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Abstract

chemotherapy.

so that appropriate therapies can be developed.

Metastatic, MYC

Background: Gliomas with 1p/19g-codeletion as well as mutation of isocitrate dehydrogenase (IDH) 1 are typically
characterized as oligodendrogliomas with comparatively good response to treatment with radiation and

Case presentation: We present the case of a 28-year-old man with an IDHT and TP53 mutant high grade glioma
with abnormalities in chromosomes 1 and 19 suggestive of anaplastic oligodendroglioma that rapidly progressed
to widespread metastatic disease. Biopsy of a liver lesion confirmed metastasis of the patient's known brain primary
and chemotherapy with temozolomide was initiated. The patient’s rapidly growing tumor burden with fulminant
liver failure and tumor lysis led to multisystem failure of which the patient died. Further molecular testing illustrated
features more consistent with glioblastoma: multiple large chromosomal aberrations including loss of whole
chromosome 1 and 2q; gain/amplification of MYCN, MET, and CDK4; loss of CDKN2A/B; and an ATRX mutation.

Conclusion: This case illustrates the importance of higher level molecular diagnostic testing for patients with
particularly aggressive disease progression that is not concordant with standard prognoses. Additional data on
cases with atypical alterations of 1p and 19q are needed to better understand the distinct biology of these cancers

Keywords: High grade glioma, 1p/19g-codeletion, Whole arm deletion, IDH1, ATRX, Tumor lysis syndrome,

Background

The understanding of molecular features of diffuse gliomas
has been revolutionized by the discovery of two distinct
molecular markers: complete deletion of both the short
arm of chromosome 1 (1p) and the long arm of chromo-
some 19 (19q) (1p/19q-codeletion) in oligodendroglial
tumors, as well as mutations of the isocitrate dehydrogenase
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(IDH) 1 or 2 genes in oligodendrogliomas and a subset of
astrocytic tumors [1-3]. The clinical relevance of these
molecular features in anaplastic oligodendrogliomas was
determined in two randomized clinical trials, the Radiation
Therapy Oncology Group (RTOG) 9402 and the European
Organization for Research and Treatment of Cancer
(EORTC) study 26,951, with evidence of 1p/19q-co-dele-
tion as determined by fluorescence in-situ hybridization
(FISH) analysis. Both studies showed a significant survival
benefit when chemotherapy with lomustine, procarbazine,
and vincristine (PCV) was added to radiation [1, 4],
whereas there has not been a significant benefit for those
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without 1p/19q-codeletion. Further analysis of the
data illustrated that patients whose tumors harbored
an IDHI mutation in addition to a 1p/19q-codeletion
fared better overall compared to patients with
co-deletion alone [5]. This molecular alteration is the
result of an unbalanced whole-arm translocation
between chromosomes 1 and 19 with the loss of the
derivative t (1p;19q) early in the pathogenesis of
oligodendrogliomas. Although the biological effect of 1p/
19q-codeletion remains unclear, it is considered the diag-
nostic molecular signature of oligodendrogliomas.

There are several different methods that have been
used to identify patients whose tumors harbor 1p/
19q-codeletion; however, there is no consensus over
which test should be used clinically. Although FISH is
the preferred method, there is variation in the chromo-
somal loci targeted and the definitions and cut-offs used
to determine chromosome deletion. FISH is also unable
to differentiate between whole chromosome arm dele-
tions and smaller focal deletions. Array comparative gen-
omic hybridization (aCGH) and single nucleotide
polymorphism (SNP) array are capable of identifying loss
of the whole arm of 1p or 19q with higher reliability but
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introduce additional interpretative challenges in samples
with low tumor purity or high tumor heterogeneity [6].

Here we present a case of a young man with a high
grade IDHI-mutant glioma with abnormalities in chro-
mosomes 1 and 19 who experienced an unusually ag-
gressive disease progression following standard therapy
for anaplastic oligodendrogliomas. This case illustrates
the clinical impact that variations of otherwise favorable
prognostic markers can have on clinical outcome and it
highlights current molecular diagnostic challenges in
characterizing glial neoplasms.

Case presentation

The patient was a 28-year-old man who presented with
a 2-week history of subtle personality changes, expres-
sive aphasia, and severe headaches with nausea and
vomiting. Imaging revealed a large mass in the left
frontal lobe with significant surrounding vasogenic
edema (Fig. 1a). He underwent gross total resection and
pathology was consistent with a high grade neuroepithe-
lial tumor with brisk mitotic activity and necrosis (Fig. 2,
Additional file 1 : Figures S1 and S2). The tumor was
found to be IDHI and TP53 mutant by amplicon-based

concerning for metastatic disease

Fig. 1 Axial MRI brain post administration of gadolinium a on initial presentation with a large contrast enhancing lesion and a necrotic core in
the left frontal lobe with mass effect. b Images 2 weeks after completion of radiation therapy showing an enhancing lesion involving the
paramedian left parietal-occipital lobe extending to the superior surface of the left cerebellar tentorium. ¢ axial and d coronal FDG PET scan with
hypermetabolic lytic bony lesions throughout the axial and proximal appendicular skeleton as well as innumerable hyperdensities in the liver
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Fig. 2 Routine hematoxylin and eosin stains (H&E) showed infiltrative sheets of discohesive neoplastic cells (a, 200X; inset, 400X). The majority of cells
demonstrated high nuclear to cytoplasmic ratios with round hyperchromatic nuclei and moderate nuclear pleomorphism. A subset of cells showed
gemistocytic morphology with eccentrically displaced dense eosinophilic cytoplasm (a, 200X; inset, 400X). Occasional giant cells were also noted.
Ancillary immunohistochemical stains showed that the neoplasm contained some areas of IDH1-mutant protein positive cells and other areas that were
predominantly IDH1-mutant protein negative to weakly positive (d, 200X; inset, 200X). GFAP (¢, 200X; inset, 200X) and OLIG2 (b, 200X; inset, 200X)
expression was also variable. ATRX protein expression was uniformly retained throughout (e, 200X) and synaptophysin was diffusely positive (f, 200X). The
neoplasm also co-expressed NeuN and S-100 protein, while chromogranin was focal (not shown). INI-1 and BRG1 were retained. Additional stains for
CD99, HH3 K27 M, SOX10, CD30, myogenin, desmin, CAM5.2 (CK8/18), AE1/AE3, OCT3/4, Melan A, CD45, CD3, and CD20 were negative in the tumor
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next generation sequencing (NGS) targeting the hotspot
regions of 27 cancer associated genes (not including
ATRX), and had monosomy 1 and 19q loss by single nu-
cleotide polymorphism (SNP) array (Figs. 2 and 3). A diag-
nosis of anaplastic oligodendroglioma was favored based
on histologic appearance of the majority of the tissue with
features suggestive of an oligodendroglioma in addition to
preserved ATRX immunoreactivity, and atypical alter-
ations in chromosomes 1 and 19. Treatment options were
discussed including participation in the CODEL trial
(NCT00887146), but ultimately started standard of care
treatment with radiation therapy with plan for adjuvant
procarbazine, lomustine, and vincristine (PCV) chemo-
therapy following radiation. Unfortunately, after resection
and prior to starting radiation he developed somnolence,
an intense headache, and diplopia. MRI of the brain
revealed evidence of tumor regrowth in the original loca-
tion and signs of impending herniation. He was started on
dexamethasone and underwent emergent surgical decom-
pression with tumor debulking. Pathology was again
consistent with a high-grade IDHI-mutant glioma. His
symptoms improved and he received intensity-modulated
radiation therapy (IMRT) with a cumulative dose of 5940
cGy over 33 fractions. MGMT promoter methylation was
tested upon recurrence and was found to be present.

Approximately two weeks after completing IMRT he
experienced two focal seizures with secondary
generalization resulting in right hemiparesis. Repeat
MRI of the brain showed evidence of disease progression
with interval development of a new enhancing lesion
outside the radiation field involving the paramedian left
parietal-occipital lobe extending to the superior surface
of the left cerebellar tentorium (Fig. 1b). Due to newly
reported low back pain, he underwent MRI of the spine
which demonstrated extensive bony metastases. A
whole-body **Fluorodeoxyglucose (FDG) PET-CT scan
was obtained and revealed innumerable hypermetabolic
lesions throughout the patient’s body including lytic
lesions virtually involving his entire skeleton and
innumerable lesions in the liver, right lung, and left kid-
ney. His clinical condition rapidly deteriorated and de-
veloped a clinical picture consistent with tumor lysis
syndrome. Lactate dehydrogenase was elevated on ad-
mission at 5206 U/L (normal range 118-273 U/L) and
increased to a peak level of 15,080 U/L. He became
hyperuricemic (peak of 12.7 mg/dL; normal range 3.5—
7.2mg/dL) and hypophosphatemic (1.1 mg/dL; normal
range 2.7-4.5 mg/dL) with evidence of acute kidney in-
jury (creatinine from 0.6 mg/dL on admission to a peak
of 1.9 mg/dL). Rasburicase was administered to treat his
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Fig. 3 Single nucleotide polymorphism (SNP) array data using lllumina HumanCytoSNP-850 K (v1.1) BeadChip platform (approximately 850,000 SNPs) and
iScan microarray system and illustrated with KaryoStudio v2.0 software; red data show smoothed signal intensity values (LRR) (Log base 2 ratio of observed
and expected intensities; LogR 0, copy number two) and blue data points represent the B-allele frequency (BAF) of each individual SNP (B-allele frequency
of 0 equals no B-allele; 1 equals only B-alleles present). Loss of chromosomal segments is supported by the downward shift of the red vertical line
(decrease in LRR, left shift) and loss of heterozygosity (LOH) in BAF (loss of heterozygous BAF track around 0.5 with variable redistribution of BAF in in
region of LOH associated with the ratio of tumor to normal DNA in the sample), while gains/amplifications of genomic regions show upward shifts of the
red vertical line (increase in LRR, right shift) and LOH in BAF. Loss of whole chromosome 1, 2q, 17p, and the majority of 17q and 19q is depicted here (a)
as well as gain/amplification of 2p24.2-p24.3, which includes MYCN. Initial amplicon-based targeted next generation sequencing using the lon AmpliSeq
Cancer Hotspot Panel v2 demonstrated an IDH1 hotspot mutation (p.R132H) and an in-frame TP53 deletion (p.N210_V217del), visualized here using
Integrated Genomics Viewer v2.34 (IGV; Broad Institute, MIT Harvard) (b). Subsequent SNP array analysis demonstrated loss of whole arm 17p (TP53 is
located at 17p13.1) in the vast majority of the sample; therefore, the TP53 VAF can be used to approximate tumor purity. The IDHT mutation, on the other
hand, appears to be present in only a fraction of tumor cells, while IDHT wild type cells comprise the remainder of the tumor with apparent loss of the
mutant IDHT allele (IDHT is located at 2g34). Matched normal (tissue or peripheral blood) was not available for comparison

hyperuricemia. A biopsy of one of the liver masses in  widespread metastatic disease. The tissue sample showed
the right hepatic lobe (3.6 cm) was performed to rule prominent cellular necrosis with rare clusters of neo-
out the presence of an independent neoplastic process plastic cells, IDHI-mutant protein positive, consistent
given the very unusual aggressiveness of the cancer and  with metastasis of the patient’s known brain primary.
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In addition to tumor lysis, the patient rapidly became
thrombocytopenic (179 K/cu mm on admission to a
nadir of 35K/cu mm by day seven) and anemic
(14.5g/dL to a nadir of 5.8 g/dL), likely due to bone
marrow infiltration of his cancer. Different chemo-
therapy regimens were considered and the choice
was for temozolomide, as it is typically effective in
diffuse gliomas and is able to cross the blood-brain
barrier with even higher concentrations systemically.
Five doses were planned (150 mg/m?) but the patient
was only able to receive two administrations.

Unfortunately, the patient’s condition continued to de-
teriorate. He developed worsening renal failure,
hypotension, and acute respiratory failure. He was intu-
bated and mechanically ventilated, requiring vasopressor
support. The patient developed cardiac arrest, was resus-
citated and eventually transitioned to comfort measures.
He was terminally extubated and passed away. An aut-
opsy was declined.

Further analysis of the patient’s tumor tissue using a
targeted, capture-based next generation sequencing
panel covering the full coding regions of 644 cancer as-
sociated genes showed the presence of a number of add-
itional genetic alterations (Table 1), including an ATRX
missense mutation, and amplification of MYCN, MET,
and CDK4. There were no mutations in CIC or FUBPI.
Other chromosomal variations, including gain of 7p
and loss of 2q, 10p, 11p, 21q, and whole chromo-
somes 12 and 14 were also noted (Additional file 1:
Table and Figure S3).

Discussion and conclusions

The development of extracranial metastasis from primary
gliomas is rare (up to 2.7% at one institution) [7-12] and
typically occurs late in the course of the disease after a
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median of 2 years. The average patient age associated with
glioblastoma-related metastasis has been demonstrated to
be around 40years [13]. The most common metastatic
sites include the pleura/lung (60%), lymph nodes (51%),
bone (31%), and liver (22%). Concerning bone metastasis,
Pasquier et al., reported that the vertebral spine (73%) was
the most frequent site of involvement, followed by the ribs
(23%) and sternum (18%) [14]. To date, clinicopathologi-
cal factors that would predict a greater likelihood of me-
tastasis have not been identified; however, there appears
to be no significant difference in median survival between
GBM patients with and without metastatic disease [3].
Few molecular analyses of metastatic lesions have been
previously attempted [3, 15, 16], but all have been limited
in scope. Further studies with larger sample sizes are
needed to elucidate the molecular mechanisms underlying
metastatic potential. The identification of such biomarkers
may prompt earlier screening for systemic disease in high
grade glioma patients.

Despite being IDHI-mutated and MGMT promoter
methylated, both of which have been correlated with
favorable outcome in malignant gliomas, this was an
unusually aggressive clinical course for an IDH-mutated
tumor with whole arm 1p and 19q abnormalities. For
patients with prototypical 1p/19q-codeleted IDH-mutant
tumors, overall survival has been shown to be signifi-
cantly prolonged by combined PCV and radiation ther-
apy compared to radiation therapy alone (14.7 versus
6.8 years, HR 0.49, 95% CI 0.28-0.85) [17, 18]. Temozo-
lomide is also viewed as a reasonable option for 1p/
19q-codeleted tumors. It has better patient tolerance
compared to the short-term toxicity of PCV and has
been shown to improve survival in other types of malig-
nant gliomas. Additionally, both PCV and temozolomide
have demonstrated activity in patients who have failed

Table 1 Hybrid Capture-Based Targeted Next Generation Sequencing of 644 Cancer Associated Genes (full coding regions)

Gene CcDS AA_change Ref Database ID* %VAF %REF Avg cov
ATRX NM_000489 : c.G5500C p.V1834L 81.01| 18.99 298
DUSP2 NM_004418 : c.G830A p.R277H rs141345431 (0.05% ExXAC); COSM4134141 (1 entry, thyroid neoplasm) 37.15| 62.85 405
FLYWCH1|NM_032296 : c.A1108T p.S370C rs201142918 (0.09% ExAC) 54.97| 45.03 1021
HGF NM_000601 : c.A173G p.K58R 15.35| 84.65 905
IDH1 NM_005896 : c.G395A p.R132H rs121913500 (0.0008% TOPMED); COSM28746 (>4100 entries in CNS tumors) | 27.98| 72.02 855
KAT6A NM_006766 : c.2979_2980insGAG p.E993_P994insE |rs756253672 (0.01% EXAC) 24.3| 757 954
KLHL6 NM_130446 : c.C1659G p.1553M rs753728391 (0.0008% EXAC) 52.34| 47.66 1164
MKL1 NM_020831 : c.C916G p.P306A rs750387386 (0.04% EXAC) 46.86| 53.14 702
PC NM_000920 : c.C1544T p.P515L rs766679405 (0.002% ExXAC) 33.41] 66.59 688
PDE4DIP [NM_001198834.3 : c.G6155A p.R2052Q rs2798851 (3.2% ExAC) 27.82| 72.18 1040
PDE4DIP [NM_001198834.3 : c.C3814T p.L1272F rs1747960 (3.5% TOPMED) 27.29|72.71 1227
PIK3CG [NM_002649 : c.A1719C p.E573D rs746892044 (0.0008% ExAC) 70.94| 29.06 1363
PKHD1 [NM_138694.3 : c.T787C p.S263P rs755803138 (0.005% ExAC) 42.36| 57.64 498
PLEKHGS [NM_001265593.1 : c.G1120A p.E374K rs750943470 (0.002% ExAC) 38.44| 61.56 456
RB1 NM_000321 : c.C1306A p.Q436K rs4151534 (0.06% ExAC) 34.06| 65.94 474
SETD2 NM_014159 : c.C1414T p.R472C rs771203643 (0.003% EXAC) 54.57| 45.43 1116
SYNE1 NM_182961 : c.C18185T p.S6062L rs139790539 (0.3% ExAC) 45.55| 54.45 1114
TPS53 NM_000546 : c.627_650del AAACACTTTTCGACATAGTGTGGT |p.N210_V217del 50.76| 49.24 996
WDR90 |NM_145294 : c.G2317A p.A773T rs186112020 (0.12% TOPMED) 53.01| 46.99 498

CDS coding DNA sequence, AA change amino acid change, VAF variant allele frequency, REF reference allele frequency, Avg cov average depth of coverage across
all gene-specific exonic targets. Some of the variants with an allele frequency around 50% may be germline; however, the high tumor cellularity (> 90%) of the
specimen precludes the distinction of germline from somatic alterations based on %VAF alone

*dnSNP v150 and COSMIC database v82
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an initial chemotherapy regimen although response rates
are lower and the duration of disease control is generally
shorter compared to treatment at first diagnosis [19].
MGMT promoter methylation is also independently pre-
dictive of therapeutic benefit from combined PCV and
radiation with a significantly longer median overall sur-
vival (8.65years) compared to radiation therapy alone
(1.98 years) in patients with MGMT methylated tumors
[20].

Review of extended molecular analyses from this case
illustrates several atypical features that exemplify some
of the ongoing diagnostic challenges that arise when
attempting to integrate molecular testing results into
clinical treatment paradigms. Foremost, the chromo-
some 1 and 19 alterations are not typical of those seen
in oligodendrogliomas. Instead of a deletion involving
only the short arm of chromosome 1, both the short and
long arms were deleted in a subset of cells, indicating
the presence of monosomy 1. 1p/19q-codeletion repre-
sents an unbalanced centromeric whole-arm chromo-
somal translocation (with the loss of the derivative
chromosome) t (1;19) (q10;p10) in which both the entire
1p and 19q arm are lost. The lack of equivalent allelic
imbalances in 1p and 19q in this case favors the absence
of a 1p and 19q chromosomal translocation. Vogazianou
et al. followed strict guidelines when determining pat-
terns of copy number alterations involving chromosomes
1 and 19. 1p/19qg-codeletion was only called in the pres-
ence of concurrent total 1p loss and total 19q loss and
pericentromeric regions of 1q and 19p showed no signs
of deletion (e.g. monosomy 1 or 19 were not included).
Following these rules, monosomy 1 was detected in only
2 of the 363 astrocytic and oligodendroglial tumors ana-
lyzed and were categorized as either anaplastic astrocy-
toma or glioblastoma [21]. Other notable chromosomal
alterations in this case include gain of 7p (without high
level amplification of EGFR) and del(9p21), which are
frequently encountered in glioblastomas [6]. Molecular
reclassification of this case as a secondary glioblastoma
was considered. Rare fragments of adjacent /DHI-mu-
tated lower grade glioma (Additional file 1: Figure S1,
and Additional file 1: Figure S2a) were identified in the
resection specimens. Furthermore, the presence of con-
current IDH and TP53 mutations are now considered
molecular hallmark features of diffuse and anaplastic
astrocytomas (WHO grades II and III), as well as clini-
copathologically defined secondary glioblastoma [22].

Also characteristic of diffuse adult IDH-mutant astro-
cytic tumors are truncating ATRX mutations with loss of
nuclear ATRX expression by immunohistochemistry. In
this case, however, ATRX immunoexpression was
retained and the ATRX mutation was not definitively
deleterious, despite being located in an evolutionarily
highly conserved functional domain of the gene (Snf2
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ATPase) and classified as probably damaging/disease
causing by three in silico prediction callers (PolyPhen-2,
MutationTaster, SIFT/PROVEAN). A closer a look at
the literature reveals that somatic ATRX missense muta-
tions are detected in a subset of adult gliomas [23-25].
Interpretation of ATRX staining is especially problematic
in these cases, since tumors with missense mutations
that result in loss of protein function will continue to
show protein expression and nuclear localization. Simi-
larly, not all insertions/deletions or nonsense will show
loss of nuclear ATRX expression [25]. Further compli-
cating diagnostic interpretation are the lack of standard
criteria for what constitutes loss of ATRX expression,
which is often used as a surrogate marker for ATRX
mutations in gliomas, and the presence of intratumoral
heterogeneity [26].

Some histologic and molecular features in this case
were reminiscent of glioblastoma with primitive neur-
onal component, although not entirely typical. Glioblast-
oma with primitive neuronal component is a newly
recognized pattern in the WHO 2016 classification that
includes otherwise classical high-grade diffuse gliomas
with one or more foci of sharply demarcated primitive
nodules showing neuronal differentiation. Similar to the
primitive neuronal cells that make up CNS embryonal
neoplasms, these foci show immunoreactivity for synap-
tophysin, loss of GFAP expression, and a high Ki-67
proliferation index, which were also noted in our case.
Two particularly distinctive features of this pattern are
its high rate of CSF dissemination and frequent MYCN
or MYC gene amplification (17 of 40 cases, 43%), often
in the setting of histologic anaplasia, as seen in medullo-
blastomas with large cell/anaplastic features [22, 27, 28].
A subset of cases may also demonstrate features of
secondary glioblastoma, including IDH1(R132H)-mutant
protein expression. The vast majority of the tumor in the
present case was composed of sheets of cells with rounded
cytoplasmic contours without a pattern, variable amounts
of eosinophilic cytoplasm with eccentrically-placed large
nuclei, and variably prominent nucleoli (Additional file 1:
Figure S2). Areas with nodular architecture and a rela-
tively sharp transitional interface between low- and
high-grade glial components were also noted in one frag-
ment (Additional file 1: Figure S2A). Another entity on
the histologic differential that can be excluded based on
available molecular data is epithelioid glioblastoma (IDH--
wildtype, and BRAF V600OE mutant in 50% of cases, with a
subset of BRAF V60OE negative cases are characterized by
PDGFRA amplification) [29]. Previous editions of the
WHO classification of tumors of the central nervous sys-
tem included the diagnosis of oligoastrocytoma; its use is
now discouraged unless molecular testing cannot be per-
formed or when results are inconclusive in a neoplasm
composed of two distinct cell types resembling astrocytic
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and oligodendroglial cell lines and was therefore consid-
ered but not used in this case [2].

Despite improved overall outcomes compared to
IDH-wildtype gliomas, many WHO grade II-III IDHI-
mutant gliomas eventually progress to more aggressive
GBMs. Small cohort studies, however, have provided
some insight into the mechanisms behind /DHI-mutant
glioma progression [30-33]. Recently, Bai et al. com-
pared mutation, copy number, gene expression, and
DNA methylation data of 41 IDHI-mutant grade II and
III gliomas (including oligodendrogliomas and astrocyto-
mas) obtained at their initial diagnosis to their pro-
gressed counterparts and found that amplification of the
MYC locus (22% of patients) on chromosome 8q was
significantly associated with progression as were alter-
ations in the individual MYC signaling components
FBXW7 and MAX and the MYC-related FOXM1 locus
on 12p. Of note, deletion of the CDKN2A-CDKN2B
tumor suppressor locus was the most frequent copy
number alteration detected in the cohort, occurring in
44% of all tumors analyzed [30]. Neither amplification of
MYC nor deletion of CDKN2A-CDKN2B were shown to
be enriched in either of the oligodendroglial or astrocytic
subtypes. Another recent study of paired primary and
recurrent IDH-mutant gliomas reported allelic imbal-
ances of the IDH-mutant allele upon recurrence in some
cases [31]. Cells with IDHI copy number alterations (de-
letion or amplification of the mutant or wild-type allele)
were also shown to occupy a substantial portion of the
recurrent tumor in these cases, suggesting a growth ad-
vantage, as well as have hypomethylation of non-CpG is-
land CpG sites. A similar case reported by Favero et al.
details malignant progression of an IDHI1-mutant glioma
through whole-genome doubling, evolution of a
double-minute chromosome containing PDGFRA, KIT,
CDK4, AVIL, and miR-26a-2 (regulator of PTEN), and
loss of the mutated IDHI allele with retention of the
wild-type allele [34]. Our case also shows subclonal loss
of the IDHI-mutant allele, suggesting that acquisition
of additional driver events, such as MYCN amplifica-
tion, have occurred to uphold the tumor cell popula-
tion [35, 36].

The extensive subclonality of chromosomal aberrations
in this case, as evidenced by the variable LOH shifts in B al-
lele frequencies on SNP array (Additional file 1: Figure S3),
is not surprising given current data on intratumoral
genotypic and phenotypic heterogeneity in glioblastomas
[36-39]. Not only are copy number alterations variably
present, but some putative driver aberrations, such as gain/
amplification of PDGFRA, are also known to be consist-
ently heterogenous within the same tumor [39]. Further-
more, there is accumulating evidence suggesting that
intratumoral heterogeneity, including branched tumor evo-
lution involving genetically distinct subclones and/or
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multiple cancer stem cell populations, is the main
confounding factor behind tumor recurrence, progression,
and treatment failure by current modalities [30, 31, 34, 36].
Of particular interest are non-lineage specific alterations
implicated as drivers of higher grade and progressive
IDH-mutant diffuse gliomas and associated with shorter
progression-free survival [32]. Regardless of whether these
transformative alterations are present in the initial tumor
sampled or subsequently discovered in the progressive
tumor specimen, their presence is important to recognize
as it provides an opportunity for the use of novel targeted
therapies and combinations thereof [33, 36].

Amplification of MYCN, as seen in this case, has been
previously reported in a subset of glioblastomas and
IDH-mutant gliomas by multiple groups [27, 33, 39-45].
Upon retrospective univariate analysis of 211 IDH-mutated
astrocytomas, Shirahata et al. found MYCN amplification
(n=12, P=0.001) and homozygous deletion of CDKN2A/B
(n=38, P=0.0001) to be strongly associated with worse
overall survival [44]. In contrast, analysis by Perry et al. of
malignant gliomas with primitive neuronal components
(MG-PNET), which are enriched for MYCN amplifications,
showed no difference in overall survival between
MG-PNETs and conventional glioblastoma [27]. However,
their analysis did not stratify cases by the presence or
absence of MYCN amplification. Amplification of MYCN is
also associated with poor prognosis in medulloblastomas
[4, 46], and strongly predicts a poorer prognosis in both
time to tumor progression and overall survival in all stages
of neuroblastoma [47, 48]. High grade diffuse midline
gliomas, H3-K27 M mutant, are also particularly enriched
for MYCN, MET, and CDK4 amplifications and usually
characterized by poor clinical outcome [49-52].

Our own analysis of the TCGA Merged Cohort of
LGG and GBM dataset [45, 53] revealed MYCN amplifi-
cation in 18 of 794 (2%) sequenced cases/patients with
copy number data. The average age at diagnosis was 51
years (median 48 years, range 25 to 75 years). Of those
with available survival data (z=14), 6 were deceased
with a median survival of 30 months (versus 34.9 months
among those without MYCN amplification). IDHI muta-
tions were present in 39% (7 of 18) of MYCN amplified
glioma cases and TP53 mutations in 67% (12 of 18).
Concurrent amplifications were also present in EGFR (n
=5, all IDH-wildtype) and PDGFRA (n =5, two of which
also had EGER amplification). All MYCN amplified cases
were 1p/19q-non-codeleted and showed no gain of
chromosome 19 or 20. Additional analysis of the GENIE
Cohort v4.0  (http://www.cbioportal.org/genie, last
accessed Aug 7, 2018, The AACR Project GENIE Con-
sortium), similarly demonstrated MYCN amplifications
in 1.59% (33 of 2079) of profiled patients classified as
glioblastoma, glioblastoma multiforme, anaplastic astro-
cytoma, astrocytoma, oligodendroglioma, anaplastic
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oligodendroglioma, high-grade glioma NOS, low-grade
glioma NOS, diffuse glioma, anaplastic oligoastrocytoma,
oligoastrocytoma, gliosarcoma, small cell glioblastoma,
glioma NOS, or diffuse astrocytoma [54]. IDH1/2 muta-
tions were present in 45% (15 of 33) of cases. The most
frequent co-amplification involved EGFR in 27% of cases
(9 of 33, two of which also had concurrent IDHI muta-
tions), followed by PDGFRA in 24% (8 of 33, two of
which also had EGFR amplification). Excluding two
pediatric cases (< 18 years), the average age at which se-
quencing was reported was 51 years (median 54 years,
range 24 to 78 years).

Unfortunately, the development of inhibitors targeting
MYC/MYCN proteins, which are composed of two ex-
tended alpha-helices with no obvious surfaces for small
molecular binding, has been challenging. Alternative
strategies that circumvent blocking MYCN directly in-
clude: blocking MYCN-dependent transcription with
BET-bromodomain inhibitors; inhibiting histone deace-
tylases and EZH2 (which repress transcription of tumor
suppressor genes); antagonizing proteins involved in sta-
bilizing MYCN protein (e.G. aurora kinase A); suppress-
ing MDM2 (which stabilizes MYCN mRNA and disrupts
p53-mediated apoptosis); and inducing differentiation as
a means to suppress proliferation and promote apoptosis
[55, 56]. These strategies, although promising in preclin-
ical models, are still under evaluation in ongoing clinical
trials.

This case highlights some of the existing challenges in
neuro-oncology and the importance of molecular diag-
nostic interpretation standards for diffuse gliomas. First,
although there is growing knowledge regarding the im-
portance of 1p/19qg-codeletion and IDHI mutations in
the clinical care of patients with oligodendrogliomas, we
still have limited understanding of how to address cases
with less common aberrations involving discordant
clonal populations with 1p and/or 19q deletion and dele-
tions involving both arms of either chromosome 1 or 19.
Second, the diagnostic use of immunohistochemical sur-
rogates for lineage specific molecular genetic alterations in
gliomas is not as straight forward as one might think, es-
pecially considering the lack of strict phenotype-genotype
relationships for a variety of underlying genetic alterations.
Therefore, standard criteria are also needed for immuno-
histochemical interpretation of diagnostic markers given
the potential impact “mis-interpretation” may have on
therapeutic decision-making and outcome assessment.
Lastly, current molecular testing guidelines for gliomas by
the National Comprehensive Cancer Network® (NCCN®)
are limited to 1p/19q-codeletion or loss of heterozygosity
(LOH), IDH1/2 mutations, and MGMT promoter methy-
lation [57]. This case highlights that there may be benefits
to additional extended molecular testing beyond these
standard validated molecular biomarkers, particularly for
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patients with high risk features, unresectable disease, or
tumor recurrence despite standard-of-care treatment.
While the NCCN encourages any cancer patient to
participate in clinical trials, these trials are often based on
the presence or absence of specific genetic targets for
which clinical testing has not been uniformly established.
Potentially informative genetic markers, such as MYCN
amplification, have not yet gained prognostic relevance in
clinical trials, likely due to their relatively infrequent oc-
currence and/or lack of effective pharmacologic
actionability.

As deep molecular genetic characterization becomes
more widely available, it is important to take stock of
clinically and molecularly challenging cases. Making
their data available in the literature and dedicated data-
bases will hopefully lead to further research and the de-
velopment of more personalized therapies for patients
with very rare, molecularly unique tumors.

Additional file

Additional file 1: Figure S1. Routine hematoxylin and eosin stains
(H&E) show separate and adjacent areas of lower grade (WHO grades I
to Ill) infiltrating glioma (A, 200X; B, 200X). These areas were positive for
IDH1 (R132H) mutant protein by ancillary immunohistochemical staining
(O). Figure S2. Hematoxylin and eosin stains with neoplastic tissue
largely composed of patternless sheets of cells (A, 100X; B, 40X; C, 200X)
with rounded cytoplasmic contours, variable amounts of eosinophilic
cytoplasm with minimal to no stellate cellular processes (D, 400X; E, 400X;
F, 200X), large nuclei, and variably prominent nucleoli (D). Necrosis was
predominantly zonal and frequently associated with sclerosed or
thrombosed blood vessels (B, 40X). Rare foci suspicious for vascular
invasion were also noted (E, 400X). Rare fragments showed adjacent
areas of lower grade, infiltrating glioma (A). Figure S3. Single nucleotide
polymorphism (SNP) array data using Illumina HumanCytoSNP-850K (v1.1)
BeadChip platform (approximately 850,000 SNPs) and iScan microarray
system and illustrated with KaryoStudio v2.0 software; red data show
smoothed signal intensity values (LRR) (Log base 2 ratio of observed and
expected intensities; LogR 0, copy number two) and blue data points
represent the B-allele frequency (BAF) of each individual SNP (B-allele
frequency of 0 equals no B-allele; 1 equals only B-alleles present). Loss of
chromosomal segments is supported by the downward shift of the red
vertical line (decrease in LRR, left shift) and loss of heterozygosity (LOH)
in BAF (loss of heterozygous BAF track around 0.5 with variable redistribution
of BAF in in region of LOH associated with the ratio of tumor to normal
DNA in the sample), while gains/amplifications of genomic regions show
upward shifts of the red vertical line (increase in LRR, right shift) and LOH in
BAF. Other chromosomal variations, including gain of 7p and loss of 2q, 10p,
11p, 21g, and whole chromosomes 12 and 14 were noted. Table S1. Next
generation sequencing panel covering the full coding regions of 644 cancer
associated genes showed the presence of a number of additional genetic
alterations. (DOCX 3476 kb)
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