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RNA-seq of 272 gliomas revealed a novel, recurrent
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Studies of gene rearrangements and the consequent oncogenic fusion proteins have laid the foundation for targeted
cancer therapy. To identify oncogenic fusions associated with glioma progression, we catalogued fusion transcripts by
RNA-seq of 272 gliomas. Fusion transcripts were more frequently found in high-grade gliomas, in the classical subtype
of gliomas, and in gliomas treated with radiation/temozolomide. Sixty-seven in-frame fusion transcripts were identi-
fied, including three recurrent fusion transcripts: FGFR3-TACC3, RNF213-SLC26Al1, and PTPRZI-MET (ZM). Interestingly, the
ZM fusion was found only in grade Il astrocytomas (1/13; 7.7%) or secondary GBMs (sGBMs, 3/20; 15.0%). In an
independent cohort of sGBMs, the ZM fusion was found in three of 20 (15%) specimens. Genomic analysis revealed that
the fusion arose from translocation events involving introns 3 or 8 of PTPRZ and intron 1 of MET. ZM fusion transcripts
were found in GBMs irrespective of isocitrate dehydrogenase 1 (IDHI) mutation status. sGBMs harboring ZM fusion
showed higher expression of genes required for PIK3CA signaling and lowered expression of genes that suppressed RBI
or TP53 function. Expression of the ZM fusion was mutually exclusive with EGFR overexpression in sGBMs. Exogenous
expression of the ZM fusion in the U87MG glioblastoma line enhanced cell migration and invasion. Clinically, patients
afflicted with ZM fusion harboring glioblastomas survived poorly relative to those afflicted with non-ZM-harboring
sGBMs (P < 0.001). Our study profiles the shifting RNA landscape of gliomas during progression and reveled ZM as
a novel, recurrent fusion transcript in sGBMs.

[Supplemental material is available for this article.]

The paradigm of oncogene addiction is predicated on the premise
that some oncogenes perform essential and irreplaceable functions
required for the survival of cancer cells (Weinstein 2002). The ag-
gregate of studies spanning the past two decades, however, reveal
that very few oncogenes actually fulfill this criterion (Torti and
Trusolino 2011). Most oncogenic pathways appear dynamic, with
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highly redundant circuitry (Stommel et al. 2007; Nitta et al. 2010).
One of the notable exceptions to these observations involves fu-
sion proteins (Ren 2005). These fusion proteins typically resulted
from chromosomal translocations (Nambiar et al. 2008) and exe-
cuted novel functions that cannot be reconstituted by the ex-
pression of either parental protein (Ren 2005; Singh et al. 2012).
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Importantly, these novel functions reprogrammed the cellular cir-
cuitry to a state of exquisite addiction (Ren 2005; Sasaki et al. 2010).
Some of the most promising clinical results have arisen from tar-
geted inhibition of these fusion proteins, including the BCR-ABL1
fusion (Ren 2005) and the EML4-ALK fusion (Sasaki et al. 2010).

As a first step toward the identification of novel fusion pro-
teins, we performed RNA sequencing of 272 WHO grade I, I1I, and
IV gliomas. Gliomas are the most common form of brain cancer
and can be classified grade I to grade IV based on histologic features
(Louis et al. 2007; Wang and Jiang 2013). Grade II gliomas are also
known as low-grade gliomas, whereas grade III and IV tumors are
frequently termed high-grade gliomas (Wen and Kesari 2008). The
term glioblastoma (GBM) is synonymous with grade IV glioma
(Wen and Kesari 2008). GBM is one of the deadliest of human
cancers, with median survival of 14 mo after maximal surgical re-
section, chemotherapy, and radiation therapy (Stupp et al. 2005).
Based on clinical history, GBMs can generally be classified into two
subtypes (Ohgaki and Kleihues 2009). Primary GBM (pGBM) refers
to the vast majority of GBMs, which are thought to form de novo
in the elderly. On the other hand, secondary GBMs (sGBMs) typ-
ically progress from lower-grade tumors and affect younger patient
populations. While pGBMs and sGBMs are indistinguishable his-
tologically (Louis et al. 2007), emerging genomic profiling revealed
a distinct genetic landscape between these two tumor types
(Ohgaki and Kleihues 2009). For instance, mutation in the meta-
bolic enzyme isocitrate dehydrogenase (IDH) is found almost ex-
clusively in the sGBMs (Yan et al. 2009)

Our efforts unveiled a novel, recurrent fusion transcript in-
volving the PTPRZ1 and the MET gene (ZM) that was found in 15% of
sGBMs. sGBMs harboring this fusion exhibit aggressive clinical be-
havior and are associated with a poor prognosis for afflicted patients.

Results

RNA-seq of 272 gliomas

Two hundred seventy-two freshly frozen glioma samples were
collected for the initial exploratory analysis using RNA-seq. The
demographics of this patient population can be found in Supple-
mental Table 1. Central pathology reviews of these specimens were
performed by independent board-certified neuropathologists and
graded based on the 2007 WHO classification (Louis et al. 2007).
All samples were collected based on the Cancer Genome Atlas
Research Network (2008) criteria, such that collected specimens
contained at least 80% viable GBM tissue, were frozen within 5
min of resection, and were subjected to RNA-seq analysis. In total,
1386 Gbs of 101-bp paired-end reads were generated, with an av-
erage of 50 million reads per sample. The sequencing data were
mapped to the human reference gene set and reference genome
RefSeq (hg19) using BWA (Li and Durbin 2009).

The TopHat-Fusion (Kim and Salzberg 2011) and deFuse
(McPherson et al. 2011) algorithms were used for fusion detection.
Only fusions that scored positively on both algorithms were sub-
sequently analyzed (see Methods). In total, 214 fusion transcripts
were detected in 38% of the samples (n = 104) (Supplemental
Table 2). With the exception of the fusion transcripts that fell in
GC-rich regions (4.7%), validation of all fusion transcripts was
performed using conventional PCR amplification followed by
Sanger sequencing.

In general, fusion transcripts were more frequent in high-
grade gliomas. Only 18.0% of grade II gliomas harbored fusion
transcripts. In contrast, nearly half of the high-grade gliomas

(42.5% of grade III glioma and 55.6% grade IV glioma) harbored
fusion transcripts (Fig. 1A). These results were generally consistent
with the progressive increase in genomic instability during ad-
vancing tumor grade (Negrini et al. 2010). The highest numbers of
fusion transcripts were found in gliomas that recurred after radia-
tion and/or temozolomide treatment (Fig. 1A), suggesting that
DNA damage accumulation contributes to fusion transcript for-
mation. The number of fusion transcripts detected did not signif-
icantly differ between pGMBs and sGBMs. However, the classical
subtype of the gliomas (Verhaak et al. 2010) was more likely to
harbor fusion transcripts relative to the other Cancer Genome
Atlas-defined transcriptional subtypes (P < 0.03) (Fig. 1B)

The most common form of fusion transcripts (75.7%) arose
from the joining of sequences from the same chromosome (Fig.
1C). These fusion transcripts most commonly mapped to chro-
mosomes 12 and 19, suggesting these chromosomes may represent
“hot-spots” for deletional instability. Fusion transcripts involving
sequences from distinct chromosomes constituted 24.3% of all
fusion transcripts. These events most commonly involved ex-
changes between chromosomes 4 and 16, suggesting that these
chromosomes may be located in physical proximity in a three-di-
mensional chromatin structure (Fig. 1D; Sajan and Hawkins 2012).
The ratio of intrachromosomal and interchromosomal trans-
locations was consistent with those reported in breast cancer
(Kangaspeska et al. 2012).

Functional annotation of the in-frame fusion transcripts

Of the 214 fusion transcripts, 147 were out-of-frame and 67 were
in-frame (sequences found in Supplemental Table 2). The distri-
bution of these fusion transcripts as a function of age, sex, and
glioma grade is shown in Supplemental Figure 1A. Of these in-
frame fusions, 55 arose from the fusion of sequences located on the
same chromosome and 12 arose from joining of sequences derived
from different chromosomes.

Functional annotation of the fusion transcripts revealed the
following. We identified 14 fusion transcripts containing se-
quences of genes involved in the canonical GBM signaling path-
ways (The Cancer Genome Atlas Research Network 2008) including
the RTK/PIK3CA, RB1, and TP53 signaling pathways: CBL-FBXO2,
FGFR3-TACC3, PTPRZ1-MET (ZM), VHL-BRK1, EGFR-VSTM2A,
JAK1-HIVEP3, PTEN-COL17A1, CDK4-TSFM, IL1RAP-FGF12,
NFATC3-CPNE2, PLA2G6-CRYBB1, APEH-SHISAS5, TCF7L1-KIF1B,
and TGFB1-SAE1 (Supplemental Fig. 1B). Additionally, we identi-
fied 11 fusion transcripts containing sequences of genes with
metabolic function: CCM2-OGDH, FRMD4A-PFKP, TPT1-AADAT,
AHCYL2-TMEM178B, PTN-DGKI, ZMIZ1-MAT1A, MTAP-C901192,
CD81-SPAG6, CDK17-KCNC2, BCR-LZTR1, and AP2A2-SBF2. We
found five fusion transcripts containing sequences encoding ki-
nase domains: FGFR3-TACC3, PTPRZ1-MET (ZM), ST7-CTTNBP2,
PLAGL2-HCK, and NEK6-RXRA. Finally, we identified two fusion
transcripts containing sequences from genes implicated in chro-
matin remodeling: IFT80-MLH1 and MLL3-CHGB.

We identified three recurrent fusion transcripts: FGFR3-
TACC3, RNF213-SLC26A11, and the ZM fusion. The FGFR3-
TACCS3 fusion was previously reported by Singh et al. (2012). This
fusion transcript was found in three of 59 pGBMs (5.1%) (Sup-
plemental Fig. 1C). The RNF213-SLC26A11 fusion transcript was
previously identified in a chronic myeloid leukemia specimen
(Zhou et al. 2013). This fusion transcript was detected in one
pGBM (one of 59 or 1.7%) and a recurrent grade III glioma (one of
13, or 7.7%) (Supplemental Fig. 1D). The ZM fusion has not been
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previously reported and was detected in one grade III glioma and
three sGBMs (Supplemental Fig. 1E). The four fusion transcripts
involved four different breakpoints within the PTPRZ1 coding
sequence. In contrast, the breakpoints in the MET gene were lo-
cated at the same junction.

Validation of the PTPRZI-MET as a recurrent fusion transcript

Three fusion transcripts contained sequences encoding the car-
bonic anhydrase (CA) domain and fibronectin type III (Fib III)
domain of PTPRZ1 (Mohebiany et al. 2013) fused to the dimerization
domain, immunoglobulin-like domains, transmembrane domain,
and the tyrosine kinase domain of MET (Fig. 2A; Organ and Tsao
2011). To confirm the recurrent nature of the ZM fusion, we col-
lected an additional 192 glioma samples (Supplemental Table 3) and
screened for the presence of the fusion transcript in these samples
using fusion-specific PCR primers (Supplemental Table 4). Of the
samples tested, the ZM fusion transcript was detected in five addi-
tional specimens (Fig. 2B). These fusion breakpoints were confirmed
by direct Sanger sequencing. Importantly, a variety of fusion junc-
tions were detected, rendering cross-contamination as the reason
for fusion detection unlikely. Interestingly, six out of 40 (15%)
specimens in total were derived from patients afflicted with sGBM.

To further confirm the recurrent nature of the ZM fusion, we
screened 19 GBM cell lines using fusion-specific PCR primers and
detected the fusion sequence in three cell lines (two long-term
passaged lines [U118 and LN18] and one primary neurosphere line
[CMK3]) (Fig. 2C). In U118 and LN18, a T—C transition mutation
was found in the second nucleotide of the MET sequence, chang-
ing methionine into threonine. In CMK3, additional mutations
were found in addition to the T—C transition. A stretch of nucle-
otide changes between nucleotide 73 to 123 of the PTPRZ1 coding
sequence changed the stretch of amino acids from Tyr-Leu-Lys-
Arg-Phe-Leu-Ala-Cys-Ile-GIn-Leu-Leu-Leu-Cys-Val-Cys-Arg-Leu to Tyr-
Tyr-Arg-GIn-GIn-Arg-Lys-Leu-Val-Glu-Glu-Ile-Gly-Try-Ser-Tyr-Thr.
These results together confirmed the recurrent nature of ZM fusion
in GBMs.

Genomic translocation events that give rise to ZM fusion
transcripts

We wished to characterize the genomic translocation that gave rise
to the ZM fusion transcript. To this end, we extracted DNA from
two ZM-harboring GBM specimens: CGGA_D64 and CGGA_1068.
CGGA_D64 harbored a ZM fusion that fused exon 8 of PTPRZ to
exon 2 of MET (Supplemental Fig. 2A). PCR amplification and
Sanger sequencing of the genomic breakpoint in CGGA_D64
revealed a translocation fusing DNA sequences from intron 8 of
PTPRZ1 and intron 1 of MET (Supplemental Fig. 2B). Splicing of the
fuse intron is expected to give rise to the fusion transcript observed
in CGGA_D64. CGGA_1068 harbored a RNA transcript fusing exon
2 of PTPRZ to exon 2 of MET (Supplemental Fig. 2C). Sanger se-
quencing of the genomic breakpoint in CGGA_1068 revealed
a translocation fusing DNA sequences from intron 1 of PTPRZ1 and
intron 1 of MET (Supplemental Fig. 2D). Splicing of the fuse intron
is expected to give rise to the fusion transcript observed in

CGGA_1068. Of note, intact PTPRZ transcripts can be detected in
both specimens (Supplemental Fig. 2E), suggesting tandem du-
plication of the region of PTPRZ involved in ZM fusion.

Genetic landscape of ZM fusion containing sGBMs

We wished to assess whether the genetic landscape of the ZM fusion
containing sGBM differed from those of non-fusion-containing
sGBMs. Given the emerging importance of IDHI mutations in
sGBM (Yan et al. 2009), we first tested whether the presence of ZM
fusion transcripts coincided with the presence of IDHI mutations.
The ZM fusion transcripts were found in one IDHI mutated GBM
and two IDH wild-type GBMs (Fig. 3A). We next tested whether
ZM-fusion transcripts were enriched in any particular Cancer Ge-
nome Atlas transcriptional subtypes (Verhaak et al. 2010). The
fusion transcript was detected in a proneural subtype and two
classical subtype GBMs. These results suggest that the ZM fusion
was not tightly coupled to IDH1 mutation status or transcriptional
subtype.

We next determined whether the expression of nodal genes
involved in canonical GBM signaling pathways (PIK3CA, RB1, and
TP53) (The Cancer Genome Atlas Research Network 2008) differed
between sGBMs with or without ZM fusion transcripts. Of the key
genes that mediate PIK3CA signaling, there was significant over-
expression of the MET, PIK3CA, and AKT1 transcripts in the ZM
fusion-bearing GBMs, suggesting hyperactivation of the PIK3CA
pathway (Ng et al. 2012). Of the key genes mediating RB1 function,
the expression of CDKN2A, a suppressor in this pathway (Foulkes
et al. 1997), appeared significantly suppressed, while CDK6, an
activator of this pathway (Deshpande et al. 2005), was overex-
pressed in the ZM fusion-harboring sGBMs. Of the key genes
mediating TP53 function, MDM2 and MDM4 (Wade et al. 2013)
appeared highly overexpressed in the fusion-bearing GBMs, im-
plicating suppression of TP53-mediated DNA damage response
(Bartkova et al. 20035, 2010; Bartek et al. 2007) as a key step in the
pathogenesis of these tumors (Fig. 3B).

These results suggest that the ZM fusion-harboring tumors
may exhibit a more aggressive phenotype. Clinically, this aggres-
sive phenotype would manifest in the form of decreased overall
survival (OS). Indeed, we found that the patients afflicted with ZM
fusion-harboring sGBMs fared particularly poorly, with signifi-
cantly compromised OS relative to those afflicted with sGBMs
without the ZM fusion (median OS with ZM fusion vs. without ZM
fusion: 127 d vs. 248 d, P < 0.001, log-rank test) (Fig. 3C).

Mutual exclusivity of EGFR expression and ZM fusion in sGBMs

Epidermal growth factor receptor (EGFR) is a receptor tyrosine ki-
nase that is frequently amplified in GBMs (Wen and Kesari 2008)
and signals through the RTK/PIK3CA cascade. Our analysis sug-
gested that this pathway is hyperactive in ZM fusion-harboring
sGBMs. Since genetic events that are functionally redundant
(Ciriello et al. 2012) frequently demonstrate mutually exclusive
patterns in genomic analysis, we tested whether the expression of
ZM fusion and EGFR overexpression were mutually exclusive in
sGBMs. Consistent with our hypothesis, overexpression of EGFR

Figure 1. Fusion distribution depending on WHO classification, Cancer Genome Atlas subtypes, or chromosomes. (A) Circos plot of genomic distri-
bution of fusion genes in grade Il, grade lll, primary GBM, secondary GBM, and recurrent gliomas. (B) Fusion distribution in the four Cancer Genome Atlas
subtypes. There was a distinct higher proportion of patients with fusion in a classical subtype (P = 0.012). (C) Genomic distribution of fusion genes,
indicating that chromosome 12 was a hot spot for intrachromosome fusion. (D) For the interchromosome fusion detection, chromosomes 4 and 6 and
chromosomes 2 and 12 were the fusion pairs with the most interchromosome fusion frequency.
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Figure 2. ZM fusion in training and validation sets. (A) Schematic of PTPRZ1, MET, and the resulting PTPRZ1-MET fusion proteins. (B) PCR and Sanger
sequencing validation of the positive fusion samples in the training and validation sets. (C) ZM fusion screening in 19 glioma cell lines. Three cell lines

(U118, LN18, and CMK3) showed as ZM fusion positive.

and the presence of the ZM fusion transcript appeared mutually
exclusive (Fig. 3D).

TERT promoter mutations are often associated with EGFR
amplification or overexpression (Nonoguchi et al. 2013; Appin
and Brat 2014). We thus, hypothesize that TERT mutations will
cosegregate with EGFR overexpression and will be mutually ex-
clusive to the presence of a ZM fusion transcript. To test this hy-
pothesis, we performed Sanger sequencing of the TERT promoter
region in 20 sGBMs (three samples harboring ZM fusion transcripts
and 17 ZM-negative samples). TERT mutation was found in ap-
proximately a third of the ZM-negative sGBMs but none of the ZM-
harboring sGBMs (Fig. 3D), further confirming our hypothesis.

Importantly, EGFR overexpression was not associated with
changes in the OS of sGBM patients (median OS with high EGFR
expression vs. low EGFR expression: 233 d vs. 240d, P=0.730, log-
rank test) (Fig. 3E), suggesting that ZM fusion protein likely me-
diates activities not attributed to EGFR.

Expression of the ZM fusion protein

We characterized MET expression at the protein level in two ZM-
harboring sGBM specimens with sufficient quantity for immuno-

blotting analysis (CGGA_1475 and CGGA_D64) and two ZM-negative
samples (CGGA_822 and CGGA_1285). CGGA_D64 harbored a ZM
fusion that fused exon 8 of PTPRZ to exon 2 of MET. The expected
molecular weight of this fusion protein is ~190 kDa. This prediction is
born out when the D64 ZM fusion protein was exogenously expressed
in 293 T (Supplemental Fig. 2). Indeed, when protein extract from
CGGA_64 was probed with an anti-MET antibody, a 190-kDa band
was observed in addition to the 145-kDa band. These results suggest
that the ZM fusion transcript was translated into protein (Fig. 4A).

CGGA_1475 harbored a ZM fusion that fused exon 2 of PTPRZ
to exon 2 of MET. The anticipated molecular weight of exons 1 and
2 of PTPRZ is 2.3 kDa and 2.7 kDa, respectively. The molecular
weight of MET is ~145 kDa. Exon 1 of MET encodes the 5’ un-
translated sequence (394 bp). The anticipated molecular weight of
the ZM fusion in CGGA_1475, where exons 1 and 2 of PTPRZ are
fused to exon 2 of MET, therefore approximates that of the native
MET (~145 kDa). As such, these two species cannot be discriminated
based on SDS-PAGE. This prediction was born out when the
CGGA_1475 ZM fusion was overexpressed in 293T cells (Supple-
mental Fig. 3). Given this ambiguity, it is difficult to interpret
whether the strong 145-kDa band in the CGGA_1475 extract rep-
resents MET or ZM fusion protein expression.
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To explore the oncologic function of the ZM protein, we
cloned a His tagged version of the CGGA_1475 ZM fusion into an
adenovirus vector and stably expressed this protein in the U87MG
GBM line. Stable expression of this ZM protein can be detected as
evidenced by a 145-kDa band when probed with an anti-His tag anti-
body or an anti-MET antibody. Importantly, the MET endogenously
expressed in US7MG is not phosphorylated at residue 1234/5
(Cooper et al. 1984; Eder et al. 2009). This phosphorylation event
occurs upon dimerization and activation of MET (Wickramasinghe
and Kong-Beltran 2005). In contrast, exogenously expressed MET
or ZM fusion harbors this phosphorylation (Fig. 4B).

As MET signaling is known to enhance GBM migration and
invasion (The Cancer Genome Atlas Research Network 2008), we
tested whether ZM fusion modulated these properties in US7MG.
Consistent with prior reports (Brockmann et al. 2003), MET ex-
pression caused a 7.55-fold increase in the migratory activity of
U87MG in a Matrigel-coated transwell assay relative to a vector

control. Expression of the ZM fusion caused a 9.9-fold increase in
the migratory activity of U87MG cells relative to a vector control.
This represents an ~30% increase in cellular migratory activity in
ZM expressing US7MG relative to cells expressing wild-type MET
(Fig. 4C). In sum, these results suggest that the recurrent nature of
the ZM fusion is unlikely a statistical artifact and that the ZM fu-
sion contributes to the oncologic function of GBMs.

Discussion

Our study is the first study to profile the shifting RNA landscape of
gliomas as a function of tumor grade and the identification of ZM
as arecurrent fusion gene in sGBMs. In total, 214 fusion transcripts
were detected. We observed a notable increase in the proportion of
gliomas harboring fusion transcripts during the transition from
grade II to grade III. However, this proportion remained somewhat
constant between the grade III or grade IV gliomas. These results
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suggest chromosomal instability as a phenotype associated with
the transition from low-grade glioma (grade II) to high-grade gli-
oma (grades III and IV). The highest number of fusion transcripts
was found in GBMs that recurred after radiation/temozolomide
treatment, suggesting that DNA damage accumulation contrib-
uted to fusion transcript formation. Supporting this hypothesis,
the classical subtypes of GBM were more likely to harbor fusion
transcripts relative to other subtypes. A hallmark of the classical
subtype involved aberrant EGFR signaling (Verhaak et al. 2010),
and this aberrant signaling has been shown to induce increased
DNA damage accumulation and chromosomal instability (Nitta
et al. 2010).

Two of the three recurrent fusion transcripts have been pre-
viously reported. The RNF213-SLC26A11 fusion transcript was
found in a chronic myeloid leukemia patient (Zhou et al. 2013).
The FGFR3-TACC3 fusion transcript was initially reported by
Singh et al. (2012) as a recurrent fusion transcript in GBMs. The
finding was subsequently confirmed by an independent group
(Parker et al. 2013). Singh et al. (2012) reported transcripts fusing
exon 16 of FGFR3 to exon 8 of TACC3. Soon after this initial report,
Parker et al. (2013) reported fusion transcripts involving exons 18

or 19 of FGFR3 and exons 4, 10, or 11 of TACC3. Our analysis
showed fusion involving exon 17 of FGFR3 and exons 8, 10, or 11
of TACC3. We found FGFR3-TACC3 fusion transcripts in 5% of
pGBMs. This prevalence is largely consistent with those reported
by Singh et al. (2012) and Parker et al. (2013).

In addition to the two previously reported fusion transcripts,
we identified a novel recurrent fusion transcript that we termed the
ZM fusion transcript. ZM is detected in ~15% of sGBMs in in-
dependent cohorts, rendering it the most frequently recurring
transcripts for sGBMs. This transcript arose as a result of trans-
location events between the introns of PTPRZ and the MET proto-
oncogene, resulting in a fusion containing variable numbers of
PTPRZ1 extracellular domains (including the CA domain and the
fibronectin domain) and the entire intracellular domain of MET
(Fig. 2A). MET encodes a well-studied proto-oncogene whose ac-
tivation is triggered by dimerization of the intracellular domain
upon binding of hepatocyte growth factor (HGF) (Stommel et al.
2007; Lietal. 2011). PTPRZ1 encodes a membrane-associated tyrosine
phosphatase that is highly expressed in the central nervous system
(Muller et al. 2003) and signals through beta-catenin-mediated
functions (Diamantopoulou et al. 2012). The recurrent nature of
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the ZM fusion suggests that it plays an active role in GBM biology.
Consistent with this hypothesis (1) stable expression of ZM fusion
enhanced GBM migration and invasion, (2) ZM fusion harboring
sGBM harbored overexpression of genes involved in PIK3CA sig-
naling, and (3) the expression of the ZM fusion transcript was as-
sociated with worsened OS in sGBM patients (127 d vs. 248 d). It
remains to be determined whether ZM-expressing GBMs are sen-
sitive to MET inhibitors.

The heterogeneity of most fusion transcripts observed in this
study and their nonrecurrent nature are highly reminiscent of RNA-
seq efforts in other solid tumor types, including melanoma (Berger
et al. 2010) and lung cancer (Seo et al. 2012). In our profiling of 272
gliomas, 67 in-frame fusion transcripts were identified. While many
of these fusion proteins involve genes that participate in canonical
GBM signaling pathways, including RTK/PIK3CA, RB1, and TP53
(The Cancer Genome Atlas Research Network 2008), most of the
fusion transcripts identified here involved gene sequences that
have not been well studied in GBMs. Characterization of these
fusion sequences may unveil novel biologic insights.

In sum, we reported a comprehensive RNA-seq analysis that
characterized the RNA fusion landscape during glioma progres-
sion. The study provided a catalog of novel fusion transcripts as
potential GBM therapeutic targets and revealed ZM as a novel,
recurrent fusion transcript in SGBMs.

Methods

Clinical specimen collection

All research performed was approved by the institutional review
board (IRB) at Tiantan Hospital and was in accordance with the
principles expressed at the declaration at Helsinki. A dedicated
clinical research specialist obtained consent from each patient
prior to collection. Written consent was obtained for each patient.
The specimens were collected under IRB KY2013-017-01. For each
patient, the following clinical information was collected: di-
agnosis, gender, age, WHO grades, and OS.

RNA-seq and quality control

The libraries were sequenced on an Illumina HiSeq 2000 platform
using a 101-bp paired-end sequencing strategy. The original image
data generated by the sequencing machine were converted into
sequence data via base calling (Illumina pipeline CASAVA v1.8.2)
and then subjected to standard quality control (QC) criteria to
remove all of the reads that fit any of the following parameters: (1)
reads that aligned to adaptors or primers with no more than two
mismatches, (2) reads with >10% unknown bases (N bases), and (3)
reads with >50% of low-quality bases (quality value <5) in one
read. Finally, 1308.3 Gb (94.4%) of filtered reads were left for fur-
ther analysis after QC.

Read mapping

Hg19 RefSeq (RNA sequences, GRCh37) was downloaded from the
UCSC Genome Browser (http://genome.ucsc.edu).

Candidate gene fusion identification

We used two algorithms, deFuse (deFuse-0.6.1) (McPherson et al.
2011) and TopHat-Fusion (TopHatFusion-0.1.0) (Kim and Salzberg
2011), to detect gene fusion based on the paired-end reads in dif-
ferent samples. The candidates simultaneously detected by both
deFuse and TopHat-Fusion were regarded as reliable candidate gene
fusions, which were carried forward for further analysis.

Expression analysis of RefSeq genes

The gene expression was calculated using the RPKM (reads per
kilobase transcriptome per million reads) method (Audic and
Claverie 1997; Mortazavi et al. 2008). The RPKM method is able to
remove the influence of different gene lengths and sequencing
discrepancies from the calculation of gene expression. Therefore,
the calculated gene expression can be directly used to compare the
differences in gene expression among samples.

RNA extraction and PCR validation

First-strand cDNA was synthesized from 500-1000 ng of total RNA
with random hexamer primers (Promega) using SuperScript III
reverse transcriptase (Invitrogen). Reverse transcription was per-
formed for 60 min at 55°C followed by 15 min at 70°C to inactivate
the reaction. Escherichia coli RNase H (New England Biolabs) was
added to remove RNA complementary to cDNA. Primers (Supple-
mental Table 3) were designed as flanking fusion points. PCR
products were purified using a QIAquick PCR purification kit
(Qiagen) and cloned into pGEM-T easy vector (Promega) and then
sequenced by a ABI Prism 3730X1 DNA sequencer (Applied Bio-
systems). Sixty-four out of 67 (95.5%) fusion genes were confirmed
by sequencing.

Statistical analysis

OS time was calculated from the date of diagnosis until death or
the last follow-up. The survival curve was calculated with the
Kaplan-Meier method, and the difference was analyzed using
a two-sided log-rank test. A P-value < 0.05 was considered statisti-
cally significant. All the data analysis was performed in GraphPad
Prism and R.

Data access

The raw sequencing data for 272 gliomas have been submitted to
the NCBI Gene Expression Omnibus (GEO; http://www.ncbi.nlm.
nih.gov/geo/) under accession number GSE48865.
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