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ABSTRACT 37 

To understand how genomic heterogeneity of glioblastoma (GBM) contributes to the 38 

poor response to therapy which is characteristic of this disease, we performed DNA and 39 

RNA sequencing on primary GBM, neurospheres and orthotopic xenograft models 40 

derived from the same parental tumor. We used these data to show that somatic driver 41 

alterations were in majority propagated from tumor to model systems. In contrast, we 42 

found that amplifications of MET, a proto-oncogene coding for a receptor tyrosine 43 

kinase, were detected in three of thirteen primary GBM, largely discarded in 44 

neurospheres cultures, but resurfaced in xenografts . We inferred the clonal evolution 45 

dynamics of all models using somatic single nucleotide variants (sSNVs) and were 46 

unable to find sSNVs replicating the pattern delineated by the MET amplification event 47 

despite its strong selective effect. FISH analysis showed that most copies of MET 48 

resided on extrachromosomal DNA elements commonly referred to as double minutes. 49 

Long range Pacific Biosciences sequencing recovered the MET containing circular 50 

double minute structure. The evolutionary propagation patterns suggested that MET 51 

double minutes and sSNVs were disjointly inherited. The context-dependent re-52 

emergence of MET amplifiations suggests that the microenvironmental milieu was a 53 

critical regulator of extrachromosomal MET driven cell proliferation. Our analysis shows 54 

that extrachromosomal elements are able to drive tumor evolution. 55 
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INTRODUCTION 70 

Cancer genomes are subject to continuous mutagenic processes in combination with an 71 

inability to repair DNA damage 1. Somatic genomic variants that are acquired 72 

throughout tumorigenesis may provide cells with a competitive advantage over their 73 

neighboring cells in the context of a nutrition- and oxygen-poor microenvironment, 74 

resulting in increased survival and/or proliferation rate 2. The Darwinian evolutationary 75 

process results in intratumoral heterogeneity in which single cancer cell derived tumor 76 

subclones are characterized by unique somatic alterations 3. Chemotherapy and 77 

ionizing radiation may enhance intratumoral evolution by eliminating cells lacking the 78 

ability to deal with increased levels of genotoxic stress, while targeted therapy may 79 

favor subclones in which the targeted vulnerability is absent 4,5. Increased clonal 80 

heterogeneity has been associated with tumor progression and mortality 6. 81 

Computational methods that analyze the allelic fraction of somatic variants identified 82 

from high throughput sequencing data sets are able to infer clonal population structures 83 

and provide insights into the level of intratumoral clonal variance 7.   84 

Glioblastoma (GBM), a WHO grade IV astrocytoma, is the most prevalent and 85 

aggressive primary central nervous system tumor. GBM is characterized by poor 86 

response to standard post-resection radiation and cytotoxic therapy, resulting in dismal 87 

prognosis with a 2 year survival rate  around 15% 8.  The genomic and transcriptomic 88 

landscape of GBM has been extensively described 9-11. Intratumoral heterogeneity in 89 

GBM has been well characterized, in particular with respect to somatic alterations 90 

affecting receptor tyrosine kinases 12-14. To evaluate how genomically heterogeneous 91 

tumor cell populations are affected by selective pressures arising from the transitions 92 

from tumor to culture to xenograft, we performed a comprehensive genomic and 93 

transcriptomic analysis of thirteen GBMs, the glioma-neurosphere forming cultures 94 

(GSC) derived from them, and xenograft models (PDX) established from early passage 95 

neurospheres. Our results highlight the evolutionary process of GBM cells as they are 96 

propagated from primary tumor to in vitro neurosphere culture and transplanted to in 97 

vivo models, placing great emphasis on the role of extrachromosomal elements in 98 

driving tumor formation which establishes these cellular bodies as potential targets for 99 

new cancer therapeutics.   100 
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 101 

RESULTS 102 

Genomic profiling of glioblastoma, derived neurosphere and PDX samples  103 

We established neurosphere cultures from 12 newly diagnosed and one matched 104 

recurrent GBM (Table 1). Neurosphere cultures between 7 and 18 passages were used 105 

for molecular profiling and engrafting orthotopically into nude mice. The sample cohort 106 

included one pair of primary (HF3016) and matching recurrent (HF3177) GBM. A 107 

schematic overview of our study is presented in Figure 1. 108 

Low pass sequencing at a median depth of 6.5X (+/- 1.8) was performed and 109 

was used to determine the genome wide DNA copy number profile of all samples. DNA 110 

copy number was generally highly preserved between tumor and derived model 111 

systems (Fig. 2a). Whole chromosome 7 gain and chromosome 10 loss were retained in 112 

model systems when detected in the tumor, consistent with their proposed role as 113 

canonical GBM lesions that occur amongst the earliest events in gliomagenesis 15. 114 

Analysis of B-allele fractions revealed loss of heterozygosity (LOH) of chromosome 10 115 

in two cases with diploid chromosome 10, suggesting these cases had first lost a single 116 

copy of the chromosome which was subsequently duplicated (Extended Data Fig. 1a). 117 

We evaluated chromosome 10 LOH using Affymetrix SNP6 profiles from 320 IDH-118 

wildtype TCGA glioblastoma, and found that 27 of 52 tumors with diploid chromosome 119 

10 similarly showed LOH, underscoring the importance of aberrations in chromosome 120 

10 in gliomagenesis and evolution (Extended Data Fig. 1b). The global DNA copy 121 

number resemblance between xenografts and the GBM from which they were derived 122 

confirms that PDXs recapitulate the majority of molecular properties found in the original 123 

tumor. 124 

To determine whether model systems capture the genes that are thought to drive 125 

gliomagenesis, and whether there is selection for specific driver genes, we performed 126 

exome sequencing on all samples and jointly compared mutation and DNA copy 127 

number status of genes previously found to be significantly mutated, gained, or lost in 128 

GBM 9,11. We found that 100% of homozygous deletions and somatic single nucleotide 129 

variants (sSNVs) affecting GBM driver genes in tumor samples were propagated to the 130 

neurospheres and xenografts, including non-coding variants in the TERT promoter (Fig. 131 
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2b). Genomic amplifications showed greater heterogeneity. MYC amplifications were 132 

acquired in three neurospheres and maintained in xenografts in two out of three, 133 

consistent with its role in glioma stem cell maintenance 16,17. Other genes showing 134 

variable representation across tumor and model systems included MET, EGFR and 135 

PIK3CA. 136 

 A single primary GBM, HF2354, was subjected to neoadjuvant carmustine 137 

treatment and its derived model systems were considerably less similar compared to 138 

the primary tumor than other cases. Whole chromosome gains of chromosome 1, 14 139 

and 21, and one copy loss of chromosome 3, 8, 13, 15 and 18 were acquired in the 140 

neurosphere culture and propagated to the xenograft models. At the gene level, this 141 

resulted in newly detected mutations in PTEN and TP53, focal amplification of MYC, 142 

and absence of CDK4 and EGFR amplification in the neurosphere and xenografts 143 

relative to the tumor sample.  144 

  145 

Extrachromosomal CAPZA2-MET fusion transcripts regulate in vivo tumor 146 

evolution  147 

Chimeric RNA fusions have been previously reported in GBM 18-20 and may be 148 

therapeutically targetable, in particular when involving receptor tyrosine kinases 21,22. 149 

We performed RNA sequencing and detected fusion transcripts in all samples except 150 

for a single neurosphere line (HF3203) with disqualifying quality control values 23. From 151 

this unbiased screen, multiple fusions joining the CAPZA2 coding start with the 5’ UTR 152 

of MET were identified in the primary tumors of HF3035, HF3077 and HF3055 (Fig. 3a). 153 

Additional CAPZA2-MET variants resulted in an in-frame transcript consisting of 154 

CAPZA2 exon 1 and MET starting from exon 3 (HF3035, HF3077) and exon 6 155 

(HF3035). The CAPZA2-MET fusions associated with outlier gene expression of MET, 156 

suggestive that the fusion resulted in MET activation (Extended Data Fig. 2a). CAPZA2 157 

expression was comparable between samples with and without CAPZA2-MET fusions. 158 

The presence of multiple parallel fusion transcripts suggested complex chromosomal 159 

rearrangements, which associated with focal amplification of a 200 kb area on 7q31 (Fig. 160 

3a). Co-amplification of the 7q31 genomic area carrying the adjacent CAPZA2 and MET 161 

genes has been previously reported in glioma 24. To assess the frequency of MET-162 
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activating somatic alterations in glioblastoma we analyzed the DNA copy number 163 

profiles of 486 TCGA IDH wildtype glioblastoma samples. A focal amplification of the 164 

MET locus ranging in size from 150kb to 5.1 Mb which associated with a highly 165 

significant increase in expression relative to samples with broad 7q amplification or 166 

diploid MET copy number was identified in ten cases (2.1%) (Extended Data Fig. 2b). 167 

RNAsequencing data was available for one of the ten TCGA cases and no fusions 168 

involving MET were detected in that sample. CAPZA2-MET fusions have been 169 

infrequently reported in other cancers 25,26. Clinical response of a glioblastoma carrying 170 

MET amplification in response to MET and ALK inhibiting agent crizotinib has been 171 

recorded 27.  172 

In spite of convincing evidence supporting fusion events in the GBM samples 173 

from HF3035, HF3055 and HF3077, no sequencing reads manifesting the presence of 174 

CAPZA2-MET fusions were identified in the HF3055 and HF3077 neurospheres and 175 

only weak support was found in the HF3035 neurosphere. However, identical CAPZA2-176 

MET fusions resurfaced at high frequency in all xenografts derived from the HF3035 177 

and HF3077 neurospheres. None of the HF3055 xenografts carried CAPZA2-MET 178 

fusions, in line with the absence of focal MET amplification in the primary HF3055 179 

tumor. To exclude the possibility that the CAPZA2-MET fusion events were artifacts 180 

resulting from sequencing we validated the event in all samples from HF3035 using RT-181 

PCR, which confirmed both wildtype MET and CAPZA2-MET mRNA in the tumor and 182 

PDX but not neurosphere (Extended Data Fig. 2c). The DNA breakpoints resulting in a 183 

CAPZA2-MET were found to be different between HF3035, HF3077, and HF3055 184 

confirming that these were independent events and not the result of sample 185 

contamination. MET protein was abundantly present in the HF3035 and HF3077 tumors 186 

as measured using immunohistochemistry, undetectable in the neurospheres and re-187 

expressed in the PDX (Extended Data Fig. 2d). 188 

 The pattern of disappearing and re-appearing MET rearrangements may result 189 

from clonal selection of glioblastoma cells with a competitive advantage for proliferation 190 

in vivo. This hypothesis is strengthened by the observation that MET is a growth factor 191 

responsive  cell surface receptor tyrosine kinase 28. We reasoned that evolutionary 192 

patterns resulting in such dominant clonal selection would likely be replicated by sSNVs 193 
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tracing the cells carrying the MET amplicon. To evaluate clonal selection patterns, we 194 

determined variant allele fractions of all sSNVs identified across in HF3035 and HF3077 195 

samples. To increase our sensitivity to detect mutations present in small numbers of 196 

cells, we corroborated the exome sequencing data using high coverage (>1,400x) 197 

targeted sequencing. All mutations detected in the HF3035 GBM were recovered in the 198 

neurosphere and xenografts. The mutational profile of HF3035 suggested that a 199 

subclone developed in the xenografts that was not present in parental GBM and 200 

neurosphere and revealed a subclone that was present at similar frequencies in all 201 

samples. Only a single and very low frequency LAMB1 mutation (variant allele fraction = 202 

0.003) present in the HF3077 primary tumor, but not detected in its derived 203 

neurosphere, resurfaced in one of three xenografts with a 0.04 variant allele fraction. A 204 

low frequency subclone (C2) developed in the neurosphere which was transmitted to 205 

xenografts (Fig. 3b). Subclonal heterogeneity as recovered by the mutation profiles thus 206 

suggested a very different clonal selection trend compared to to the disappearing and 207 

resurfacing MET amplifications and associated gene fusions.  208 

We hypothesized that the discordance of evolutionary pattern between CAPZA2-209 

MET fusions and somatic point mutations could be explained by the presence of 210 

extrachromosomal DNA segments known as double minutes. Double minutes are 211 

thought to originate from genomic amplifications through post-replicative excision of 212 

chromosomal fragments and non-homologous end joining 29. They typically exist as 213 

episomes which are inherited through random distribution over the two daughter cells30, 214 

possible through a binomial model31. Double minutes have been identified in 10-15% of 215 

glioblastoma 19,32, with evidence indicating they may get depleted in culture 33 but 216 

retained in PDX models 29. The presence of double minutes has been associated with 217 

worse outcome, copy number instability, and increased mutational rates 19,33. We 218 

employed fluorescence in situ hybridization (FISH) using probes targeting MET and 219 

included probes targeting the chromosome 7 centromere for comparison. Interphase 220 

FISH analysis confirmed that MET amplification was present in a much higher number 221 

of cells from primary GBM and PDX models compared to neurosphere in HF3035 and 222 

HF3077 (Fig. 3c; Supplementary Table 1). To determine whether MET amplification 223 

occurred extrachromosomally, we generated metaphase spreads using live cells 224 
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obtained from early passage neurosphere cultures established from the original tumor 225 

(P5 and P7) and from two HF3035 PDX tumors (PDX_NS1 and PDX_NS2). We 226 

analyzed metaphase-enriched nuclei and observed that MET DNA is frequently 227 

extrachromosomal (Fig. 3c). A small percentage of nuclei with 3 copies of chromosome 228 

7 but only only 2 copies of MET was detected in HF3077 tumor. The frequency of cells 229 

with one deleted copy of MET increased significantly in HF3077 neurospheres and was 230 

also observed in the xenografts. 231 

  To precisely define the genomic contents and structure of the predicted double 232 

minutes, we generated long read (Pacific Biosciences) DNA sequencing from a single 233 

HF3035 and HF3077 xenograft, and performed de novo assembly. In HF3035, seven 234 

assembled contigs (range: 6,466 ~ 135,621 bp) were identified to have sequence 235 

fragments (at least 1,000 bp long) aligned on the MET-CAPZA2 region of hg19 236 

chromosome 7. Interestingly, analysis of the aligned sequence fragments from the 237 

seven contigs revealed a very complex structural rearrangement than expected from the 238 

analysis of short read sequencing data (Extended Data Fig. 3a). For example, the 239 

135kb tig01170337 contig consisted of 8 sequence framents that were nonlinearly 240 

aligned on alternating strands of the MET-CAPZA2 and CNTNAP2 regions. Other 241 

contigs such as tig01170699, tig01170325, and tig00000023 also showed nonlinear 242 

alignment, suggesting that these contigs resulted from associated and potentially 243 

chromosomal structural variations. We performed pairwise sequence comparison of the 244 

contigs to search for sequence fragments (at least 5,000 bp long) shared among them, 245 

and we found four contigs each of which shared sequence fragments with one of the 246 

contigs. Interestingly, three of them could be connected in a circular form using the 247 

shared sequence fragments (Fig. 3d), revealing a circular structure that may represent 248 

the full double minute. In HF3077, only two contigs were detected to be aligned on the 249 

MET-CAPZA2 region of hg19 chromosome 7 (Fig. 3d; Extended Data Fig. 3a). 250 

Presence of only two aligned contigs in HF3077 might be related to the lower sequence 251 

coverage of the double minute structure, compared to HF3035 (34x vs 405x, 252 

respectively) (Extended Data Fig. 3b). The longest contig, tig01141776 (183,455 bp 253 

long), consisted of two segment framents that were nonlinearly aligned over exon 1 of 254 

CAPZA2 and all except exons 3-5 of MET, suggesting that it resulted from structural 255 
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variations. The second short contig, tig01141835 (22,628 bp long), was aligned as a 256 

whole over exon 3-5 of MET. Interestingly, connecting the two contigs created a circular 257 

DNA segment. Through analysis of PacBio sequencing, we were able to detect and 258 

reconstruct the predicted double minute structures. 259 

Extrachromosomal amplification of Abelson murine leukemia viral oncogene 260 

homolog 1 (ABL1) resulting in NUP214-ABL1 transcript fusions have been described in 261 

T-cell acute lymphoblastic leukemias 34. Regulation of extrachromosomal EGFR vIII 262 

variants associated with resistance mechanisms to EGFR inhibitors such as lapatanib 263 

were reported in glioblastoma samples 35. Our data indicates that dynamic regulation of 264 

MET carrying extrachromosomal DNA represents a driver of clonal selection with 265 

microenvironmental exposures providing a critical mediator of extrachromosomal MET 266 

driven cell proliferation. The discordance in propagation patterns between sSNVs and 267 

MET carrying extrachromosomal elements suggested that they were inherited disjointly. 268 

Where sSNVs are copied to daughter cells in a manner reminiscent of the Mendelian 269 

rules described for alleles segregating during meiosis such that each gamete only 270 

carries a single allele, MET DMs likely randomly segregated.  271 

Large, megabase sized double minutes are frequently found in glioblastoma and 272 

can be identified using whole genome sequencing and DNA copy number data 19,32,33. 273 

To determine whether double minutes can survive therapeutical barriers and thereby 274 

drive clonal selection, we evaluated the DNA copy number profiles of 23 matching pairs 275 

of primary and recurrent GBM for the presence of double minutes 4. Evidence 276 

supporting the presence of double minutes was found in five of 23 primary tumors. The 277 

DNA copy number alteration pattern suggestive of a double minute was preserved after 278 

disease recurrence in three of five pairs (Extended Data Fig. 4), supporting the notion 279 

that double minutes can prevail after the selective pressures imposed by therapy. One 280 

of 23 primary GBMs carried a focal MET amplification which associated with a NRCAM-281 

MET transcript fusion. NRCAM resides 8Mb downstream of MET on chromosome 7. A 282 

lesion with similar DNA breakpoints and leading to overexpression of MET was detected 283 

in the matching recurrence suggesting that MET was a driver of gliomagenesis in this 284 

case. We were unable to determine whether this MET lesion was episomal on the basis 285 

of the DNA copy number profile and in absence of WGS data for this pair.  286 
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 287 

Clonal drift from parental tumor to neurosphere culture 288 

The precise genomic characterization of our sample cohort allowed us to evaluate 289 

evolutionary distance from parental tumors to their freshly derived tumor models. The 290 

average mutation frequency (measured as number of sSNVs per Mb) per parent GBM 291 

was 0.44 (range: 0.42~0.74) which was elevated to 0.54 sSNVs per Mb (range : 292 

0.31~0.96) in neurospheres and 0.52 sSNVs per Mb (range : 0.31~1.32) in xenografts 293 

(Fig. 2b; Supplementary Table 2). Approximately 80% (range: 60%~95%) of mutations 294 

detected in parent tumors were retained in neurospheres, demonstrating genetic 295 

proximity between patient tumors and their neurospheres. In order to determine whether 296 

sSNVs in xenografts and neurospheres were newly acquired after 297 

culturing/transplantation or existed at frequencies below the detection threshold of 298 

exome sequencing, we performed deep coverage targeted sequencing (>1,400x) on 299 

792 mutations distributed over the thirteen sample sets. Validation sequencing 300 

recovered 21% of exome sequencing mutations detected in the parent tumor that were 301 

not called in the neurosphere, showing that culturing of GBM cells under serum free 302 

conditions results in some loss of genomic characteristics. Only 7% of exome 303 

sequencing mutations detected in neurosphere but not parent tumor were recovered by 304 

validation sequencing in the parent tumor, suggesting that these were in majority sSNVs 305 

acquired during cell culture. To compare the level of intratumoral heterogeneity between 306 

samples, we clustered sSNV tumor cell fractions inferred from variant allele frequencies  307 

(Fig. 4a; Extended Data Fig. 5) 7. Only two of thirteen sample sets (HF2587 and 308 

HF3178) were found to lose a cluster of mutations at similar tumor cell fractions, 309 

suggesting that a subclonal cell population was not transferred between parent GBM 310 

and neurosphere. Five of thirteen neurospheres had acquired a new subclone. Similar 311 

levels of heterogeneity have been reported in multisector sequencing of GBM samples 4, 312 

suggesting the similarity between parental tumor and neurosphere culture may also be 313 

explained by variability between the tumor portion used for exome sequencing and the 314 

part of the tumor used to establish the neurosphere culture. 315 

   316 

Heterogeneous xenograft tumors derived from a single neurosphere   317 
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Three xenografts from each neurosphere model were analyzed. Subclonal mutation 318 

clusters were detected in six neurospheres and were propagated to multiple xenografts 319 

in five of six cases. On average 80% (range: 33% to 100%) of neurosphere mutations 320 

were transmitted to PDX models, and propagated mutations were stably detected in all 321 

three biological replicates. The fraction of parental GBM mutations recovered in PDXs 322 

ranged from 53% to 98%, average 81%, which is comparable to the fraction of 323 

mutations that was retained in the neurospheres. Xenograft models acquired on 324 

average 18 mutations compared to neurospheres, an increased mutation frequency of 325 

34%, and representing an active mutational process during in vivo growth 36. Amongst 326 

the acquired mutations were only a few genes marked as glioma driving 9. An example 327 

of convergent evolution was seen in HF3160, where variable deletions of CDKN2A, 328 

encoding for p16, were detected in neurosphere and PDXs. However, in most cases we 329 

only noted limited clonal dynamics between neurosphere and PDX models.  330 

 Included in our collection were a pair of primary and recurrent GBM, respectively 331 

HF3016 and HF3177. This set provided an opportunity to compare natural disease 332 

evolution during chemo- and radio-therapy versus the artificial evolution establishing in 333 

the respective tumor models. While primary and recurrent tumor were globally very 334 

similar (Fig. 2b), a focal MYC amplification not detected in the HF3016 tumor was 335 

present in the neurosphere and PDXs derived from this tumor, and was also detected in 336 

all samples from the recurrent tumor. Enrichment of cells with MYC amplification in 337 

neurosphere cultures form GBM tumors has been observed by others 37, consistent with 338 

somatic alterations associated with an aggressive phenotype driving proliferation of both 339 

model systems as well as disease recurrence, suggesting a role for the development of 340 

tumor models in clinical practice. 341 

 342 

  343 
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Discussion 344 

Glioblastoma is a heterogeneous disease that is highly resistant to chemo- and 345 

radiotherapy. New modalities for treatment are urgently needed. Modeling of tumors 346 

through cell culture and orthotopic xenotransplantation are essential approaches for 347 

preclinical target screening and validation, but in GBM have yet to result in novel 348 

therapies. Whether these models truthfully recapitulate the parental tumor is a topic of 349 

active discussion. Here, we showed that neurosphere models and intracranial 350 

xenografts are genomically similar, capturing over 80% of genomic alterations detected 351 

in parental tumors.  352 

 A surprising observation in our study was the divergence in propagation of 353 

structural rearrangements and point mutations, particularly focused on a focal MET 354 

amplification identified in three out of 13 GBMs. While this MET lesion was not or 355 

weakly detected in the derived neurospheres, an identical MET event was found in six 356 

of nine PDX models. This pattern is strongly suggestive of environmental pressures that 357 

favor MET-wildtype cells in culture but MET-activated cells in vivo. FISH analysis 358 

suggested that the MET gene was amplified through an extrachromosomal double 359 

minute structure which was reconstructed in two representative xenografts using long 360 

read sequencing. Mitosis results in equal representation of all chromosomal genotypes 361 

between daughter cells. However, extrachromosomal elements randomly distribute over 362 

daughter cells. This may explain why the evolution of the MET event was not similarly 363 

captured by sSNVs detected in parental tumor and PDX models but not neurospheres 364 

(Fig. 5). This finding has two important implications: a. it shows that the tumor 365 

microenvironment can play a critical role in clonal selection and suggests that targeting 366 

pro-tumor stimuli from the microenvironment is a viable treatment strategy; and b. tumor 367 

evolution can be dominated by extrachromosomal elements, showing that detection of 368 

point mutations alone is insufficient to accurately delineate this process. Previous 369 

studies have found that extrachromosomal bodies can provide a reservoir for 370 

therapeutically targetable genomic alterations 35. Targeted MET inhibition of MET 371 

amplified GBMs has shown clinical promise 27. We propose that double minutes and 372 

episomes are capable of driving gliomagenesis. Breaking the mechanism by which 373 
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extrachromosomal elements get released from their parental chromosomes may 374 

represent a relevant treatment option.  375 

 This is the first reported re-emergence of a double minute oncogene amplification 376 

upon orthotopic transplantation of GSCs with dramatically reduced frequency of nuclei 377 

carrying amplified MET. While the analysis described here has focused on MET, double 378 

minutes have been reported in 10-15% of GBM 19,32,33. These lesions most frequently 379 

involved genes on chromosome 12p, including CDK4 and MDM2, span up to several 380 

megabases in size, and can be recognizing by an intermittent amplification-deletion 381 

DNA copy number pattern. An important characteristic of our finding is the size of the 382 

MET double minute. We were unable to relate the MET event to other areas on the 383 

genome suggesting that this double minute is small and highly focal and exists in 384 

absence of the typical intermittent amplification-deletion pattern. Kb-sized single 385 

segment episomes can only be identified using high throughput sequencing approaches 386 

and therefore have been less frequently reported. Whether double minute size affects 387 

the mechanism of gliomagenesis is unclear. Extrachromosomal DNA is an understudied 388 

domain in cancer. Our analysis emphasizes the importance of this genomic alteration 389 

category for gliomagenesis. Future studies that specifically target the formation of 390 

episomal events may lead to therapies to prevent this process from happening. The 391 

models we described here may play a pivotal role in evaluating the potential of such 392 

approaches.  393 

 394 
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Table 1. Clinical characteristics of GBM patients included in this study. 508 

Sample Pathology 
Age/ 

Gender 

Rx   

prior to surgery 
MGMT 

OS 

(days)  

TTP 

(days) 

HF2354 GBM 61/M BCNU U 196 60 

HF2587 GBM 56/F untreated M 360 232 

HF2927 GBM 55/F untreated U 664 566 

HF3016 GBM 45/M untreated U 649 88 

HF3177 rGBM4    RT/TMZ/DCVax U     

HF3035 GBM 54/F untreated U 352 196 

HF3055 GBM 58/M untreated U 371 77 

HF3077 GBM 56/F untreated U 465 54 

HF3160 GBM 21/F untreated M 1018 100 

HF3178 GBM 65/M untreated U 189 138 

HF3203 GBM 64/M untreated U 425 276 

HF3216 GBM 76/M untreated U 94 
 

HF3253 GBM 82/F untreated U 68 
 

Rx: treatment; MGMT: MGMT gene methylation status, U = unmethylated, M = methylated; OS: 509 

overall survival; TTP: time to progression. 510 

 511 
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Figure 1. Schematic study overview. 
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a. b. 

Figure 2. Somatic alteration landscape of GBM and model systems. a. Genome wide DNA copy number profiles. Copy number 
increases (red) and decreases (blue) are plotted as a function of distance along the normal genome (vertical axis, divided into 
chromosomes). b. Somatic driver alterations compared between GBM tumors and derived model systems. 
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a. b. 

Figure 3. CAPZA2-MET fusion. a. The 7q31 locus in three sets of GBM tumors and derivate models. b. Coverage-controlled sSNVs 
detected using exome and deep sequencing (top panel). Color reflects cellular frequency estimates. Bottom panel shows clonal 
tracing from HF3035 and HF3077 parent tumor to neurospheres and PDXs. Each line represents a group of mutations 
computationally inferred to reflect a subclone. 
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Figure 3. CAPZA2-MET fusion (cont’d). c. Representative fluorescent in-situ hybridization images for  MET (green) and 
chromosome 7 centromere probes (7qCtr, red) labeling of HF3035 and HF3077 tumor, neurosphere (NS), and xenografts (PDX), and 
neurospheres established from HF3035 xenograft tumors (PDX-NS1). Passage numbers are indicated for neurosphere cultures. 
White arrows point to 2 fragmented MET signals in one chromosome in HF3035 samples (2SM). Yellow arrows point to double 
minute MET in metaphase nuclei of HF3035 neurospheres. The percentage of nuclei presenting MET amplification for each  sample 
is shown.  In HF3035, a PDX derived low passage neurosphere was also included. d. Double minute structures predicted with long 
read sequencing in HF3035 and HF3077 xenografts. 

d. 

Note: All genomic coordinates are on chromosome 7. 

c. 
HF3035 HF3077 
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TS: (patient) tumor sample 
NS: neurosphere sample 
XENO: xenograft 

a. b. 

Figure 4. Clone tracing from parent tumor to model systems. a. Clonal tracing of nine primary GBM, their matching 
neurospheres, and xenografts. For HF3035/HF3077, see Figure 3b. b. Clonal tracing of a pair of primary-recurrent GBM, their 
matching neurospheres, and xenografts. 
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Figure 5. Schematic illustration of double minute driven clonal evolution. The proliferation pattern in samples in which double 
minutes provide the dominant evolutionary force.  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted October 14, 2016. ; https://doi.org/10.1101/081158doi: bioRxiv preprint 

https://doi.org/10.1101/081158

