institutional
Review Board approved Neuro-Oncology Branch Natural
History Study (NCT02851706, PI: TS Armstrong) which per-
mits to collection, analysis, and publication of the patient’s
medical history and biologic specimens including tumor
samples.

Neuroimaging

MRI with and without gadolinium contrast was performed
on a 1.5 T MR scanner (Sigma, General Electric) or a sim-
ilar scanner, and a 3T (Philips Medical Systems) or sim-
ilar scanner as part of clinical care. Sequences performed
included pre and postcontrast fluid inversion recovery
(FLAIR), T2*-weighted imaging using both conventional
GRE and susceptibility-weighted imaging, isotropic
diffusion-weighted imaging (DWI), and apparent diffusion
coefficient maps. All MRI scans were interpreted by a clin-
ical radiologist.

Histopathological Staining and Molecular
Diagnosis

Hematoxylin and eosin (H&E), GFAP antibody, and retic-
ulin special stain with prediluted solution were used to
stain the sections per manufacturer guidelines (https://
lifescience.roche.com). Microscopic sections from each

surgery were reviewed by a neuropathologist (MMQ) to
determine the cellular morphology of the tumor. Gene
panel profiling was done using the lllumina TrueSight
Oncology 500 (TSO500) platform (https://www.illumina.
com) by the National Cancer Institute’s (NCI) Molecular
Diagnosis Laboratory in the Laboratory of Pathology.
We carried out the TSO500 panel analysis for all 3
tumor stages, but only the glioblastoma tumor of this
case yielded outputs that passed the data quality con-
trol. The TSO500 panel analysis does not include MGMT
methylation.

RNA Extraction and Sequencing

Total RNA was extracted from the FFPE slides using the
RNeasy FFPE kit (Qiagen). RNA integrity was measured on an
Agilent 2100 BioAnalyzer using the RNA 6000 Pico kit (Agilent
Technologies). In addition, the DV200 was assessed and used
to determine the quality of total RNA samples for sequencing
with a cutoff greater than 30%. The transcriptome library was
prepared using the llluminaTrueSeq RNA Access kit following
the manufacturer’s instructions. The library was sequenced
on lllumina HiSeq 2500 using 125bp paired-end reads
targeting a sequence coverage of 50-60 million per sample
carried out by NCl's Advanced Technology Research Facilities.

RNA-Seq Data Analysis

Strand-specific RNA-seq reads were analyzed using
CCBR Pipeliner (https:/github.com/CCBR/Pipeliner). The
pipeline steps include several tasks: sequencing reads
quality control and grooming, alignment to the refer-
ence genome, feature quantification, and differentially
expressed gene identification. Initially, sequencing reads
that passed quality control thresholds were trimmed of
adaptor sequences using a trimmomatic algorithm; STAR
was then used for genomic alignment to the human refer-
ence genome version HG19; the transcripts were quanti-
fied using RSEM algorithms; and differentially expressed
genes were determined using EdgeR, DESeq2, and limma/
voom methods. We derived differentially expressed genes
using thresholds of FDR < 0.05 and absolute fold changes
>1.5 across all 3 methods by contrasting osteosarcoma
to gliosarcoma, gliosarcoma to glioblastoma, and osteo-
sarcoma to glioblastoma, as well as each tumor stage to
the rest of the samples. Genes correlated with tumor pro-
gression were identified using a Pearson correlation with
a threshold of FDR<0.05 and a correlation coefficient
(r)>0.45.

Functional Pathway and Network Analysis

Pathway and network analysis was carried out
using Ingenuity Pathway Analysis (IPA;  www.
giagenbioinformatics.com), and Cytoscape (http://www.
cytoscape.org). The differentially expressed genes (ei-
ther up- or downregulated) were uploaded into IPA and
core analysis was performed for each contrast. Enriched
canonical pathways, upstream interaction partners and
regulators, and associated diseases and functions were
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inspected to elucidate underlying molecular functions.
In addition, pathway overlay and network analysis were
performed to further investigate biological functions.
Cytoscape analysis was performed on glioblastoma and
osteosarcoma networks constructed using the corre-
sponding gene sets.

Single Sample Gene Set and Gene Set Enrichment
Analysis (ssGSEA and GSEA)

To understand the underlying molecular mechanisms
during tumor differentiation, we carried out ssGSEA
and GSEA by contrasting osteosarcoma to gliosarcoma,
gliosarcoma to glioblastoma, and osteosarcoma to glio-
blastoma (http://software.broadinstitute.org/gsea/index.
jsp). ssGSEA was performed using the R package GSVA3?
and the Gene Ontology database. Contrasts between
tumor stages were determined using outputs from GSVA,
and g-values <0.05 were used to identify enriched fea-
tures and functions. GSEA analysis was done using the
JavaGSEA desktop application (GSEA ver. 3.0).33 For GSEA,
C2 curated gene sets of less than 10 genes or greater than
300 genes were excluded. Given that the number of sam-
ples in this study was small, the P-values were calculated
by permutating the genes 1000 times to identify enriched
gene sets. g-Values less than 0.05 from GSEA outputs were
used as the threshold to determine up- or downregulated
genesets for each comparison. R (ver. 3.5.2) was used to
cluster and summarize the GSEA outputs.

Data Analysis and Validation From Public
Resources

RNA-seq data analysis was performed using CCBR
Pipeliner and analysis using IPA, Cytoscape and GSEA (de-
tails in Supplementary Materials). For validation analyses,
we first downloaded an RNA-Seq dataset of IDH wildtype
glioblastoma tumors from Genomic Data Commons
(https://datacommons.cancer.gov/) with assigned mo-
lecular subtypes,*3* then normalized with our data and
carried out batch correction. Second, we downloaded a pri-
mary bone osteosarcoma dataset (GSE99671) from gene
expression omnibus (GEQ).3536 A paired t-test was used to
derive an osteosarcoma signature gene set, and a global
unsupervised PCA analysis was used to characterize the
patient’s tumor. We also downloaded a gliosarcoma gene
expression data set (GSE8692)% to verify our findings that
transforming growth factor-B (TGF-B) is the driving force
for glioblastoma transition to gliosarcoma. Lastly, we used
an internal dataset from our previous publication to derive
glioblastoma overexpressed genes compared with normal
brain tissue.%®

Nanostring nCounter Validation

Custom probe sets for 100 selected genes were designed
and manufactured by NanoString Technologies. FFPE RNA
was hybridized with reporter and capture probes at 65°C for
16 h (NanoString Technologies). The amount of input FFPE
RNA was adjusted based on the DV200, as recommended

by the manufacturer. Posthybridization processing and data
collection on the NanoString nCounter Analysis System was
conducted at the CCR Genomics Core at the NCI.

Results
Case Description and Clinical Characteristics

The patient was a 56-year-old woman who initially pre-
sented with episodes of confusion and expressive aphasia
for 1 month. Brain imaging revealed a large left parietal
contrast-enhanced mass (Figure 1A-l). Histopathology
showed a high-grade neoplasm (Figure 1B-l) with var
iable morphology and a prominent small cell pheno-
type that was strongly GFAP-positive (Figure 1C-I) and
reticulin-negative glia (data not shown) consistent with
glioblastoma (Figure 1B-I). Areas of atypical mesenchymal
proliferation were noted that were reticulin-rich and GFAP-
positive. Treatment after surgery included 6 weeks of con-
current chemoradiotherapy with temozolomide, followed
by 12 cycles of adjuvant temozolomide. Worsening ex-
pressive aphasia and cognitive impairment and imaging
revealed concern for tumor recurrence led to a reresection
of the mass. Histopathology now confirmed transforma-
tion to gliosarcoma (Figure 1A-ll) as evidenced by mesen-
chymal sarcomatous changes (Figure 1B-Il and C-ll), that
was reticulin-rich (Figure 4B-Il) and GFAP-negative glia
(data not shown).The patient was treated with oral sunitinib
with a transient imaging response. A second recurrence, 17
months from the initial diagnosis was found as the patient
developed right-sided numbness along with incoordination.
Imaging showed further tumor growth and significant mass
adhesion to the overlying dura (Figure 1A-Ill). A surgical re-
section was performed demonstrating the mass to be en-
tirely calcified and the histopathology revealed a malignant
osteoid-producing mesenchymal neoplasm (Figure 1B-Ill).
Immunopathological diagnosis confirmed transformation
to osteosarcoma (Figure 1A-lll and B-llI).

The Glioblastoma Tumor Resembled the
Proneural Subtype but Possessed Strong Classical
and Mesenchymal Characteristics

Molecular studies of this case identified a deleterious
PTEN mutation (p.R130G) at the exon 4 region, and the
RNA-Seq data revealed that the PTEN mutation per-
sisted through all 3 differentiation stages (Supplementary
Figure 1A).To elucidate the tumor-intrinsic transcriptional
heterogeneities of this patient over longitudinal trans-
formation, we carried out RNA-Seq of 9 tumor samples
from 3 differentiation stages. The unsupervised principal
component analysis (PCA) of RNA-Seq data projected
global transcriptomic separation between the stages
(Figure 1D-l). The heatmap of over 7000 differentially ex-
pressed genes indicated that initially upregulated genes
in the glioblastoma tumor became inactive during differ-
entiation, while most of the other genes were commonly
upregulated in the gliosarcoma and osteosarcoma tu-
mors, indicating an inherent molecular similarity of the 2
recurrent tumors (Figure 1D-IlI).
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Figure 1. Radiographic and immunohistochemical characteristics of the tumor and its global transcriptomic profiles. (A) Axial images of the

tumor on initial presentation, on second and third relapse, respectively. Preoperative CT head without contrast with left parietal hypodensity
of pathology glioblastoma (A-l1). MRI brain axial T1 postcontrast with recurrent contrast-enhancing lesion with surrounding hypointensity
vasogenic edema (A-Il). MRI brain axial T1 postcontrast with same-site recurrent contrast-enhancing lesion with worsening surrounding edema
(A-111). (B) Microscopic images of the tumor from glioblastoma with microvascular proliferation and GFAP-positive (10x) (B-I), from gliosarcoma
with reticulin stain positive and spindle cell morphology (10x) (B-Il), and from osteosarcoma with malignant osteoid formation (10x) (B-IIl). (C)
Representative marker gene expression in FPKM at 3 tumor stages. (D) Transcriptomic profiles during tumor progression. Unsupervised principal
component analysis of the tumor transcriptomic profiles across 3 differentiation stages reveal 3 sparsely separated clusters (D-). Differential
expression matrix based on genes identified during tumor transformation. The values are numbers of genes whose expression is enriched in the
A group of the contrasts with B (A > B) using thresholds of false discovery rate < 0.05 across DEseq2, EdgeR and Limma/voom methods and ab-
solute fold changes > 1.5. The gene numbers in diagonal were derived by the group contrasted to the rest of the samples (D-11). Hierarchical clus-
tering analysis of all differentially expressed genes across 3 comparisons during tumor progression. Euclidean distance and complete linkage

methods were used in the analysis (D-111).

To compare the glioblastoma stage of this case to known
glioblastoma molecular subtypes, we performed super-
vised clustering using the 150 classifiers of IDH-wildtype
glioblastoma,®* which resulted in all 3 glioblastoma sam-
ples to be projected on the boundary areas of classical,
proneural, and mesenchymal subtypes (Figure 2B). Other
classification approaches similarly yielded a mixed sub-
type (Supplementary Table 1). When considering all
stages, supervised clustering indicated that the glioblas-
toma tumor most resembled the proneural subtype with a
highly enriched expression of proneural signature genes,
but then shifted to the mesenchymal subtype after trans-
forming into a gliosarcoma (Figure 2A). This finding was
further affirmed using the original Verhaak’s 800 classifier

approach into 4 glioblastoma subtypes (Supplementary
Figure 2A).* The tumor held attributes of the proneural
subtype by having highly expressed oligodendrocyte de-
velopment genes (OLIG2 and NKX2-2) (Figure 2C) and
the proneural development gene SOX2 (Supplementary
Figure 1E). As in the proneural subtype, highly ex-
pressed OLIG2 in the tumor negatively correlated with
the tumor suppressor CDKN1A (r=-0.94, P<-.000015),
leading to increased proliferation, as shown in the histo-
pathological stain (Figure 1B-l). While the proneural sig-
nature was the most pronounced, this tumor imitated
the classical subtype with enhanced NOTCH signaling
(NOTCH1/3, DLL1,3,4) neural activities (Figures 2D and
3A, Supplementary Figures 1B and 4A), highly expressed
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Figure 2. Characterization of tumors using transcriptomic classification systems. (A) Supervised hierarchical clustering analyses of 3 tumor
stages using Wang's 3-subtype classifiers and supervised hierarchical clustering analyses of 3 tumor stages using osteosarcoma signature
genes. (B) The principal component analysis projected the 3 glioblastoma tumor samples to the boundary area of the TCGA glioblastoma patients
previously assigned to Wang’s 3 molecular subtypes. (C) Expression of the subtype classifiers in our glioblastoma case. (D) Upregulated gene
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tions and stem cell activities and enhanced NOTCH signaling. Gliosarcoma and osteosarcoma tumors are featured with osteoblast development
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and our primary and recurrent tumors. (F) Venn diagram of osteosarcoma-related genes in primary osteosarcoma tumors and in our recurrent
tumors. (G) Bone differentiation modulated by the RUNX2 transcription factor.
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EGFR, PDGFA, GLI2, and CDH4 genes (Figure 2C) and vig-
orous stemness ingredients (NES, PROM1, and MSI1/2)
(Supplementary Figures 1B and 4A). However, as our
subtype prediction revealed (Supplementary Table 1), the
most prominent features of this glioblastoma were its en-
hanced expression of mesenchymal markers (MET and
CHI3L1), mesenchymal signature genes (CD44, MERTK,
MMP7/9/13, VDR, VEGFA, and TGFBI), the NFKB pathway
(TRADD andTNFRSF1A) (Figure 1C-lll, 2C, Supplementary
Figure 1D), GPCR signaling, cell adhesion genes, and
ABC transporter activity (Supplementary Figure 1C).
Hence, this tumor possessed mixed features of classical,
proneural, and mesenchymal subtypes.

Runt-Related Transcription Factor (RUNX2)
Regulated Osteosarcoma Tumor Differentiation

To gauge whether the osteosarcoma that ultimately devel-
oped in this patient was similar to primary bone osteosar-
coma, we downloaded a dataset from GEO (GSE99671)%
containing RNA-Seq data from 18 tumor-normal pairs (FFT)
and 18 formalin-fixed paraffin-embedded bone osteosar
comas (FFPE). PCA analysis revealed 4 sparsely separated
clusters, indicating that the present osteosarcoma differed
from primary bone osteosarcoma (Figure 2E). To confirm
this finding, we further derived a bone osteosarcoma sig-
nature of roughly 800 genes from the FFT dataset. Again,
the signature showed poor overlap with the upregulated
genes in both the osteosarcoma and gliosarcoma tumors
of this case (Figure 2F). We further mapped this signature
to our dataset and the heatmap showed that a small por-
tion of signature genes was expressed early at the glioblas-
toma stage, and more than half of the signature genes were
expressed in both the gliosarcoma and osteosarcoma tu-
mors (Figure 2A). Comparing glioblastoma overexpressed
genes with primary osteosarcoma overexpressed genes
also shows some degree of overlapped genes, indicating
an early commencement of the osteogenic progress in this
patient (Supplementary Figure 4B).

RUNX2 defines the transcriptional regulatory network
of normal bone development and induces differentia-
tion of multipotent mesenchymal cells into osteoblasts in
tumor transformation.3®4% Our regulatory network anal-
ysis identified RUNX2 as a top transcription factor of os-
teoblast differentiation (Supplementary Figure 3A) and
gene-interaction network analysis pinpointed RUNX2 as a
highly connected hub gene in the gliosarcoma tumor net-
work (Supplementary Figure 2H). Pearson correlation anal-
ysis significantly associated RUNX2 expression with tumor
progression (r=0.93, P<.0002). We examined RUNX2
function in regulating the bone formation of our tumor and
checked its conformity with normal osteoblastogenesis.
The analysis unfolded that RUNX2 activated downstream
transcription factors SP7, ATF4, and SOX6, leading to os-
teoblast and chondrocyte formation. The tumor shared
an identical regulatory network with normal bone forma-
tion (Figure 2G). Accompanying the tumor transforma-
tion, many bone formation-related genes (BMP2/4, SPARC,
SOX9, PTH1R, FRZB, PLOD2, and COL11A1), as well as
mesenchymal markers (MMP13 and SERPINE1/2), were
highly expressed in the recurrent tumors (Figures 1C-lll

and 3E, Supplementary Figure 3B and E). In addition, the
osteosarcoma tumor exhibited necrosis with upregulated
HIF signaling pathways (Figure 3F, Supplementary Figure
3C and D). HIF1A and EGLN3 (a cellular oxygen sensor)
were both upregulated in this tumor (Supplementary
Figure 3B). We also identified upregulated WNT signaling
and hedgehog signaling via ssGSEA analysis (Figure 3G,
Supplementary Figures 2B and 3D).

TGF-p and BMP Signaling Modulated the
Tumor Transformation From Glioblastoma to
Gliosarcoma and Then to Osteosarcoma

Our comprehensive analysis revealed that TGF-f was a
key regulator of the glioblastoma to gliosarcoma trans-
formation (P=3.59E-43) (Figure 3C). We found that all
TGF-B ligands (TGFB1, TGFB2, TGFB3, and TGFBI) and
TGF-B receptors (TGFBR1 and TGFBR2, but not TGFBR3)
were upregulated in the gliosarcoma tumor. TGFBR3, a
sequencer of TGF-B signaling, was downregulated at this
stage (Supplementary Figure 2E). Furthermore, TGF-
downstream regulators, such as SMAD3/7, CTNNB1, FOS,
and CEBPB (derived from the IPA knowledge base) were
all significantly upregulated in the gliosarcoma tumor
(Figure 3C). GSEA also affirmed this finding by identifying
7 TGF-B signaling pathways or gene sets significantly
upregulated in the gliosarcoma (Figure 3D, Supplementary
Figure 2C). In addition, we pooled together a TGF-f target
gene set with more than 600 genes*'*3 and their expres-
sion was also upregulated during tumor differentiation to
the gliosarcoma (Supplementary Figure 2D, upper).

To validate these findings, a microarray data set con-
taining 4 glioblastomas, 2 gliosarcomas, and 1 secondary
gliosarcoma (transformed from glioblastoma) was down-
loaded (GSE8692).3’ The TGF-B ligands, their cognate recep-
tors, as well as their target genes, were also upregulated
(Supplementary Figure 2D, lower and 2F). Regulatory
network analysis identified the upregulation of BMP4,
a secreted ligand of the TGF-B superfamily which plays a
critical role in bone and cartilage development and can
activate the expression of SMAD3, CTNNB1, and RUNX2
(Figure 3G and C, Supplementary Figure 2B). Furthermore,
NanoString’s nCounter technology was used to confirm
the RNA-Seq results from this patient and compare the re-
sults to other independent tumors (8 glioblastomas and 7
gliosarcomas). The results validated our previous findings
(Figure 3H, Supplementary Figure 4A).

Discussion

We propose that TGF-f and bone morphogenic protein
(BMP) signaling play a role in driving the glioblastoma to
gliosarcoma transition, modulating RUNX2 expression,
and framing osteosarcoma differentiation (Figure 4A and
B). RUNX2, as a master bone formation transcription factor,
potentially drove the second recurrence from gliosarcoma
to osteosarcoma in this patient. The paramount down-
stream transcription factors provoked by TGF-3 and BMP
signaling (direct or indirect) are CTNNB1, SMAD3/6, SOX9,
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related to neuron activities in glioblastoma tumor derived by IPA analysis. (C) TGF-f regulatory network derived from IPA network analysis. Red
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Figure 4. Molecular mechanisms driving tumor progression and the proposed regulatory network. (A) Molecular features and activities associ-
ated with tumor stages. (B) Proposed regulatory network driving the tumor differentiation and transformation.

STAT3, ZEB1, SNAI1/2, TWIST1, and RUNX2. CTNNB1, as
an essential element of the WNT signaling pathway, regu-
lates the expression of mesenchymal transcription fac-
tors SNAI1/2 and TWIST1 and contributes to the formation
of the malignant mesenchymal features in the recurrent

gliosarcoma (Figure 4A and B). The expression of these
mesenchymal regulators further modulated RUNX2 ex-
pression, resulting in bone differentiation and formation.
Primary bone osteosarcoma genes were expressed in the
original glioblastoma and a majority were expressed in the
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subsequent gliosarcoma and osteosarcoma, implying that
osteogenic origination commenced within the early stages
of the disease progression.

The characteristics of coexisting mesenchymal stem
cells and multipotent cancer stem cells may have potenti-
ated the differentiation of this tumor. The original glioblas-
toma had enhanced NOTCH signaling and the stem cell
genes NES, SOX2, PROM1, and MSI1/2. TGF-3 superfamily
signaling orchestrates a wide array of cellular processes
both in tumor and normal development. TGF-f signaling is
involved in defining the mesenchymal stem cell differen-
tiation path?4% and in the regulation of epithelial-mesen-
chymal transition in lung cancer and in mesothelioma.4647
TGF-B/BMP signaling play a role in osteoblastogenesis and
bone formation.*®4® TGF-B signaling triggers downstream
SMADS, CTNNB1, and MYC and FOS signaling, which
could have led to the malignant induction of a proneural-
mesenchymal transition in this tumor by enhancing the
expression of 4 mesenchymal transcriptional factors
(TWIST1, SNAI1, SNAI2, and ZEB1) (Supplementary Figure
2G).%55%0 These transcription factors induced reprogram-
ming and activated the transcription of the mesenchymal
signature in the recurrent gliosarcoma tumor.'%2546 On the
other hand, the multipotent mesenchymal stem cells have
the capacity to differentiate into several cell lineages.*
The commitment to a given lineage and differentiation
progression along these lineages is controlled by specific
transcription factors and tightly regulated by interactions
with other cells in response to cellular and extracellular
signals.*®4° In our case, osteogenic lineage differentiation
was induced and framed by the expression of RUNX2, a
master transcription factor of osteoblastogenesis (Figures
2G and 4B-1V). RUNX2 shaped the differentiation route of
mesenchymal stem cells into osteoblasts and activated
the relevant gene expression (Figure 2G). Therefore, TGF-3
signaling played an important role in modulating mes-
enchymal stem cell lineage selection and dictated the
progression of mesenchymal differentiation into the oste-
ogenic lineage by controlling the key transcription factor’s
expression and activities?®>4* (Figure 4B-1V). BMP signaling
also insinuated mesenchymal stem cell differentiation and
commitment via SMAD5 and the noncanonical pathway
MAPKS3, P38 MAPK, and JNK signaling.5’!

This study provides the first comprehensive exploration
of the molecular mechanisms underlying the glioblastoma
to gliosarcoma transformation. TGF-$ signaling regulated
the proneural-mesenchymal transition and drove the
gliosarcoma differentiation into osteosarcoma modulated
by RUNX2. We also elucidated the relationship between
TGF-B and its downstream regulators and signaling path-
ways. Improved understanding of tumor transformation
may enable early identification of tumors likely to undergo
a subsequent transformation and these findings may con-
tribute to the identification of novel therapeutic targets for
this disease.
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