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1 | INTRODUCTION

Gliomas consist of various groups of tumors presenting with a wide

range of morphologies, molecular genetic alterations, and clinical

IDH-mutant gliomas are classified into astrocytic or oligodendroglial tumors by 1p/
199 status in the WHO 2016 classification, with the latter presenting with charac-
teristic morphology and better prognosis in general. However, the morphological
and genetic features within each category are varied, and there might be distin-
guishable subtypes. We analyzed 170 WHO grade II-IV gliomas resected in our
institution. 1p/19q status was analyzed by microsatellite analysis, and genetic muta-
tions were analyzed by next-generation sequencing and Sanger sequencing. For vali-
dation, the Brain Lower Grade Glioma dataset of The Cancer Genome Atlas was
analyzed. Of the 42 grade Il IDH-mutated gliomas, 12 were 1p-intact/19g-intact
(anaplastic astrocytomas [AA]), 7 were 1p-intact/19qg-loss (AA), and 23 showed 1p/
19g-codeletion (anaplastic oligodendrogliomas). Of the 88 IDH-wild type glioblas-
tomas (GBMs), 14 showed 1p-intact/19q-loss status. All of the seven 1p-intact/19g-
loss AAs harbored TP53 mutation, but no TERT promotor mutation. All 19g-loss AAs
had regions presenting oligodendroglioma-like morphology, and were associated
with significantly longer overall survival compared to 19g-intact AAs (P = .001). This
tendency was observed in The Cancer Genome Atlas Lower Grade Glioma dataset.
In contrast, there was no difference in overall survival between the 19g-loss GBM
and 19g-intact GBM (P = .4). In a case of 19g-loss AA, both oligodendroglial mor-
phology and 19qg-loss disappeared after recurrence, possibly indicating correlation
between 19g-loss and oligodendroglial morphology. We showed that there was a
subgroup, although small, of IDH-mutated astrocytomas harboring 19g-loss that pre-
sent oligodendroglial morphology, and also were associated with significantly better

prognosis compared to other 19g-intact astrocytomas.
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behaviors. Classification and diagnosis of gliomas are important steps
for proper management of patients with this disease, including pre-
diction of prognosis and choice of treatment. For almost a century,

this has been done based almost solely on microscopic histology

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2018 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd on behalf of Japanese Cancer Association.

Cancer Science. 2018;109:2327-2335.

wileyonlinelibrary.com/journal/cas | 2327


http://orcid.org/0000-0002-3851-2349
http://orcid.org/0000-0002-3851-2349
http://orcid.org/0000-0002-3851-2349
http://orcid.org/0000-0001-9488-0966
http://orcid.org/0000-0001-9488-0966
http://orcid.org/0000-0001-9488-0966
http://creativecommons.org/licenses/by-nc/4.0/
http://www.wileyonlinelibrary.com/journal/CAS

OTANI ET AL

ERRWATSE Cancer Science

with clinical information. However, accumulation of information on
molecular alterations of gliomas has been changing this process sig-
nificantly over the past 20-30 years, and the recently updated WHO
classification of central nervous system tumors officially incorporated
molecular information in the definition of diffuse gliomas.! One of
the most notable is the definition of oligodendroglial tumors: now
the oligodendroglioma is defined as diffusely infiltrative glioma with
IDH1 or IDH2 mutation and codeletion of chromosomal arms 1p and
19q. Diffuse astrocytoma is defined as diffuse glioma with IDH1 or
IDH2 mutation without 1p/19q codeletion, that most likely harbors
TP53 and ATRX mutations. Difference in the clinical behavior has
been confirmed in multiple studies showing that the 1p/19q code-
leted gliomas show significantly better prognosis in both WHO grade
Il and 1l tumors.2* In general, morphological features and genetic
alterations correlate well, with the majority of 1p/19q codeleted
tumors presenting classic oligodendroglioma morphology with iso-
morphic round nuclei with artefactually swollen clear cytoplasm and
delicate branching capillary network, whereas non-codeleted IDH-
mutant tumors tend to show features of well-differentiated (grade I1)
or moderately anaplastic (grade Ill) fibrillary astrocytes. However,
morphological variations are significant, and there are some cases
with oligodendroglial morphology without 1p/19q codeletion, as well
as the reverse. In the current WHO classification, molecular informa-
IDH-mutant,
droglioma-like tumors without 1p/19q codeletion as diffuse

tion trumps morphology, designating oligoden-
astrocytoma.

In a previous study comparing the histological features and
molecular genetics, we noticed that there was relatively small num-
ber of cases of non-codeleted diffuse gliomas presenting oligoden-
droglial morphological features, and those tend to have 19g-loss
only.® In this study, we investigated those tumors further, including

morphology, other genetic alterations, and clinical prognosis.

2 | MATERIALS AND METHODS

2.1 | Patients

Tumor samples were obtained at surgery carried out at the Dokkyo
Medical University Hospital (Mibu, Japan) during the period of
2001-2015. Histological diagnosis was made according to the latest
WHO 2016 classification.® We analyzed 170 diffuse gliomas histo-
logically compatible with WHO grades II-IV, which included 19
IDH-mutated anaplastic astrocytomas (AA), 23 IDH-mutated, 1p/19q
codeleted anaplastic oligodendrogliomas (AO), and 88 IDH-wild type
glioblastomas (GBM). There was no case harboring only 19g-loss
without 1p-loss among the WHO grade Il gliomas analyzed
(n = 33). There were seven WHO grade Il gliomas with IDH-wild
type, and five WHO grade IV GBMs with IDH-mutation. Given the
still existing controversy on whether those tumors can be consid-
ered to be established entities, they were not included in the study.
Overall survival (OS) was calculated as the period from the date of
surgery to the date of death or latest follow-up. Median age was
46.5 years for grade lll tumors and 62 years for grade IV tumors.

There were 26 male patients (62%) with grade Il tumors, and 50
male patients (57%) with grade IV tumors. The median follow-up
period was 66.6 months for grade lll tumors and 12.2 months for
grade IV tumors. Most of the AAs (15/19) were treated with
extended local radiation therapy concomitant with temozolomide,
and most of the AOs (16/23) were initially treated with upfront
PAV (procarbazine, ACNU, and vincristine) therapy. For the recur-
rence of AO, extended local radiation therapy concomitant with
temozolomide was carried out. There was no therapeutic difference
in AA between the 19g-intact tumor and 19g-loss tumor except for
four cases. Clinical profiles of all analyzed tumors are presented in
Table 1.

2.2 | DNA extraction

The tumor samples were frozen in liquid nitrogen immediately after
resection and stored at —80°C until use. DNA from the tumor
tissue was extracted using the QlAamp DNA Mini Kit (Qiagen,
Valencia, CA, USA) following the manufacturer’s protocol. Constitu-
tional DNA used as a control was extracted from peripheral blood.
Written
involved. All experiments using human samples were approved by
the ethics committee at the Dokkyo Medical University (Nos. 1431
and 24053).

informed consent was obtained from all patients

2.3 | Microsatellite analysis

Microsatellite analysis was undertaken using the Genetic Analyzer
310 (Applied Biosystems, Waltham, MA, USA) following the manu-
facturer’s protocol. The following microsatellite markers spanning the
whole chromosome arms of 1p and 19q, as well as markers located
at the commonly deleted 10q region, were used to detect loss of
heterozygosity: D1S1166(1p11), D1S495(1p13), D15207(1p21),
D1S435(1p21), D152835(1p31.3), D1S2797(1p32), D152892(1p33),
D1S2657(1p34), D152647(1p36.1), D15402(1p36.1), and D1S244
(1p36.22) for 1p; D195919(19q12), D19S220(19q13.13), D195420
(19913.2), D19S219(19q13.3), D19S112(19913.3), D195412
(19913.33), and D195596(19q13.33) for 19q; and D10S1680
(10g23), D10S185(10g23-24), and D10S587(10q26) for 10q.

2.4 | Mutation analysis

Mutations in IDH1/2, TERT promoter, and TP53 were detected by
direct Sanger sequencing. For IDH mutation, codon 132 of IDH1
and codon 172 of IDH2, the well-described hotspots, were
sequenced. For TERT promoter, C228T and C250T mutations were
surveyed by sequencing the PCR products. For TP53, exons 4-8
were sequenced after PCR amplification. Primer sequences are
listed in Table S1. Mutational analysis of tumor-related genes was
undertaken by next-generation sequencing using the lon Torrent
System in which 20 ng DNA was used for multiplex PCR of a panel
covering 93 brain tumor-related genes including CIC and FUBP1
(NCC Brain Tumor Panel; Thermo Fisher Scientific). Subsequent
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TABLE 1 Profiles of all analyzed patients with WHO grade 1I-IV
gliomas (n = 130)

AA, AA, GBM, GBM,
19g-intact 19qg-loss AO 19g-intact 19qg-loss

n 12 7 23 74 14
Age, years

Median 43 (14) 40 (11) 49 (15) 62(15) 63 (12)

(SD)

Sex, male

n (%) 9 (75) 6(86) 11 (48) 50 (68) 10 (71)
Tumor side

Right 7 4 13 36 8

Left 0 g 9 29 6

Bilateral 3 0 1 6 0

Midline 2 0 0 3 0
Tumor location

Frontal 6 7 14 34 [

Temporal 1 0 2 15 3

Parietal 1 0 3 12 5

Occipital 1 0 0 2 0

Thalamus 1 0 0 5 0

Brain stem 1 0 0 3 0

Other® 1 0 4 3 0
Extent of resection

GTR 7 5 15 41 12

PR 1 2 5 10 1

Biopsy 4 0 5 23 1
Adjuvant therapy (first line)

RT +TMZ 9 6 5 49 12

RT + PAV 1 0 1 17 2

PAV 0 1 15 0 0

RT only 1 0 1 0

Other” 1 0 1 3 0
Genetic status

IDH Mutant Mutant  Mutant Wild type  Wild type

1p Intact Intact Loss Intact Intact

19q Intact Loss Loss Loss Intact

AA, anaplastic astrocytoma; AO, anaplastic oligodendroglioma; GBM,
glioblastoma; GTR, gross total removal; PR, partial removal.

?Includes pineal lesion, insula, and involvement of the several lobes.
PIncludes temozolomide (TMZ) alone, radiation therapy (RT) with procar-
bazine, ACNU, and vincristine (PAV), or best supportive care.

processing was carried out according to the manufacturer’s proto-
col. Sequencing was done on the lon Pl Chip V3 using the lon Pro-
ton System (Thermo Fisher Scientific). Data analysis was carried out
using the Torrent Suite version 5.0 software (Thermo Fisher Scien-
tific). The mutational genes meeting the following conditions were
listed: covered at least 250 times, mutant allele frequencies were
>30%, and registered as missense mutation in the COSMIC data-
base (https://cancer.sanger.ac.uk/cosmic).

Cancer Science RUIs =

2.5 | The Cancer Genome Atlas data

The clinical, mutation, and copy number variation data of 516 cases
from the Brain Lower Grade Glioma project were obtained from The
Cancer Genome Atlas (TCGA) datasets using the cBioPortal (http://
www.cbioportal.org). The 1p/19q status was determined by down-
loading the copy number data, and cases with <—0.3 log, value of
mean copy number of either 1p or 19q were scored as 1p-loss or
19g-loss, respectively. Only cases with loss of the long arm of chro-
mosome 19 without loss of the short arm of chromosome 1 were

considered as 19g-loss astrocytomas.

2.6 | Statistical analysis

The log-rank test was used to compare OS. Fisher's exact test was
used to compare two groups. The SPSS version 23 (IBM, New York,
NY, USA) software was used for the statistical analyses. Differences
were considered significant if P < .05.

3 | RESULTS

3.1 | 19g-loss AA has better prognosis than 19g-
intact AA

On multiple marker microsatellite analysis, 19g-loss without 1p-loss
was detected in 7/19 AAs and in 14/88 GBMs. All 23 AOs had
1p/19q codeletion by definition. Overall survival for 1p-intact/19g-
loss AA was significantly longer than 1p-intact/19g-intact AA
(104.9 months vs 44.2 months; P = .001, log-rank test) (Figure 1).
Overall survival of 1p-intact/19g-loss AA was similar to that of 1p/
19g codeleted AO (P = .93, log-rank test) (Figure 1A). There was
no difference in OS between 1p-intact/19q-loss GBMs and other
GBMs (18 months vs 29 months; P = .40, log-rank test; (Fig-
ure 1B). These results indicated that IDH-mutated, 1p-intact/19g-
loss AAs had significantly better prognosis compared to other IDH-
mutated AAs, but similar association of 19q-loss with better prog-
nosis was not observed within the IDH-wild type GBMs. Although
not included in the survival analysis, there was one case of GBM
with IDH-mutation and 1p-intact/19qg-loss. This patient died
11.9 months after surgery, without showing any sign of better
prognosis than other GBMs.

3.2 | Histological characteristics of 19q-loss AA

We analyzed the histological characteristics of the subgroup of 19p-
loss AA. All seven tumors had distinct regions consisting of tumor
cells with uniformly round nuclei and perinuclear halo, the histologi-
cal features for oligodendroglioma (Figure 2A). Furthermore, 4/7
(57%) cases showed neuropil-like islands in the oligodendroglioma-
like regions that were positively stained by neuronal markers such as
synaptophysin (Syp), class Il beta-tubulin (TUJ1), and neuronal
nuclear antigen (NeuN). Oligodendrocyte transcription factor (Olig2)

was positive, and glial fibrillary acidic protein (GFAP) was negative in
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FIGURE 1 Kaplan-Meier estimates of overall survival (OS) by 1p/19q status in 170 WHO grade II-1V gliomas. Vertical bars indicate
censored cases. A, Survival for WHO grade Il IDH-mutant glioma. OS for 19g-loss anaplastic astrocytomas (AA; n = 7), 19g-intact AA (n = 12),
and 1p/19q codeleted anaplastic oligodendrogliomas (AO; n = 23) were plotted. OS of 19g-loss AA was significantly longer than 19g-intact AA
(P = .001, log-rank test), and was not significantly worse than that of anaplastic oligodendrogliomas (P = .93, log-rank test). B, Survival for
WHO grade IV IDH-wild type glioblastomas (GBM). OS for 19g-loss GBM (n = 14) and 19g-intact GBM (n = 74) were compared, but there
was no significant difference (P = .4, log-rank test). C, Survival for lower grade glioma of The Cancer Genome Atlas cases by 19q status. WHO
grade Il and Ill astrocytomas harboring both IDH mutation and TP53 mutation with 19-loss (n = 23) and 19g-intact group (n = 204). WHO
grade Il and lll oligodendrogliomas harboring both IDH mutation and TP53 wild-type with 1p/19q codeletion (n = 159). D, Survival of lower
grade gliomas by 19q status in the combined cases of The Cancer Genome Atlas and our series. When combined, OS for the 19g-loss group
(n = 30) was significantly longer than the 19g-intact group (n = 226) (P = .015, log-rank test). 1p/19q codeletion group (n = 200) is also
shown

such regions (Figure 2B). By contrast, 3/12 (25%) of 19g-intact AA

. ) . o 3.4 | Morphological change accompanied with loss
showed oligodendroglioma-like morphology, indicating that 19qg-loss

) : of 19qg-loss at recurrence
AA tended to show oligodendroglial morphology more frequently

than 19g-intact AA (P =.003, Fisher's exact test). Neuropil-like In one case (case 3), we could obtain samples at recurrence. This
islands were not observed in any of the AO with 1p/19q codeletion. patient was a 40-year-old man with a left frontal glioma. Primary
tumor was [DH-mutated, 1p-intact/19g-loss AA with oligoden-
droglioma-like regions and neuropil-like islands. There was a TP53

3.3 | Genetics of 19g-loss AA

mutation, but no TERT promotor mutation. After gross total resection,

The deletion map of all microsatellite markers in the 19g-loss AAs the patient underwent radiation therapy (60 Gy) with temozolomide,
indicated that most of informative markers on 19q were deleted in and the tumor recurred after 2 years. The recurrent tumor was
all cases except for Case 4, in which the partial loss at the telomeric resected again, and molecular examination showed that the IDH1
end of 199 was observed (Figure 3). Mutational analysis showed that mutation and TP53 mutation were maintained, but the 19g-loss was
all IDH-mutated, 1p-intact/19g-loss AAs harbored TP53 mutations, not observed (Figure 4A). Notably, the oligodendroglioma-like mor-
and ATRX mutation was detected in 2/7 (29%). However, TERT pro- phology observed in the primary tumor was not evident in the recur-
motor mutation, CIC mutation or FUBP1 mutation was not detected rent tumor (Figure 4B). This case suggested that there might be an
in any of the seven tumors (Table 2). These results confirmed that association between the oligodendroglial morphology and 19g-loss.

those tumors were molecular genetically compatible with the diagno-
sis of astrocytomas. No other genes commonly mutated in gliomas
were detected, except that mutation of SMARCB1, MSHé, and LRP1B
were detected in case 1, and mutation of PIK3CA was detected in Of the 516 cases included in the Brain Lower Glioma project in
case 7. TCGA datasets, 228 cases with both IDH mutation and TP53

3.5 | Validation analysis on TCGA dataset
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FIGURE 2 Typical findings of
oligodendroglioma-like cells and neuropil-
like islands in 19g-loss anaplastic
astrocytomas. A, H&E staining of case 4
(scale bar, 20 um). Uniformly round-shaped
nuclear and perinuclear halos were
observed. B, Representative region of a
neuropil-like island (case 7). H&E staining
and immunostaining for class Il beta-
tubulin (TUJ1), synaptophysin (Syp),
neuronal nuclear antigen (NeuN),
oligodendrocyte transcription factor
(Olig2), and glial fibrillary acidic protein
(GFAP) (scale bar, 50 pm) are shown. Cells
in the neuropil-like island were positive for
TUJ1, Syp, NeuN, and Olig2, but negative
for GFAP

mutation were further analyzed. Of those, 100 were scored as WHO
grade Il, 99 as grade lll, and grades were not available in the remain-
ing 29 cases. Considering the inherent ambiguity of the grading as
well as the fact that there was no significant difference in the prog-
nosis between grade Il and Ill tumors in this TCGA dataset (P = .16,
log-rank test), we analyzed both grade Il and Il astrocytomas in this
validation study, and compared to our series including grade Il
tumors, although none of those had 19g-loss-only status. In our
grade Il cohort, 18/33 had 1p19q codeletion, and the remaining 10
were included in the analysis as 19g-intact tumors.

Of the 228 cases from TCGA dataset, one case had 1p/19q
codeletion and was removed from the survival analysis. Of the
remaining 227 cases, 23 (10.1%) had 19g-loss without 1p-loss, and
204 had intact 19q. Overall survival of the 19g-loss-only patients
showed tendency to be better, but fell slightly short of reaching sta-
tistical significance (P = .052, Figure 1C). However, when the analy-
sis was carried out on combined patients including our series
(23 + 7 19g-loss-only vs 204 + 22 19g-intact patients), the 19g-

Cancer Science R 103 e

(B)
TUJ1

NeuN
GFAP

loss-only astrocytomas showed significantly longer OS than 19g-
intact astrocytomas (115.5 months vs 66.1 months; P = .015, log—
rank test) (Figure 1D).

As for the genetic profile of the analyzed TCGA cohort, TERT
mutation was not observed in the 19g-loss group and in only one
case in the 19g-intact group. ATRX mutation was observed in 18
cases (78%) of 19g-loss group and 143 cases (70%) of 19g-intact
group. CIC mutation was observed in one case in the 19g-loss group
and in two cases in the 19g-intact group.

The survival data of 1p/19q codeleted tumors were also ana-
lyzed to compare with the survival of 19g-loss and 19g-intact
tumors. Of the 186 cases showing both IDH mutation and TP53
wild-type in TCGA datasets, 159 cases with 1p/19q codeletion were
extracted and its survival curve was added as the 1p/19q codeletion
group in Figure 1(C). In the combined analysis of our series and
TCGA datasets, our 18 cases of WHO grade Il oligodendroglioma
and 23 cases of WHO grade Il AO with 1p/19q codeletion were
added to the 1p/19q codeletion group in Figure 1(D).
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4 | DISCUSSION most,*? and meticulous studies on mutational landscape have shown
that mutations of those two genes can be heterogeneous within a
Our data presented here suggest the possibility that the tumor, indicating mutations of those genes are later events following

IDH-mutated, 1p-intact/19g-loss diffuse gliomas might constitute a
subgroup of AA that appear like, and behave more like, oligoden-
drogliomas, although molecular genetics clearly classifies those into
the entity of AA in the current WHO classification, with TP53 muta-
tions and without TERT mutations. This association of 19qg-loss with
oligodendroglial morphology and better prognosis did not extend to
the IDH-wild type glioblastomas.

There

associations between 19g-loss and prognosis. Brat et al” reported

are a few previous reports discussing possible
that 19g-loss was observed more frequently in the long survival
group than in the short survival group in AA. This result was com-
patible with our results, although IDH mutation was not evaluated
in their study. In terms of grade IV gliomas, several studies have
looked into the genetic alterations in glioblastoma with oligoden-
droglioma component, but neither 1p-loss nor 19g-loss was associ-
ated with appearance of oligodendroglioma component or better
prognosis.®?

Underlying mechanisms for this possible association between
19g-loss and prognosis or morphology in IDH-mutated gliomas are
not clear. In fact, molecular mechanisms of the biological effect
caused by 1p/19q codeletion in oligodendrogliomas is yet unknown.
Cytogenetic studies revealed that unbalanced translocation between
chromosome 1 and 19 resulting in the loss of der(1;19)(p10;q10)
was the mechanism of the codeletion.’® However, despite extensive
past efforts looking for specific genes primarily targeted by 1p-loss
and 19g-loss in oligodendrogliomas, those genes have not been pin-
pointed. Analysis of commonly deleted regions of 19q in astrocy-
toma had narrowed the region to 199q13.3, but none of the
candidate genes within this region showed constant mutation.!!
Whole exome sequencing identified FUBP1 on 1p31.1 and CIC on
19913.2 as the most frequently mutated genes on 1p and 19q in

oligodendrogliomas, but the mutation rates remain 50%-60% at

the translocation.*®>** In our 19g-loss AAs, 19q13.3 was deleted in
all cases including the case with partial loss. However, CIC mutation
and other common mutational genes on 19q was not observed in
any, indicating these morphological and clinical features of 1p-intact/
19g-loss tumors were not associated with CIC mutation or any other
specific gene on 19q.

The neuropil-like islands observed in the oligodendroglioma-like
regions of our 19g-loss AAs might represent neuronal differentiation
that is frequently observed in oligodendroglioma.*>?2 Immunoposi-
tivity for neuronal markers is also in line with this notion. Kamoun
et al?® reported that comprehensive expression analysis revealed
overexpression of the genes implicated in neurogenesis in a subset
of 1p/19q codeleted oligodendroglioma. Our findings might suggest
that 19g-loss could be more important for neuronal differentiation in
gliomas.

Loss of oligodendroglial morphology accompanied with loss of
19g-loss observed in the recurrent tumor in case 3 is of potential
interest. A possible interpretation would be that the dominant clone
with 19g-loss at the primary region showing oligodendroglioma-like
morphology was more sensitive to chemo/radiotherapy, resulting in
selection of the 19g-intact clone that was more resistant to the
treatment, and had given rise to the recurrence. Although still being
a single case, it appears to corroborate the notion that tumors with
19g-loss may confer better prognosis.

Although the 19-loss-only astrocytomas appear to constitute
only <10% of lower grade astrocytomas, and hence pose limitations
to our study, the validation study on the independent TCGA dataset
was in line with our notion.

In conclusion, we showed that there appears to be a subgroup
of IDH-mutated astrocytomas harboring 19g-loss and TP53 muta-
tion, which can present morphology similar to oligodendroglial

tumors, and also show significantly better prognosis compared to
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FIGURE 4 Alteration of the 19q status and histology between the primary and recurrent tumors (T) in case 3, a 40-y-old man with a left
frontal glioma. A, Microsatellite analysis showing 1p/19q/10q loss of heterozygosity status of primary tumor and recurrent tumor compared
with the constitutional DNA. Results of representative primers are shown. Primary tumor showed 1p-intact, 19g-loss, and 10g-intact.
Recurrent tumor showed 1p/19g-intact, losing the19g-loss status, and also showed new 10g-loss. B, H&E staining (scale bar, 20 um). Change
in histological features between the primary and recurrent tumors is shown. Oligodendroglioma-like cells observed in the primary tumor

disappeared after recurrence

other AAs with IDH mutation. The 19g-loss might be associated
with those features, although the molecular mechanisms are not

known.
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