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Abstract

Aims—To determine whether testing for isolated 1p or 19q losses, or as a codeletion, has any
significance in the workup of glioblastomas (GBMs).

Methods—Upfront 1p/19q testing by fluorescence in situ hybridization (FISH) and/or
polymerase chain reaction (PCR)-based loss of heterozygosity (LOH) was done in 491 gliomas
that were histologically diagnosed as GBMs. Outcomes were determined and measured against
1p/19q results.

Results—Twenty-eight showed apparent 1p/19q codeletion by either FISH and/or PCR-based
LOH, but only 1/26 showed codeletion by both tests. Over 90% of tumours with apparent
codeletion by either FISH or LOH also had 10g LOH and/or EGFR amplification, features
inversely related to true whole-arm 1p/19q codeletion. Furthermore, only 1/28 tumours
demonstrated an R132H IDH1 mutation. Neither 1p/19q codeletion by FISH nor LOH had an
impact on GBM survival. Isolated losses of 1p or 199 also had no impact on survival.

Conclusions—These data suggest that (i) 1p/19q testing is not useful on gliomas that are
histologically GBMs; (ii) codeletion testing should be reserved only for cases with compatible
morphology; and (iii) EGFR, 10q, and IDH1 testing can help act as safeguards against a false-
positive 1p/19q result.
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Introduction

In diffusely infiltrative glial neoplasms, codeletion of the short arm of chromosome 1 and
the long arm of chromosome 19 has been known to be a marker of oligodendroglial lineage
for nearly 20 years [1,2]. This codeletion is the result of an unbalanced translocation
between the two chromosomes with subsequent loss of der(1;19)(p10;g10) [3,4]. An
oligodendroglioma that shows classic morphology such as small round nuclei with
perinuclear cytoplasmic clearing, delicate branching vasculature, and microcalcifications has
a greater than 80% likelihood of carrying the codeletion, while gliomas demonstrating
mixed morphology (oligoastrocytomas) harbour the deletion less often [5-8]. Because of the
strong association between 1p/19q and oligodendroglial lineage, testing for codeletion can
also be very useful in differentiating oligodendroglioma from histological mimics that lack
codeletion, including dysembryoplastic neuroepithelial tumour, clear cell ependymoma, and
central neurocytoma [9,10]. Furthermore, mixed oligoastrocytomas with codeletion seem to
behave more like oligodendrogliomas than comparable tumours lacking the codeletion [11-
13].

1p/19q codeletion has more than just diagnostic relevance. Oligodendrogliomas with
codeletion also demonstrate improved response to adjuvant radiochemotherapy and longer
survival, especially at the grade 111 level [14-20]. Recently, both EORTC and RTOG
clinical trials showed that codeletion in grade 111 oligodendroglial tumours is not just
prognostic, but specifically predictive of better response to procarbazine, lomustine and
vincristine (PCV) chemotherapy [21,22]. Interestingly, though, 1p/19q codeletion may not
be a useful prognostic marker in the absence of adjuvant therapy [23].

While testing for 1p/19q codeletion is understandably an integral component of molecular
neuro-oncology, there is still some heterogeneity in (i) selection of cases for testing, (ii) the
variety of assays in use, and (iii) interpretation criteria. Two of the more common methods
are fluorescence in situ hybridization (FISH) and polymerase chain reaction (PCR)-based
microsatellite loss of heterozygosity (LOH). The former targets 1p36/1p25 and 199q13/19p13
via fluorophore-labelled DNA probes in tissue sections. These loci were initially selected
because, as minimally deleted regions in gliomas, they are very sensitive [19,24,25].
However, they are not quite as specific for true whole-arm codeletion, especially if cut-off
criteria are too inclusive [26]. Another widely used tool is PCR-based analysis of LOH in
microsatellites scattered throughout chromosomes 1p and 19q, thereby providing a more
accurate measure of copy number status along the entire lengths of both chromosome arms.
Not surprisingly, microsatellite LOH analysis is slightly better than FISH at prognostic
stratification [26].

Because of the aforementioned diagnostic and prognostic value of 1p/19q, it is widely used
in the workup of gliomas. Such routine testing inevitably identifies cases that have either
partial or total isolated losses at either 1p or 19q, yet cannot be histologically classified as
oligodendroglial tumours. This raises the question as to whether such isolated partial or total
deletions or codeletions have any prognostic significance. Some have suggested 19q copy
number status is a significant prognostic stratifier for glioblastomas (GBMs) [27,28], though
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not all have found such an association [29-34]. Herein we studied 1p/19q testing in a large
cohort of GBMs to prove whether 1p/19q testing has any value at all in GBMs.

Materials and methods

Cohort

Detailed treatment and survival data from 532 GBMs from 2002 to 2010 were retrieved
from the Hillman Cancer Registry at the University of Pittsburgh (Table 1). Tumour location
was available in 484 cases, surgical procedure for 493, and adjuvant therapy for 465.
Regarding outcome, 470 (88.3%) of the patients were deceased at the time of analysis, with
an overall median survival of 8.7 months. Cases of recurrent and/or treated gliomas were
excluded from analysis. Diagnoses were made according to standard WHO criteria at the
time of initial biopsy (i.e. astrocytic nuclear morphology, pleomorphism, endothelial
proliferation, mitoses, palisading necrosis) [35]. All molecular data (see below) were
generated at the time of initial diagnosis in each case. All data collection and analyses were
done in accordance with the University of Pittsburgh and the University of Kentucky
committees on human subjects.

Fluorescence in situ hybridization

Formalin-fixed paraffin-embedded blocks were analysed via FISH techniques using probes
for 1p36, 19913 and EGFR (7p12) (Abbott Molecular, Des Plaines, IL, USA), as previously
described [36]. A minimum of 60 neoplastic nuclei were analysed in each tumour. For
ploidy control, locus-specific probes were used for chromosomes 1 (1g25), 19 (19p13) and
centromeric probe for chromosome 7 (CEP7). Codeletion was counted if the 1p36/1925 and
19g13/19p13 ratios were both below 0.87 and at least 20% of tumour nuclei showed relative
deletion. For EGFR, amplification was defined as an EGFR/CEP7 signal ratio >2.0. These
cut-off points exceeded 3 SDs from the mean target: ploidy control ratio of 20 non-
neoplastic autopsy brain tissue specimens.

PCR-based microsatellite LOH analysis

DNA from formalin-fixed paraffin-embedded tissue was probed as described previously
[36]. Chromosome 1p was interrogated with seven microsatellite markers (D1S1172,
D1S226, D1S162, D1S1161, D1S199, D1S407, D1S171). Prior to 2007, two markers were
used on 19q (D19S112 and D19S206) and two were used on 10q (D10S1173 and D10S520);
from 2007 onward (comprising 75% of the total cohort), additional microsatellites on 199
(D19S559) and 10q (D10S1171) were targeted, bringing the total microsatellites on those
arms to three. PCR was performed, and the products were analysed using capillary gel
electrophoresis on GeneMapper ABI 3730 (Applied Biosystems, Foster City, CA, USA). In
most cases, patient-matched germline DNA from a peripheral blood sample was used as a
control. When normal tissue was not available, peak height ratios falling outside 2 SDs
beyond the mean of previously validated normal values for each polymorphic allele paring
were assessed as showing LOH. Loss of heterozygosity regions were defined by bracketing
only with informative markers. Noninformative loci were mapped and included within
preserved or lost regions. To be considered code-leted the majority of informative
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microsatellite loci on both 1p and 19q had to show LOH. Any LOH on 10q was counted as
10g LOH.

IDH1 immunohistochemistry

Statistics

Results

Analysis of the R132H mutant isocitrate dehydrogenase 1 (mtIDH1) was performed using a
mutation-specific monoclonal antibody by standard immunohistochemical methods [37,38].

Univariate analyses were performed using log-rank tests on Kaplan—-Meier curves;

multivariate analysis was performed via Cox proportional hazards survival regression.
Statistical analyses were performed using GraphPad software (La Jolla, CA, USA) and
http://statpages.org/prophaz.html. Differences were considered significant if P < 0.05.

Cohort characteristics

The male : female ratio in the GBM cohort was 1.4:1 and a median age of 63 years (range
18-89 years) (Table 1). Nearly 60% of all GBMs arose in the frontal or temporal lobes,
17.6% localized to a parietal lobe, only 3.5% were in an occipital lobe, 12.2% involved at
least two lobes, and 9.7% were in other sites (e.g. basal ganglial). Two-thirds of patients
received either gross total or subtotal surgical resection, with the other third having only
computerized tomography (CT)-guided stereotactic biopsies. About 67% of patients
received temozolomide (TMZ) and radio-therapy, with the remainder split between adjuvant
therapies lacking TMZ or no therapy at all — reasons for these include pre-2005 cases where
TMZ was not yet part of routine care, adverse side effects of TMZ, electing to pursue
alternative treatment, too ill to pursue any additional therapy, or refusing treatment
altogether.

1p/19q status and FISH-LOH concordance in GBMs

Four hundred and ninety-one GBMs were tested for 1p/19q codeletion by either FISH alone
(44), LOH alone (1), or both (446); only 28 (5.7%) showed apparent 1p/19q codeletion by
either FISH and/or PCR-based LOH (Table 2). In this subset of 28 GBMs there was a strong
inverse correlation between the two methods (Spearman r = —0.91, P < 0.0001), meaning an
extremely poor concordance between FISH and PCR-based LOH when either test suggested
codeletion. For example, 18/28 had codeletions detected only by FISH, with negative results
by matched LOH testing. Seven had 1p/19q codeletions detected only by LOH, with
concomitant negative FISH results. Two GBMs showed codeletions by FISH but did not
have LOH data. Only 1 of the 28 GBMs showed 1p/19q codeletion by both methods.

Tumour location in this subset of 28 GBMs was similar to the cohort as a whole, with about
57% being located in either the frontal or temporal lobes. This subset was also similar to the
whole cohort regarding age (median 59.5 years) and male : female ratio (1.4:1).
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Histological characteristics of GBMs with apparent 1p/19q codeletion

The morphologic characteristics of GBMs with 1p/19q codeletion by FISH were studied in
detail. Four representative cases are shown in Figure 1, and web links to virtual slides of
four other representative cases are embedded in Table 2. All cases had strong astrocytic
nuclear morphology — i.e. irregular angulated nuclei — as well as microvascular proliferation
and/or necrosis. No significant oligodendroglial components were present in any of the
cases. Likewise, GBMs showing codeletion by LOH analysis were strongly astrocytic. Even
the single case showing codeletion by both assays was more astrocytic than oligodendroglial
and had 10q LOH (Figure 2A,B, Case 18 in Table 2); that patient died within 10 months of
initial diagnosis.

Genetic characteristics of GBMs with apparent 1p/19q codeletion

In the entire GBM cohort, 43.6% had EGFR amplification and 82.2% had 10q LOH. Both
genetic lesions are known to be strongly associated with astrocytic rather than
oligodendroglial tumours, and inversely correlate with true whole-arm 1p/19q codeletion.
Interestingly, 25 of 27 GBMs (92.6%) with apparent 1p/19q codeletion also had either
EGFR amplification and/or 10q LOH (Table 2). (One tumour did not have EGFR
amplification and did not have available 10q data.)

Several groups have shown a strong correlation between whole-arm 1p/19q codeletion and a
concomitant IDHL1/2 mutation, the latter occurring in the form of R132H IDH1 about 90%
of the time [39-41]. In other words, whole-arm codeletion only occurs in conjunction with
an IDH1/2 mutation (although most IDH1/2-mutant gliomas do not have codeletions). In
this subset of 28 GBMs, only 1 showed R132H IDH1 immunoreactivity, a temporal lobe
tumour with 10q LOH in a 52 year-old woman who survived 6 months after diagnosis
(Table 2, Case 15).

Outcomes of GBMs with apparent 1p/19q codeletion

The main objective in 1p/19q testing is to identify gliomas that will respond better to
adjuvant therapy. In the current subset of gliomas that were morphologically GBMs (usually
having other genetic lesions typically discordant with codeletion), cases identified as 1p/
19g-codeleted showed no difference in survival, either by FISH (Figure 3A) or LOH (Figure
3B). Via multivariate analysis, neither test showed even a weak trend towards independent
prognostic value (Table 3). On the other hand, well-known variables such as patient age,
bulk resection and use of TMZ all showed significance as expected.

Often on 1p/19q testing, isolated losses of 1p or 199 are seen in GBMs. In this cohort,
besides the cases with apparent codeletion, 58/456 GBMs (12.7%) showed isolated 1p36
loss via FISH and 41/453 (9.1%) had isolated 19913 loss. Via PCR, 82/423 (19.4%) had
subtotal 1p LOH, while 5 (1.2%) had total 1p LOH. Likewise, 76/424 (17.9%) showed
subtotal 199 LOH and 28 (6.6%) had complete isolated 19q LOH. Neither total nor subtotal
isolated 1p or 19q deletions had any correlation with survival on univariate (Figure S1) or
multivariate analyses (not shown).
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Discussion

Inherent in any test is knowing when to use that test and how to interpret results that conflict
with other pieces of data. While not common, a 1p/19q codeletion result can be seen in the
occasional GBM [42,43] and begs the question as to whether the molecular test or the
histological appearance of the tumour should take precedence. Based on a large cohort of
GBMs with 1p/19q data, our conclusions are that diagnostic and prognostic weight should
be given to tumour morphology over an apparent codeletion, and that additional molecular
testing for 10q LOH, EGFR amplification and/or IDH1 mutations could help triage high-
grade gliomas for additional 1p/19q analysis.

A key issue in 1p/19q testing is what cut-off criteria to adopt. At the moment there is a great
deal of cut-off heterogeneity for the most widely used 1p36/1g25 and 19q13/19p13 FISH
probes. Previously, we determined that each probe pair ratio should be <0.75 or have
relative loss in greater than 40% tumour nuclei to produce maximal prognostic stratification,
although the longstanding institutional cut-offs, established using non-neoplastic control
tissue, were <0.87 and 20% [26]. But in this dataset, even adopting those more stringent cut-
offs still yielded false-positive codeletions, with 8 tumours showing ratios below 0.75 on
both 1p and 199 and 15 tumours showing codeletion in greater than 40% of cells (Table 2).
Thus, although rare, such cases will occur if upfront reflex 1p/19q testing is done on all
diffusely infiltrative gliomas.

In the 8 cases in this subset that met our initial LOH codeletion criteria, usually only a single
1p or 19q micro-satellite remained intact. For there to be true whole-arm codeletion, all
microsatellites should be lost on 1p and 19q. Because none of the tumours in this cohort
showed complete loss of microsatellites on both arms, and none had other molecular
signatures compatible with a codeleted tumour (see below), it is highly probable that none
truly had oligodendroglioma-like whole-arm codeletion. Thus, anything less than complete
loss of all microsatellite loci on both arms should be viewed with scepticism.

Going forward, more advanced assays like array comparative genomic hybridization or
multiplex ligation assays are likely to be better at prognostic stratification, specifically
avoiding false-positive cases. For now such platforms generally remain the purview of larger
centres, and FISH and PCR-based LOH will likely remain popular in many laboratories for
some time. Nevertheless, their technical limitations must be recognized; specifically, that
neither assay can always reliably distinguish partial from whole-arm losses.

Other molecular tests can identify gliomas that would not benefit from focused 1p/19q
analysis. For example, LOH on 10q is associated with high-grade astrocytic tumours
[12,44]. We recently showed that, even in oligodendroglial-appearing tumours with 1p/19q
codeletion by FISH, the presence of 10g LOH predicted a discrepant negative 1p/19q LOH
result and survival more like GBM than anaplastic oligodendroglioma [26]. Similarly,
EGFR amplification is a hallmark of GBMs and is inversely correlated with true whole-arm
1p/19q codeletion [44,45]. This is consistent with prior work showing that tumours
resembling anaplastic oligodendroglioma, but with EGFR amplification or 10q LOH, are
better classified as small cell GBMs [46]. In our cohort, none of the tumours with
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amplification and 1p/19q codeletion by FISH also had codeletion via LOH, and their median
survival was typical of GBMs (Table 2). And two recent large studies have shown that true
whole-arm 1p/19q codeletion is virtually never seen in the absence of an IDH1/2 mutation
[39,40]. Our data are consistent with those observations, and suggests upfront IDH1/2
screening is useful before testing for 1p/19q codeletion analysis.

Regarding GBMs with an oligodendroglial component (GBM-O), some have shown that
such tumours have a slightly better prognosis, though the presence of necrosis negates that
effect [47]. One study showed no difference in survival [48], although many of the ‘GBM-
O’ cases in that cohort had EGFR amplification and may have been small cell GBMs [46].
Nevertheless, none of the codeleted GBMs in this cohort showed appreciable
oligodendroglial morphology (see Table 2 hyperlinks for representative virtual slides), or if
even some of the tumour was equivocal for oligodendroglial morphology (e.g. case 18
virtual slide in Table 2), the tumour was negative for R132H IDH1 and had 10q LOH, both
of which are more consistent with GBM than an oligodendroglioma [26,46,49].

Taken together, our data suggest that upfront reflex 1p/19q testing of all gliomas is
unhelpful, insofar as even the rare ‘positive’ result in a GBM is unlikely to have clinically
relevant whole-arm codeletion, and a change in diagnosis or prognosis is not warranted. In
questionable cases where codeletion testing needs to be done, assessment of 10q and EGFR
copy number and/or IDH1/2 mutations can act as a check on 1p/19q results.

EORTC and RTOG studies showed 1p/19q codeletion to be predictive of PCV response in
anaplastic oligodendrogliomas [21,22]. However, only one case in this entire current cohort
involved adjuvant PCV, as second-line therapy in a GBM with no sign of 1p/19q codeletion
(not shown), and the patient survived 10 months after surgery.

From a broader perspective, molecular testing in gliomas is still the way of the future, but
results cannot be interpreted in isolation. Clinical trial assignment often depends on specific
molecular results, and the field as a whole seems to be heading towards reclassification of
gliomas based on upfront genetic testing. However, this study demonstrates that, because
1p/19q testing has no utility in a histologically unequivocal GBM, light microscopic
examination will likely remain a primary component of glioma diagnostics for quite some
time.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
GBMs with false 1p/19q codeletion by FISH. Despite strong astrocytic morphology, all four

cases of GBM showed 1p/19q codeletion by FISH (case numbers correspond to Table 2).
However, none were codeleted by PCR-based LOH analysis and all had 10q LOH. Case 3
(A, B) also had EGFR amplification. None of the four patients survived beyond 10 months
after initial surgery. FISH, fluorescence in situ hybridization; LOH, loss of heterozygosity;
GBM, glioblastoma; PCR, polymerase chain reaction.
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Figure 2.
Glioblastomas with false 1p/19q codeletion by LOH. Analogous to Figure 1, these four

histologically unequivocal GBMs showed 1p/19q codeletion by LOH (case numbers
correspond to Table 2). Only case 18 appeared codeleted by FISH and all had 10q LOH.
Case 22 (E, F) also had EGFR amplification. None of the four patients survived beyond 15
months after initial surgery. FISH, fluorescence in situ hybridization; LOH, loss of
heterozygosity; GBM, glioblastoma.
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1p/19q data lacks prognostic significance in histological GBMs. On univariate analysis,
neither 1p/19q FISH (A) nor PCR-based LOH data (B) had any relevance concerning overall
survival. FISH, fluorescence in situ hybridization; LOH, loss of heterozygosity; GBM,
glioblastoma; PCR, polymerase chain reaction.
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Table 1

Cohort characteristics

Age Median 63 years
Range 18-89 years
Gender Male (%) 311 (58.5)
Female (%) 221 (41.5)
Surgery Biopsy only (%) 168 (34.1)
STR (%) 187 (37.9)
GTR (%) 138 (28.0)
Adjuvant therapy ~ None (%) 82 (17.6)
Adjuvant with TMZ (%) 312 (67.1)
Adjuvant without TMZ (%) 71 (15.3)
Location Frontal (%) 143 (29.5)
Temporal (%) 133 (27.5)
Parietal (%) 85 (17.6)
Occipital (%) 17 (3.5)
Multilobe (%) 59 (12.2)
Other (%) 47 (9.7)

A total of 532 cases comprised the complete GBM cohort, 491 of which had upfront 1p/19q testing, 484 had known tumour location, 493 had
known surgery type, and 465 had known information regarding adjuvant therapy. A total of 470 patients (88.3%) were deceased at the time of
analysis. Mean survival was 8.7 months. TMZ, temozolomide; STR, subtotal resection; GTR, gross total resection.
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Multivariate analysis of clinical and molecular factors in GBM

Variable HR  95% CI P
Age 45+ vs. <45 years 2.7 1.8-4.1 <0.0001
Resection vs. biopsy alone  0.53  0.41-0.68 <0.0001
TMZ vs. no TMZ 0.35 0.27-0.46 <0.0001
1p/19q codeletion by FISH  0.87  0.50-1.5 0.61
1p/19q codeletionby LOH  0.73  0.27-2.0 0.54
10q LOH 0.97 0.70-1.3 0.85
EGFR amplification 1.0 0.79-1.3 0.91

Table 3

Page 18

Patient age, surgery type and adjuvant therapy with TMZ were all independent prognostic variables in tumours that were histological GBMs. In

contrast, neither 1p/19q codeletion by FISH or LOH analysis had any impact on survival; neither did 10q LOH or EGFR amplification.

HR, hazard ratio; ClI, confidence interval; FISH, fluorescence in situ hybridization; LOH, loss of heterozygosity; GBM, glioblastoma.

Neuropathol Appl Neurobiol. Author manuscript; available in PMC 2014 October 01.



