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DIFFUSE GLIOMAS

Cell types

- Astrocytomas (A)

- Oligodendrogliomas (O)

- Mixed oligoastrocytoma (MOA)

Three WHO grades: 11, 111, IV



GLIOMA GRADING: WHO 2007

WHO Cilassification of Tumours of
the Central Nervous System

dited by David N, Louls, Hiroko Ohgakl, Otmar D, Wisstier, Wobster K. Caveree

Grade I = Benign
Grade II = Low-grade
Grade III = Anaplastic
Grade IV = “GBM”







PROGNOSTIC VARIABLES

Overall Survival of WHO Grade |l Gliomas Stratified
by Patient Age (NCCTG 94-72-52, n = 85)
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Percent Surviving

overall NCCTG Glioma Data Bank
Survival, by Cell Type (N=151)

“.
Mixed OA g-g‘)
— Oligodendroglioma (N = 137)
»i Log rank p—value < 0.0001
~<
40
20




Overall NCCTG Glioma Data Bank
Survival, by Grade (N=1509)
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PATTERN RECOGNITION




HETEROGENEITY ISSUES




SAMPLING ERRORS




Zt's a
mammoth.

Molecular
Diagnostics?

Early microscope




1p/199 loss assessed by aCGH, FISH or LOH

aCGH FISH LOH
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Slide provide by Dr. David Louis, MGH
Mohapatra et al, J Molec Diagnostics 2006



OLIGODENDROGLIOMA (II-11I)

Age 30-40 years

Corticotropism / seizures common
Cerebral, especially frontal lobe
Slow progression

Survival ~10 years for grade II, 2-5 years
for grade III, but higher for the
“genetically favorable” (1p/19q deleted)

15-25% of diffuse gliomas



ANAPLASTIC OLIGODENDROGLIOMA
Paleologos N and Cairncross JG Neuro-Oncology 1:63,1999

Pre-PCV ‘ Post-PCV \




AO PATIENT SURVIVAL

Cairncross JG et al. JNCI 90:1473, 1998

(.878, 1.00)

Probability of Survival

(.005, .495)



OLIGO SURVIVAL BY 1p/19q FISH
Smith JS, Perry A et al. JCO 18:636, 2000

Survival by Combined 1p36 and 19q13.3 Status
of Oligodendrogliomas

Log Rank p=0.03
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ANAPLASTIC OLIGODENDROGLIOMA

1p32 19p13




|/ RELATIVE DELETION

1p32
1942




FISH TESTING 1999-2009: N=2559

Glioma 1p/19q 19gonly Gains Normal

Oligo (983) 86% 1% 23 % 6%
MOA (1006) 17% 18% 60 % 18%
Astro (452) <1% 9% 69 % 23%

P-value <0.001 <0.001 <0.001 <0.001

Modified from: Perry A et al., Frontiers Biosci 8:a1-9, 2003



CONSULT SERVICE V5 REFERENCE LAB

Change in diagnosis: ~20%
Diagnoses other than diffuse glioma: N=116; 5%
- DNET or favor DNET: N=36
- PNET/high grade glioneuronal tumor: N=19
- GG/low grade glioneuronal tumor: N=17
- Pilocytic astrocytoma, N=12
- Reactive process/atypical gliosis, N=14
— Clear cell ependymoma: N=6
- Neurocytic neoplasms: N=6
— Astroblastoma: N=2
- Uncertain: N=4

SC GBM: N=218; 9%



TIMING OF 1p/19q LOSS

Early genetic alteration, but not the earliest

Different regions of the same tumor
discordant in only 1 case

Discordant over multiple resections from
same patient in 6 of 94 patients (6%)

- 2 different gliomas

- 2 different clones of same glioma

IDH1 mutations earlier (discussed later)



CLINICAL FOLLOWUP COHORT

FU until death or at least 5 years in 833 pts
Death in 524 (63 %), 0-28.5 years after dx
WUSM=20%; consults=80%

Age at diagnosis=4-90 (mean: 45.5) years
Pediatric (<18 years)=2%; Adults=98%
O=34%, MOA=39%, A=27%

Gr. [1=32%, Gr. [11=42%, Gr. IV=26%



LONG SURVIVAL

Survival >5 years in 466 patients
- 1p/19q del = 51%
- 51% O, 44% MOA, 5% A
Survival >10 years in 179 patients
- 1p/19q del = 58%
- 60% O, 36% MOA, 3% A
Survival >15 years in 51 patients
- 1p/19q del = 69%
- 63% O, 31% MOA, 6% A
Longest Survivor: 28.5 years



SHORT SURVIVAL (<2 YEARS)

N=242;1/19q co-deletions in 14 %

- Ages 21-75, median 52

- 8 grade II, 20 grade I1I, 6 grade IV
- Large and enhancing/ring-enhancing
— Intracranial hemorrhage?

— Peri-operative deaths?
- Diagnosed late in course?

Of 1p/19q co-deleted cases (N=976), 3.5% died
<2 years



IMPERSONATORS




SPECIFICITY: DNT, CN, EVN, CCE

Perry A et al., Frontiers Biosci 8:a1-9, 2003
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Oligodendrogliomas with Neurocytic Differentiation. A Report of 4 Cases with Diagnostic and
Histogenetic Implications

ARIE PErrY, MD, BErnND W. ScHEITHAUER, MD, RoBERT J. B. Macauray, MD, CorEy RAFFEL, MD, PuD,
KEeviIN A. Rotg, MD, PaD, anp Joran M. Kros, MD, PeD

Abstract. Oligodendroglioma represents a distinct type of diffuse glioma with a relatively favorable prognosis. Although
an O2A-like glial progenitor cell of origin has been suggested, a neuronal-oligodendroglial progenitor cell is also of interest,
particularly because variable degrees of neuronal marker expression have been reported in typical oligodendrogliomas. We
present 2 female and 2 male patients (ages 34-54) with frontal lobe oligodendrogliomas containing a) morphologically distinct
collections of small round cells with hyperchromatic nuclei, b) well-formed Homer Wright-like and perivascular rogettes, and
¢) demonstrable neuronal differentiation by immunohistochemistry and/or electron microscopy in the rosette-associated re-
gions. Unlilee extraventricular neurocytomas, these cases featured an infiltrative growth pattern and a classic oligodendroglioma
immunophenotype in non-rosette bearing portions of each turnor. FISH analysis demonstrated chromosome 1p and 19q cod-
eletions in 3 (75%) cases, both in regions with and without rosettes. Recurrences were common, although all patients are
currently alive 4 months to 13 yr from initial diagnosis. Based on clinicopathologic and genetic features, we diagnosed these
tumors as oligodendrogliomas with neurocytic differentiation. However, it is unclear whether they represent a) gliomas with
divergent neuronal differentiation, b) a distinctive form of glioneuronal neoplasm, or ¢) a reflection of glioneuronal histogenesis

in oligodendrogliomas in general. In any case, their occurrence suggests a histogenetic overlap between oligodendroglioma
and sxtraventricular neurocytoma not previously recognized.

Key Words: Fluorescence in situ hybridization (FISH), Glial progenitor cell; Neurocytic differentiation; Oligodendroglioma.
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Oligodendroglial neoplasms with ganglioglioma-like maturation:

a diagnostic pitfall
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Cheryl A. Palmer - Lothar Resch - Eileen H. Bigio - Meena Gujrati - Marc K. Rosenblum
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Abstract Although oligodendroglial neoplasms are tra-
ditionally considered purely glial, increasing evidence
suggests that they are capable of neuronal or neurocytic
differentiation. Nevertheless, ganglioglioma-like foci
(GGLF) have not been previously described. Herein, we
report seven examples where the primary differential
diagnosis was a ganglioglioma with an oligodendroglial
component. These five male and two female patients ran-
ged in age from 29 to 63 (median 44) years at initial
presentation and neuroimaging features were those of dif-
fuse gliomas in general. At presentation, the glial

component was oligodendroglioma in six and oligoastro-
cytoma in one; one was low-grade and six were anaplastic.
A sharp demarcation from adjacent GGLF was common,
although some intermingling was always present. The
GGLF included enlarged dysmorphic and occasionally
binucleate ganglion cells, Nissl substance, expression of
neuronal antigens, GFAP-positive astrocytic elements, and
low Ki-67 labeling indices. In contrast to classic ganglio-
glioma, however, cases lacked eosinophilic granular bodies
and CD34-positive tumor cells. Scattered bizarre astrocytes
were also common and one case had focal neurocvtic dif-



Small Cell Astrocytoma: An Aggressive Variant That Is
Clinicopathologically and Genetically Distinct from
Anaplastic Oligodendroglioma
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BACKGROUND. Small cell glioblastoma (GBM) is a variant with monomorphous,
deceptively bland nuclei that often is misdiagnosed as anaplastic oligodendrogli-
oma.

METHODS. To elucidate its clinicopathologic and genetic features, the authors
studied 71 adult patients (median age, 57 years), including 22 patients who were
identified from a set of 229 GBMs (10%) that had been characterized previously by
epidermal growth factor receptor (EGFR)/EGFR-vlIl variant immunohistochemis-
try. Tumors also were analyzed by fluorescence in situ hybridization for 1p, 19q,
10q, and EGFR copy numbers.

RESULTS. Radiologically, 37% of tumors that were not selected for grade showed
minimal to no enhancement. Similarly, 33% of tumors had no endothelial hyper-
plasia or necrosis histologically, qualifying only as anaplastic astrocytoma (Grade
3) using World Health Organization criteria. Nevertheless, such tumors progressed
rapidly, with mortality rates that were indistinguishable from their Grade 4 coun-
terparts. The median survival for 37 patients who were followed until death was 11
months. Oligodendroglioma-like histology included chicken-wire vasculature
(86%), haloes (73%), perineuronal satellitosis (58%), and microcalcifications (45%),
althoneh mucin-filled microcvstic snaces were lackineg No small cell astrocvtomas
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Pediatric Oligodendrogliomas: A Study of Molecular Alterations on 1p and 19q Using
Fluorescence In Situ Hybridization

Ravi RagravaN, MD, MRCPaTH, Jyoti BaLani, MD, AriE PErrY, MD, LiNDA MARGRAF, MD,
Muary B. Vono, MD, Dan X. Cal, MD, PeD, RoeerT E. Wyatt, MS, ELisaBETH J. RUsHING, MD,
DanNieL C. Bowers, MD, Linpa S. HynaN, PED, anp CrarLES L. WHITE III, MD

Abstract. Oligodendrogliomas (OGs) are rare in children and have not been well characterized from a molecular viewpoint.
In adults, losses on chromosomes 1p and/or 19q are common in **oligodendroglial™ neoplasms and are highly associated with
chemosensitivity and greater length of survival, especially in the anaplastic category. We have analyzed the 1p/19q status of
pediatric OGs and compared it with similar alterations in adult OGs. Paraffin sections from 26 pediatric OGs (21 WHO Grade
I OGs; 2 anaplastic oligodendrogliomas [AOGs], and 3 mixed oligo-astrocytomas [MOA]) were retrieved. Fluorescence in
situ hybridization (FISH) was performed using probes spanning the 1p32 and 19q13 regions. In tumors from children 0 to @
years of age (n =15), none had any deletions on 1p or 19q, but 2 had polysomies for 1p and/or 19q. All are alive and 4 have
had recurrences. In tumors from children >9 years, losses were identified on chromosomes 1p (5/11; 45%) and/or 19q (3/11,;
27%), but to a much lesser extent than that observed in adult OGs, Tumors from 6 older patients also had polysomies for 1p
and/or 19q. Although the majority of the older children are alive, 4 had recurrences. Curiously, 2 of the older children with
AOGs had combined losses and polysomies on 1p and 19q, but responded poorly to treatment and died within a year We
conclude that alterations on 1p or 19q are infrequent in pediatric compared to adult OGs and are virtually absent in OGs
presenting in the first decade of life. Compared to adults therefore, different genetic pathways are likely involved in the
pathogenesis of most pediatric OGs, Genomic screening on a larger series is clearly indicated to delineate the unique molecular
characteristics of these rare pediatric tumors.

Key Words: Chromosome 1p; Chromosome 19q; Fluorescence in situ hybridization (FISH), Molecular genetics; Pediatric
oligodendroglioma.



Raghavan et al. INEN 62:530, 2003

TABLE 2
Deletions in Predominantly Adult Oligodendroglial
Tumors from Studies Using FISH as an Analysis Tool:
Comparison with Data from Pediatric OGs

1p Del 19q Del

Burger et al (23)
Present ; 8 (100%)
Absent 0
Total 8

Smith ct al (6)
Present 24 (72%) 24 (72%)
Absent 9 9
Total 33 33

Perry et al (21)
Present 74 (74%) 76 (76%)
Absent 27 25
Total 101 101

Raghavan et al (current study)
Present 5 (20%)
Absent
Total
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Mutation-specific IDH1 antibody differentiates
oligodendrogliomas and oligoastrocytomas from other brain
tumors with oligodendroglioma-like morphology
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Juliane Bremer - Felix Sahm - Patrick N. Harter - Astrid Jeibmann -

Andreas von Deimling
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© Springer-Verlag 2010

Abstract Isocitrate dehydrogenase 1 (IDHI) mutations
are frequent in astrocytomas, oligoastrocytomas and oligo-
dendrogliomas. We previously reported the generation of a
mutation-specific antibody that specifically detects R132H
mutated IDH1 protein (clone H09). Here, we investigate the
feasibility of HO9 immunohistochemistry to differentiate
between oligodendrogliomas/oligoastrocytomas and other
tumors with similar morphology. A total of 274 brain tumors
presenting with focal or extensive clear cell morphology
were investigated. High numbers of H09-positive cases were
observed in adult grade II oligodendrogliomas (67 of 74,

oligoastrocytomas (11 of 14, 79%) and grade III oligoas-
trocytomas (10 of 11, 91%). All cases of pediatric
oligodendrogliomas (n = 7), neurocytomas (n = 41, 35
central, 4 extraventricular, 2 cerebellar liponeurocytomas),
dysembryoplastic neuroepithelial tumors (r = 21), clear
cell ependymomas (n = 8), clear cell meningiomas (n = 9)
as well as 12 primary glioblastomas with oligodendroglial
differentiation and 5 pilocytic astrocytomas with oligo-
dendroglial-like differentiation were negative for HO09
immunohistochemistry. Three oligodendrogliomas with
neurocytic differentiation had evidence of IDHI/IDH2



Oligodendroglioma WHO Il (n=74)
Oligodendroglioma WHO lll (n=69)
Oligoastrocytoma WHO Il (n=14)
Oligoastrocytoma WHO Il (n=11)
Oligodendroglioma with neurocytic differentiation (n=3)
Pediatric oligodendroglioma (n=7) | - Y
Central neurocytoma (n=35) | : . 0735 (0%)
Extraventricular neurocytoma (n=4) : . o4
Cerebellar liponeurocytoma (n=2) * : o
Dysembryoplastic neuroepithelial tumor (n=21) : 0721 (0%)
Clear cell ependymoma (n=8) : : 0/8
Clear cell meningioma (n=9) ; ' 09
Primary glioblastoma with oligodendroglial differentiation (n=12) ' ¢ 0/12(0%)
Pilocytic astrocytoma with oligodendroglial-iike differentiation (n=5) f .o
0% 20% 40% 60% 80% 100%

[ HO9 positive (~IDH1 R132H) [ other IDH1/2 mutation

Fig. 1 HO9 immunohistochemistry and IDH1/2 sequencing of clear case, all negative tumors were sequenced for other mutations of IDHI
cell brain tumors. All cases were analyzed by IDH1 R132H mutation- or IDH2 (for details of mutations see Tables 2 and 3). Percentages are
specific antibody HO9. In tumor types with at least one HO9-positive given for tumor types with at least 10 analyzed cases
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Clinical Utility of Fluorescence In Situ Hybridization (FISH) in Morphologically Ambiguous
Gliomas with Hybrid Oligodendroglial/Astrocytic Features

CHRISTINE E. FULLER, MD, RoBERT E. ScuMmipT, MD, PHD, KEVIN A. RoTH, MD, PHD, PETER C. BURGER, MD,
BERND W. SCHEITHAUER, MD, RumMaA BANERIEE, KATHRYN TRINKAUS, RicHARD LYTLE, MD, AND ARIE PERRY, MD

Abstract. Gliomas with hybrid oligodendroglial/astrocytic features are diagnostically problematic, and our ability to predict
tumor behavior is limited. Some likely represent intermingled mixed oligoastrocytomas (MOAs), though precise diagnostic
criteria and specific markers for this lesion are lacking. From the files at Washington University (1987-2000), 155 “ambig-
uous” glioma/intermingled MOA candidates were independently classified and graded by 5 neuropathologists, with consensus-
derived pure oligodendrogliomas and astrocytomas excluded from further study. The 90 remaining cases (grades II = 29, III
= 44, IV = 17) were analyzed by FISH on formalin-fixed, paraffin-embedded sections. Detectable deletions included combined
1p/19q (9%), solitary 19q (22%), PTEN/DMBTI (26%), and pil6 (32%). EGFR amplification was found in 11%. Patients
were followed until death (47%) or a median of 3.3 years. Similar to prior glioma series, patient age (p << 0.0001) and tumor
grade (p < 0.0001) were strongly associated with survival times. ZGFR amplification (p = 0.0007) and deletions of PTEN/
DMBTI (p = 0.016) or pi6 (p = 0.014), either individually or as a group (p = 0.04), portended a shorter median survival
compared with tumors lacking these alterations. We conclude that 1) distinct genetic subsets are identifiable by FISH in
morphologically ambiguous gliomas, and 2) both histological grading and molecular analysis yield prognostically useful
information.

Key Words: Chromosome 1; Chromosome 19; ZGFR; In situ hybridization; Oligoastrocytoma; pi6; PTEN.

INTRODUCTION morphologic criteria, there has been considerable inter-
observer varnability and low diagnostic reproducibility
among neuropathologists asked to classify such lesions,
particularly the intermingled subtype (8). Not surprising-
ly, these tumors vary greatly in terms of biologic behav-
ior likelv representine a heteroceneous croup of ““‘inde-

Three distinct subtypes of diffuse glioma are recog-
nized in the current WHO classification of tumors of the
nervous system: astrocytoma, oligodendroglioma, and
mixed oligoastrocytoma (MOA) (1). Accurate identifi-



STUDY DESIGN

Washington Univ, St Louis (1987-2000)
- “MOA”
- “mixed glioma”
- “glioma NOS”
- “GBM with oligo features”

155 cases



PATHOLOGY REVIEW

5 experienced neuropathologists

- Classification: oligo, astro, MOA, glioma NOS
— Grade: II, ITT, IV, indeterminate

Criteria for Inclusion in Study
- consensus diagnosis of MOA or glioma NOS
- no consensus between pathologists

(consensus = 3 of 5 pathologists in diagnostic agreement)



Summary of Molecular Alterations

combined

deletion 1p /
Nno detectable 199

alterations 10%
40% / only

deletion 19q

20%

deletion
PTEN /

EGFR DMBT1
amplification deletion p16 26%
11% 32%




OVERALL SURVIVAL

Deletion 1p and/or 19q
Median 100.0 months

No Alterations Detected
Median 85.0 months

Amp EGFR or Del 10q or Del p16
Median 16 months



MULTIVARIATE ANALYSIS

Always included age and tumor grade
as the most powerful prognostic
variables

Models using genetic alterations may
add additional independent prognostic
information
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Prognostic Value of 1p, 19q, 9p, 10g, and EGFR-FISH Analyses in
Recurrent Oligodendrogliomas

KeENNETH B. FarLon, MD, CHERYL A. PaLMER, MD, KEvIN A. RoTtH, MD, PHD, L. BuRTON NABORS, MD,
WENQUAN WANG, PHD, MARK CARPENTER, PHD, RumMa BANERJEE, BS, PETER ForsyTH, MD, KEITH RicH, MD, AND
ARIE PERRY, MD

Abstract. Although 1p/19q codeletions define “genetically favorable™ oligodendrogliomas, eventual tumor progression and
patient death remain constant. Genetic testing is often performed at the time of recurrence, though it is unclear whether these
or other genetic alterations provide useful prognostic information. We characterized 138 of 189 (73%) available primary and
recurrent oligodendroglial neoplasms from 80 patients, utilizing paired FISH probes for 1p32/1q42, 19p13/19q13, CEP7/
EGFR, CEP9/pl6, and PTEN/DMBT1. Patients were followed until death (49%), or a median follow-up of 8.9 years. Patients
with 1p/19q codeleted tumors (71%) had an estimated overall median survival of 14.9 years with an estimated 3.9 years from
first recurrence. In contrast, those lacking deletions had significantly lower estimated overall median survivals of 4.7 years
and 1.0 year after first recurrence (both p << 0.001). This increased survival in patients with 1p/19q codeleted tumors remained
significant when adjustments were made for age, tumor grade, type of surgical procedure, and treatment with radiation or
chemotherapy. Only 1 recurrence showed focal EGFR amplification, while 5 developed 10q deletions, mostly in high-grade
mixed oligoastrocytomas lacking 1p/19q deletions. In contrast, p16 (9p21) deletions were common and associated with both
high grade (p < 0.001) and recurrence (p = 0.002). Our data suggest that in classic oligodendrogliomas: 1) 1p/19q tumor
status is a powerful predictor of patient survival, even after recurrence; 2) pl6 deletions are common progression-associated
alterations; and 3) 10q deletions and EGFR amplifications are sufficiently rare to suggest the possibility of alternate diagnoses.

Key Words: Fluorescence in situ hybridization (FISH); Gene amplification; Gene deletion; Oligodendroglioma; Recurrence;
Survival, Tumor genetics.

INTRODUCTION toxic forms of chemotherapy as well, such as temozolom-
ide (4). However, the prolonged survival times previously
reported have mostly been measured from the time of

a .4 - a N i g fem PN =

Oligodendrogliomas are primary central nervous sys-
tem (CNS) neoplasms that have long been recognized to



MATERIALS/METHODS

138/189 (73%) classic oligodendroglial tumor
specimens from 80 patients

Dual color FISH

- 1p32/

- 19p13/

_ CEP7/

~ CEPY/

- 1023 (PTEN)/

Followup until death (49%) or median of 8.6 yr




GENETICS V5. CELL TYPE

-1p/19q -19q -pl6 -10g EGFR Poly

O@®5%)  80% 1% 31% 1% 0 39%
MOA (15%) 39% 29% 48% 15% 4% 54%



GENETICS V5. GRADE

-1p/19q -19q -pl6 -10g EGFR Poly

I1(43%)  63% 6% 11% 0 0 20%
I (51%) 83% 4% 47% 5% 1% 54%
IV(G%  70% 0 60% 10% 0  70%




GENETICS IN PRIMARY VS.
RECURRENCE

-1p/19q -19q -pl6é -10g EGFR Poly

P@41%)  71% 5% 18% 1% 0 16%
R(59%)  75% 6% 43% 5% 1% 54%
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Sorvival Diastribution Function

Survival after 2nd Surgery
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curvival Diztribution Function

Recurrence-Free Survival after lst Surgery

1.00°

0.757

0.507

0.257

0.00°

|
0.0

STRATA:

| | |
5.0 7.5 10.0

Recur

—  pl6_del=N

I I
12.5 15.0

— plb_del=Y

I
17.5

20.0




GLIOBLASTOMA VARIANTS

Fibrillary
Gemistocytic
Giant Cell
Gliosarcoma
Adenoid
Granular Cell

Small Cell
GBM with oligodendroglial features



VOLLME 24

JOURNAL OF CLINICAL ONCOLOGY

Frarm the Diviaions of Neuropathology,
Washinatan University Schoal aof Med
cliw, St Lours, MO, Maya Clinle, Hooh
agtor, MN, and the Lnversity of
Calgary, Calgary, Albarta, Canaca

Subirnittec July 4, 2000, aoceptecd
Septernber 27, 2006

Supportad by Cancal Pialogy Training
Grant Na  T32CA000GA 7 Trorm the
National Cancar lnatitute, Bothonda,
M (€17 M)

Prosentad in part at the 2o Annal
Maoting of the Armorican Socioty of
Clineal Onealogy, June 2.6, 2006,
Atlanta, GA

Authors” disclosures of potential con
fhota of intarest and author cortriti
tons are found at tha o of this
artiole

Acldroms raprint regquests to Ane Parry,
M, Division of Neurapathology,
Dapartrmont of Patbolagy and ol
ogy, Washington Uplversity Schoal of
Meaclicine, G60 S Eucld, Carmpus Bow
B8, St Lotls, MO G3110, adnall
Aparryeewstl o

@ 2006 by Armerican Society of Chnical
Oncol wy

O732183%/06/24 34541 9/620 00

LIV B

a4+ DECEMBER 1 200@

Significance of Necrosis in Grading of Oligodendroglial
Neoplasms: A Clinicopathologic and Genetic Study of
Newly Diagnosed High-Grade Gliomas
C. Ryan Miller, Christopher P, Dunham, Bernd W. Scheithauer, and Arie Perry

A B 8§ T R A C T

Purpose

High-grade gliomas (HGGs;, WHO grades 3-4) are highly diverse, with survival times ranging from
months to years, WWHO 2000 grading criteria for high-grade oligodendroglial neoplasms [anaplastic
oligoastrocytoma (AOA) and anaplastic oligodendroglioma (AO)] remain subjective, and the
existence of grade 4 variants is controversial.

Patients and Methods _ ' ‘
Overall survival (OS) of 1,093 adult patients with a cerebral HGG newly diagnosed between 1990

and 2005 was analyzed by univariate and multivariate models for significance of the following
factors: patient age, surgery type, year of diagnosis, endothelial proliferation, necrosis, oligoden-
droglial histology, treatment center, and chromosome 1p, 19q, 7p (EGFR), and 10¢ (PTEN) abnormal-
ities by fluorescence in situ hybridization (FISH),

Results
Necrosis was a statistically significant predictor of poor OS on univariate and multivariate analyses

in AOA but not in AQ, Median OS for patients with necrotic AOA (22.8 months) was significantly
worse than for patients with non-necrotic AOA (86.9 months, F < 0001) but was better than
conventional glioblastomas (9.8 months; P« 0001), In addition to patient age, the following were
significant independent prognostic factors (P = 001): grade and surgery type for the entire HGG
cohort; modified grade for AOA (3 v 4); and modified grade, 1p/19¢ codeletion status, anc
oligodendroglial histology for the 586 HGGs analyzed by FISH,

Conclusion _ : 2
Stratification of AOA, but not of pure AO, into grades 3 and 4 on the basis of necrosis is

prognostically justified and is more powerful than the current approach. Both routine histology ancl
genetic testing provide independent, prognostically useful information,

J Clin Oneol 24:65419-5426. @ 2006 by American Soclety of Clinlcal Oncology
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Fig. 2.10 A (p 62)

GBM-O
Fig. 1.26 C (p 33)



High-Grade Gliomas

1093 adults with primary cerebral HGG
— GBM =581, AO =216, AOA =215, AA =81
- WUSM ~50%, Consults ~50%
— Age: 21-90 years (Mean 52)
-M:F=14
— Resection = 78%, Biopsy = 22%
F/U until death (54%); mean: 1.5 years in rest
Necrosis in 59%, MVP in 73%

-1p/19q in 37% (of 570), EGFR amp in 33% (of 239),
-10g in 61% (ot 222)
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1p/19q Status: HGOs
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Genetic Characteristics
EGFR Amplification

Pts 237
All HGG
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Genetic Characteristics
Chromosome 10q (PTEN) Deletion

All HGG

P <0.05 "
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Multivariable (Cox Proportional Hazards) Analysis
After Modified Grading of High Grade Gliomas

HR P
Age 2.2 0.001
Grade 2.1 0.001
1p & 199 codeletion 0.41 0.001
Oligo cytology 0.60 0.026
C index 0.783

Explained variation 92%



CONCLUSIONS

Whole arm 1p/19q codeletion is relatively specific to
“genetically favorable” oligodendrogliomas in adults

The relevant 1p/19q genes have yet to be identified
— Haploinsufficiency of multiple genes?
— Epigenetic mechanisms?
— Non-balanced translocation?

1p/19q codeletion is a very early, but not the earliest
genetic event. IDH1 probably earlier.

Pediatric oligodendrogliomas likely utilize a different
mechanism of tumorigenesis



CONCLUSIONS

EGFR amplifications and 10q losses are sufficiently
rare in oligos to consider other diagnoses (SC GBM).

Other alterations likely play a role in the malignant

progression of oligos and in the tumorigenesis of
tavorable MOAs.

The combination of light microscopy and molecular
diagnostics will be more accurate than either one
alone.



J Neuropathol Exp Neurol
Copyright © 2006 by the Amencan Association of Neuropathologists, Inc.

Vol. 65, No. 10
Octlober 2006
pp. 988-994

ORIGINAL ARTICLE

|dentification of der(1;19)(q10;p10) in Five Oligodendrogliomas
Suggests Mechanism of Concurrent 1p and 19q Loss

Constance A. Griffin, MD, Peter Burger, MD, Laura Morsberger, BA, Raluca Yonescu, MD,
Sharon Swierczynski, MD, PhD, Jon D. Weingart, MD, and Kathleen M. Murphy, PhD

Abstract

Deletions of portions of chromosomes lp and 19q are closely
associated with the oligodendroglioma histologic phenotype. In
most cases, 1p and 19q are codeleted, yet the mechanism of dual
loss 1s unexplained. We report 5 cases (World Health Organization
grade III) in which metaphase cytogenetics identified a derivative
chromosome consisting of what appears to be the whole arms of 1q
and 19p forming a der(1:19)(ql0;pl0). Metaphase fluorescent in
situ hybridization (FISH) confirmed the dernivative chromosome
was composed of 1q and 19p material in 3 cases: in 2 cases with
few metaphases, FISH confirmed 19p material on the derivative
chromosome. In all cases. interphase FISH showed net loss of 1p
and 19g i 77% to 92% of cells, and microsatellite studies were
consistent with 1p and 19q loss. We hypothesize the following:
occurrence of a balanced whole-arm translocation between chro-
mosomes | and 19 forming 2 derivative chromosomes, one com-
posed of 1q and 19p, the other of Ip and 19q. Subsequent loss
of the der(1;19)(p10:ql0) then results in the simultaneous 1p and

(CGH), and allelic loss as measured by loss of heterozygosity
(LOH). The loss of 1p and 19q is assessed on clinical specimens
because such loss is associated with a better response to
chemotherapy than is seen in other types of infiltrating gliomas
(2-4), although how such loss confers the observed sensitivity
to therapy has not been reported. The mechanism of concurrent
loss of 2 large unlinked genomic regions has not been elu-
cidated. In 2005, we reported an oligodendroglioma in which
the karyotype suggested one possible explanation (5). Since
then, we have found 4 additional cases, providing additional
evidence to the possibility that this is a common mechanism for
loss of both 1p and 19q.

MATERIALS AND METHODS

Case 1

A 26-year-old woman presented with neurologic
symptoms and was found to have a 6.0 x 6.8 x 15.0-cm
mace 11 the rioht termnoral reoion Craniontomvyv and aihtotal



MECHANISM OF 1p/19q CODELETION

der(1;19)(p10;q10)
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A 1(1;19)(q10;p10) Mediates the Combined Deletions of 1p and
19qg and Predicts a Better Prognosis of Patients

with Oligodendroglioma

Robert B. jenkins,l Hilary Blair,l Karla V. Ba.llman,l Caterina Giannini,l Robert M. Arusell,2
Mark Law, Heather Flynn,' Sandra Passe,’ Sara Felten, Paul D. Brown,’

Edward G. Shaw,” and Jan C. Buckner'

'Maye Clinic, Rochester, Minnesota; *Merit Care Community Clinical Oncology Program, Fargo, North Dakota; and "Wake Forest University

School of Medicine, Winston-Salem, North Carolina

Abstract

Combined deletion of chromosomes 1p and 19¢q is associated
with improved prognosis and responsiveness to therapy in
patients with anaplastic oligodendroglioma. The deletions
usually involve whole chromosome arms, suggesting a
1(1;19)(q10:p10). Using stem cell medium, we cultured a few
tumors. Paraffin-embedded tissue was obtained from 21 Mayo
Clinic patients and 98 patients enrolled in 2 North Central
Cancer Treatment Group (NCCTG) low-grade glioma trials.
Interphase fusion of CEP1 and 19p12 probes detected the
1(1:19). 1p/19q deletions were evaluated by fluorescence
in situ hybridization. Upon culture. one oligodendroglioma
contained an unbalanced 45XX,1(1:19)(q10:p10). CEP1/19p12
fusion was observed in all metaphases and 74% of interphase
nuclei. Among Mayo Clinic oligodendrogliomas, the preva-
lence of fusion was 81%. Among NCCTG patients, CEP1/19p12
fusion prevalence was 55%, 47%, and 0% among the
oligodendrogliomas, mixed oligoastrocytomas, and astrocyto-

oligodendrogliomas and 50% of mixed oligoastrocytomas (3-5). The
prevalence of deletions is similar in both low-grade (WHO grade 1)
and anaplastic (WHO grade 3) oligodendroglial tumors (3-6). In
addition to their diagnostic relevance, deletions of 1p and 19q have
been associated with a prolonged survival in patients with anaplastic
oligodendrogliomas and mixed oligoastrocytomas using retrospec-
tively collected cohorts (3-5, 7-9). The prognostic relevance of the
deletions has been validated recently by two prospective clinical
trials, one led by the Radiation Therapy Oncology Group (RTOG)
and another led by the European Organization for Research and
Treatment of Cancer (EORTC: refs. 10, 11). Both retrospective and
prospective data also suggest that 1p and 19q deletion also predict
the responsiveness of anaplastic oligodendroglial tumors to
combined radiation therapy (RT) and chemotherapy (7, 10, 11).
Whereas the prognostic relevance of Ip and 19q deletions is
well established for anaplastic oligodendrogliomas and mixed
oligoastrocytomas, the prognostic relevance of the deletions for
low-grade gliomas is more controversial. In this report, using
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groups (ie. those with deletion versus those without deletion, those with
fusion and those without fusion) were compared with a Wilcoxon test.
Univariable and multivariable analyses of time-to-event data were
conducted using Cox proportional hazards modeling. The following
variables were included in the modeling age, gender, histologic type,
mini-mental status exam (MMSE) status, 1p/19q deletion status, and CEP1/
19pl2 fusion status. The intent of the multivariable models was to ascertain
whether the univariable association between deletion status and fusion and
the time-to-event end points (survival and PFS) remained after adjusting for
known prognostic factors.

Results

Identification of a t(1;19)(ql0:pl0) in an oligodendro-
glioma. Using modifications of various stem cell medium, we
have been able to do short-term culture and recovery of
metaphases from a few oligndendrogliomas. In one oligodendro-
glioma, we observed an unbalanced 45XX.der(1;19)(qlGp10)
karyotype in all abnormal metaphases (Fig. 14). Other nonclonal
abnormalities, such as an extra chromosome 7 (see Fig. 14), were
also observed in single metaphases. Initially, the translocation was
verified in metaphases using WCP probes for chromosomes 1 and
19 (Fig. 1B). We then developed a BAC contig FISH probe for
proximal 19p12 in green and combined it with CEP1 in orange.
Using a single-fusion strategy, this probe mixture was applied to
metaphase cells and interphase nuclei from this glioma (Fig. 1C
and D). Fusion of the CEP1 and 19p12 probes was observed in all
abnormal metaphases as well as 74% of interphase nuclel

Initial validation of the CEP1/19p12 FISH fusion probe set.
The translocation probe was then applied to 4 nontumor gliosis
specimens, 5 oligodendroglioma paraffin specimens with (3) and
without (2) 1p and 19q deletion, and a tissue microarray containing
core biopsies from paraffin blocks from 16 oligodendrogliomas
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Figure 1. A Karyotype of cligodendrogliorna patient. Arrow, 1(1;19){q10;p10).
B, metaphase FISH using whole chromosome painting probes. Arrow, t(1;18).
Spectrum Green = 1 WCP, Spectrurn Orange = 18 WCP. C, metaphase FISH
using 1CEP in Spectrum Orange and a BAC contig for 18p12 in Spectrum
Green. Arow, fusion of the probes at the translocation site. D, interphase FISH
using 1CEP in Spectrum Orange and a BAC contig for 18p12 in Spectrum
Green. Arrow, fusion signal.



OTHER BIOMARKERS

MGMT inactivation by methylation of
CpG islands in promoter region

IDH1 mutations
Array based stratifiers
Paradigm of targeted therapies



Hegi ME et al.,
NEJM 352;10:997, 2005

Unmethylated
MGMT Methylated
promoter MGMT
promoter

Probability of Overall Survival (96)

P<0.001

Months

No. at Risk
ated 114 100 59 16 7
Methylated 97 84 64 46 24

Figure 2. Kaplan—Meier E stimates of Overall Survival, According to MGMT
Promoter Methylation Status.

The difference in survival between patients with a methylated MGMT pro-
moter {92 patients, 65 of whom died) and those with an unmethylated MGMT
promoter {114 patients, 105 of whom died) was highly significant (P<0.001 by
the log-rank test), indicating that the MGMT methylation statushas prognos-
tic value. In the group of patients with a methylated MGMT promoter, there
was a risk reduction of 55 percent (hazard ratio for death, 0.45; 95 percent
confidence interval, 0.32 to 0.61), as compared with the group with an un-
methylated MGMT promoter.







ARTICLE

Molecular subclasses of high-grade glioma predict prognosis,
delineate a pattern of disease progression, and resemble stages
in neurogenesis

Heidi S. Phillips,'* Samir Kharbanda,' Ruihuan Chen,' William F. Forrest,” Robert H. Soriano,® Thomas D. Wu,*
Anjan Misra,” Janice M. Nigro,” Howard Colman,® Liliana Soroceanu,’ P. Mickey Williams,® Zora Modrusan,®
Burt G. Feuerstein,” and Ken Aldape’

' Cepartment of Tumer Biclogy and Angicgenesis, Genentech, Inc., South San Francisco, Californic 24080
2Department of Biostatistics, Genentech, Inc., South San Francisco, Califomic 94080

*Cepartment of Molecular Biclogy, Genentech, Inc., South San Francisce, Californic 94080

“Department of Bioinformatics, Genentech, Inc., South San Francisco, California 94080

Breain Tumer Research Center, University of California, San Francisco, San Francisco, Califomia 94143
“Department of Neurc-Oncolegy, M.D. Anderson Cancer Center, Houston, Texas 77030

’Deportment of Patholegy, M.D. Anderson Cancer Center, Houston, Texas 77030

*Comespondence: hsp@gene.com Cancer Cell 9:157-173, 2006

Summary

Previously undescribed prognostic subclasses of high-grade astrocytoma are identified and discovered to resemble stages
in neurogenesis. One tumor class displaying neuronal lineage markers shows longer survival, while two tumor classes
enriched for neural stem cell markers display equally short survival. Poor prognosis subclasses exhibit markers either of pro-
liferation or of angiogenesis and mesenchyme. Upon recurrence, tumors frequently shift toward the mesenchymal subclass.
Chromosomal locations of genes distinguishing tumor subclass parallel DNA copy number differences between subclasses.
Functional relevance of tumor subtype molecular signatures is suggested by the ability of cell line signatures to predict
neurosphere growth. A robust two-gene prognostic model utilizing PTEN and DLL3 expression suggests that Akt and Notch
signaling are hallmarks of poor prognosis versus better prognosis gliomas, respectively.
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Cancer Cell 17, 98-110, January 19, 2010 Cancer Cell

Integrated Genomic Analysis Identifies Clinically
Relevant Subtypes of Glioblastoma Characterized
by Abnormalities in PDGFRA, IDH1, EGFR, and NF1
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Figure 3. Integrated View of Gene Expression and Genomic Alterations across Glioblastoma Subtypes

Gene expression data (ge) were standardized (mean equal to zero, standard deviation equal tc 1) across the 202 data set; data are shown for the 116 samples with
both mutation and copy number data. Mutations (mut) are indicated by a red cell, a white pipe indicates loss of heterozygosity, and a yellow cell indicates the
presence of an EGFRvII| mutation. Copy number events (cn) are illustrated by bright green for homozygous deletions, green for hemizygous deletions, black for
copy number neutral, red for low-level amplification, and bright red for high-level amplifications. A black cell indicates no detected alteration.
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A multigene predictor of outcome
in glioblastoma

Howard Colman, Li Zhang, Erik P. Sulman, J. Matthew McDonald, Nasrin

Latif Shooshtari, Andreana Rivera, Sonya Popoff, Catherine L. Nutt, David N. Louis,
J. Gregory Cairncross, Mark R. Gilbert, Heidi S. Phillips, Minesh P. Mehta,

Arnab Chakravarti, Christopher E. Pelloski, Krishna Bhat, Burt G. Feuerstein,

Robert B. Jenkins, and Ken Aldape

Departments of Neuro-Oncology, Biostatistics, Radiation Oncology, and Pathology, The University of Texas
M.D. Anderson Cancer Center, Houston, Texas (H.C., L.Z., E.P.S., JMM., N.L.S., AR, S.P.,, M.R.G., C.E.P., K.B.,
K.A.); Department of Tumor Biology and Angiogenesis, Genentech, Inc., South San Francisco, California (H.S.P.);
Department of Pathology and Radiation Oncology, Massachusetts General Hospital, Boston, Massachusetts
(C.L.N., D.N.L., A.C.); Department of Clinical Neurosciences, University of Calgary, Calgary, Alberta, Canada
(1.G.C.); Department of Human Oncology, University of Wisconsin, Madison, Wisconsin (M.P.M.); Department
of Neurological Surgery, University of California-San Francisco, San Francisco, California (B.G.F.); and
Department of Laboratory Genetics, Mayo Clinic, Rochester, Minnesota (R.B.J.)

Only a subset of patients with newly diagnosed glioblas-  processed FFPE samples. The profile has potential clini-
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Progression-free Survival

Overall Survival

Colman et al.: Molecular prediction of outcome in GBM
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Fig. 2. Validation of multigene predictor for overall survival in an independent sample set. A set of 68 formalin-fixed, paraffin-embedded
glioblastoma samples was subject to gRT-PCR for the 38 gene set identified in Fig. 1. A metagene score was calculated as in Fig. 1 and
the samples were ranked by metagene score. Patients were dichotomized into 2 groups based on metagene score using proportions
identical to those in Fig. 1. Survival is shown for the lower metagene scores (red) vs the higher metagene scores (blue). Analyses were
performed for the entire 38-gene set as well as a smaller 9-gene profile composed of those genes that had the highest individual
survival association in the tumors and showed high technical feasibility in paraffin tissues. (A) and (B) Progression-free survival (PFS)

according to the entire 38-gene set (A) as well as the 9 gene-profile (B). (C) and (D) Overall survival (OS) according to the 38-gene set
N and O-cene cot (DY NR median not reached
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CastieBiosciences About DecisionDx-GBM To Order DecisionDx-GBM Patient & Caregiver Information Healthcare Professional Information
DECISIOND x

Thank you for your interestin the DecisionD x-GBM test,

The tabs at the top of this home page link you to infoemation for Patients and Caregiver s, Healthcare Professionals and Ordering information.

Glioblastoma Multiforme (GBM)...

Glicblastorna multiforme is the most prevalent and aggressive form of primary beain cancer in aduts, affecting over 15,000 patients per year in the LS alone.

Today’s treatment starts with surgcal removal as much of the tumaor as possible, Fdlowing a brief recovery period, patients are typically placed on the standard of
care, first line treatment of radation plus concurrent and adjuvant temcedomide, Periodic imagng is ordered to moritor tumor stats, Upon progression, a number of
second-line treatment options may be pursued, indudng protocd driven or investigational approadhes. Some centers are also incorporating additional treatments into
first line care,

The Need for DecisionDx-GBM...

Today, GBM is diagnosed wsing tradifional histo-pathology technigues. However, tissue staining and microscopic visualization does not discern progrosis of an
indvidual patient,

1t is known that sorme GBM tumce s exhibit a good, sustained resporse to first line treatrment while others appear refractory, However, dagnosis of GBM itself does not
enable prospedive risk-stratification,

The DecisionDx-GBM assay was developed to fulfill this need, Prospedtive risk-stratification allows for more individualized treatment optiors to be considered eatly on
in diagrosis.

Itis ow hope that the additional information provided from DecisionDx-GBM, in concert with other dinical information, will become a valuable component of the
comprehersive basdine evaluation,
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IDHT Mutations Are Early Events in the Development
of Astrocytomas and Oligodendrogliomas

Takuya Watanabe,” Sumihito Nobusawa,*
Paul Kleihues,! and Hiroko Ohgaki*

From the International Agency for Research on Cancer” Lyon,
France; and the Department of Pathology,” University Hospital
Zurich, Zurich, Swilzerland

IDH1 encodes isocitrate dehydrogenase 1, which par-
ticipates in the citric acid cycle and was recently re-
ported to be mutated in 12% of glioblastomas. We
assessed IDHI mutations in 321 gliomas of various

hiswlogical types and biological behaviors. A total of

130 IDH1 mutations was detected, and all were lo-
cated at amino acid residue 132. Of these. 91% were

(World Health Organization [WHO]grade V), the most
frequent and most malignant glioma, may develop rap-
idly atter a short clinical history and without evidence of
a less malignant precursor lesion (primary or de novo
globlastoma), or slowly through progression from low-
grade diffuse astrocytoma (secondary
glioblastorna).’* Both glioblastoma subtypes show
frequent loss of heterozygosity (LOH) 10g (63% 1o
70%), but differ sigmificantly with respect to the fre-
quency of other genetic alterations: LOH 10p, £GFR
amplification, MDM2 amplification, and PTEN mutations
are typical of primary glioblastomas,®* whereas 7P53
mutations, LOH 19g, and LOH 22q are more frequent in
secondary glioblastomas 2.5
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Abstract Separation of pilocytic astrocytoma from dif-
fuse astrocytomas frequently poses problems mostly
related to small sample size. Precise classification and
grading are essential due to different therapeutic strategies
prompted by diagnoses of pilocytic astrocytoma WHO
grade I, diffuse astrocytomas WHO grade II or anaplastic
astrocytoma WHO grade IIl. Recently, genomic aberra-
tions with a high specificity for distinct glioma entities
have been described. Pilocytic astrocytomas carry a
duplication at chromosome band 7q34 containing a BRAF—
KIAA1549 gene fusion in the majority of cases. IDHI
mutations are observed very frequently in adult astrocyto-

KIAA1549 fusion with a newly developed FISH assay and
mutations in IDHI and IDH?2 by direct sequencing. Pilo-
cytic astrocytomas contained the BRAF fusion in 49 cases
(70%) but neither IDHI nor IDH?2 mutations. Astrocytomas
WHO grade II exhibited /DHI mutations in 38 cases (76%)
but neither I/DH2 mutations nor BRAF fusions. Thus,
combined molecular analysis of BRAF and IDHI is a
sensitive and highly specific approach to separate pilocytic
astrocytoma from diffuse astrocytoma.
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IDH1 mutations are present in the 1103017, 2000
majority of common adult gliomas
but rare in primary glioblastomas
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Medical Education: CD
Recording

Neuropathology songs
Common disorders

2nd Year medical
students

Memorization aid

Fun way to learn!

www.neuropathsongs.com
1]'unes or amazon.com



Full Arrangements: Chris Bergmann - RF] Music
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Oligodendroglioma
Music to Ave Maria by F. Schubert, Lyrics by Arie Perry, MD

O----ligodendroglio-oh-oh-ma, diffuse cerebral tumor of adults

Invading cortex, causing epilepsy; on imaging, often you are calcified
And although, you tend to progress over time, for long periods your fine
You're famous for your rounded nuclei,

Clear haloes look like honeycombs or fried eggs

With branching chicken wire capillaries, and perineuronal satellitosis

O----ligodendroglio-oh-oh-ma, genetically, you are quite unique
With 1p and 19q deletions, from translocation with loss of one derivative
Represents a genetically favorable set, when FISH criteria are met

Anaplastic cases grow more rapidly, assigned a W.H.O. grade III
With microvascular proliferation, or increased mitotic activity
O----ligodendroglio-oh-oh-ma



