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Abstract

One of the major challenges of surgical neuropathology is the distinction of diffuse astrocytoma
(World Health Organization [WHQY] grade I1) from astrocytosis. The most commonly used
ancillary tool to solve this problem is p53 immunohistochemistry (IHC), but this is neither
sensitive nor specific. Isocitrate dehydrogenase 1 (IDH1) mutations are common in lower grade
gliomas, with most causing a specific amino acid change (R132H) that can be detected with a
monoclonal antibody. IDH2 mutations are rare, but also occur in gliomas. In addition, gains of
chromosome 7 are common in gliomas. In this study we assessed the status of p53, IDH1/2 and
chromosome 7 to determine the most useful panel to distinguish astrocytoma from astrocytosis.
We studied biopsy specimens from 21 WHO grade Il diffuse astrocytomas and 20 reactive
conditions. The single most sensitive test to identify astrocytoma is fluorescence in situ
hybridization (FISH) for chromosome 7 gain (76.2%). The combination of p53 and mutant IDH1
IHC provides a higher sensitivity (71.4%) than either test alone (47.8%); this combination offers a
practical initial approach for the surgical pathologist. The best overall sensitivity (95%) is
achieved when FISH for chromosome 7 gain is added to the p53-mutant IDH1 IHC panel.
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INTRODUCTION

Diffuse astrocytoma (World Health Organization [WHOY] grade I1) is an infiltrating tumor
that may be difficult to diagnose on standard hematoxylin and eosin stains, particularly on
small biopsies. The major differential diagnosis is reactive astrocytosis in the setting of a
non-neoplastic process. This differential diagnosis is a critically important one, i.e. if the
pathologist cannot make the decision with confidence, proper treatment is delayed and there
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likely is a need for a second biopsy. The most commonly used markers to differentiate
astrocytoma from astrocytosis are immunohistochemical stains for glial fibrillary acid
protein (GFAP), proliferation markers (e.g. Ki-67) and p53.

GFAP is used to highlight astrocyte distribution, architecture and types of processes.
Astrocytosis should feature evenly spaced astrocytes with multiple, thin long radiating glial
processes. In contrast, diffuse astrocytoma has astrocytic cells that cluster and have shorter,
thicker processes. However, these stains do not always permit accurate diagnosis,
particularly because reactive astrocytosis occurs in astrocytomas, often at the infiltrating
edges.

Proliferation markers such as the Ki-67 antibody have also been used to differentiate
astrocytosis from astrocytoma. Reactive astrocytes proliferate, but usually have low
proliferation indices of around 1%. However, proliferation indices can be high in some
reactive conditions, for example, 13% in progressive multifocal leukoencephalopathy (PML)
(1). Moreover, WHO grade Il diffuse astrocytomas usually have low proliferation indices
(ranging from 1.7 to 4.2%), similar to those of reactive conditions (2,3). Nonetheless,
although the proliferation index itself is not useful in making the distinction, because the
Ki-67 antibody is a nuclear stain, it may help to highlight cytologically atypical, presumably
neoplastic nuclei within a low cellularity biopsy. Such information, however, is not
definitive for diagnosis.

TP53 mutations are common and early genetic alterations in astrocytomas, with mutations
often affecting particular hotspots such as exons 248 and 273 (4). Nearly 60% of WHO
grade Il diffuse astrocytomas have TP53 mutations (5). Because most mutant forms of p53
have a longer half-life, strong and diffuse staining for p53 by immunohistochemistry (IHC)
is used as a marker of astrocytoma. However, not all mutations lead to an increased half life
(4); some wild-type proteins may accumulate (6) and some reactive conditions (notably
PML) may show conspicuous p53 expression (7,8). All of these factors limit the sensitivity
and specificity of p53 IHC for diagnosing astrocytomas.

Other genetic changes that are common in low-grade astrocytomas include copy number
gain of chromosome 7 (9,10) and IDH gene mutations (11,12); these changes have not been
seen in astrocytosis (13-15). Chromosome 7 gain has been reported in up to two thirds of
astrocytomas, including both diffuse and pilocytic forms (16,17). Isocitrate dehydrogenase 1
(IDH1) gene mutations have been reported in up to 70% of grade Il astrocytomas (18,19).
Mutations in the IDH2 gene also occur, but are less common (11,12). More than 90% of
IDH1 mutations involve substitution of arginine by histidine at codon 132 (R132H). This
amino acid change can be detected by IHC with a monoclonal antibody (20). IDH mutations
have not been found in reactive astrocytic conditions (15) and appear to be specific to
gliomas. There are, however, rare exceptions that do not enter into the differential diagnosis
of grade Il astrocytoma vs. astrocytosis, such as acute myeloid leukemia, prostate cancer and
paraganglioma (21-23). We have shown that mutant IDH1 (R132H)-specific IHC can be
useful in the differential diagnosis of astrocytosis from astrocytoma, but this approach
detected less than half of the studied astrocytomas (14).

To develop a practical panel to distinguish diffuse astrocytoma from reactive astrocytosis,
we therefore evaluated a combination of immunohistochemical and molecular techniques to
detect TP53 and IDH1/2 mutations as well as copy number gain of chromosome 7. The tests
were analyzed individually and in combination to identify the most sensitive and practical
combination for practicing neuropathologists.

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2012 February 1.
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MATERIALS AND METHODS

Cases

We analyzed 21 WHO grade |1 diffuse astrocytomas and 20 reactive conditions with
astrocytosis (10 resections for epilepsy, 7 infarcts, 2 evacuated hematomas, and 1 traumatic
brain injury), as previously described (14). All samples were formalin fixed-paraffin-
embedded (FFPE) tissue from surgical pathology specimens collected at the Massachusetts
General Hospital. The study was conducted following Institutional Review Board approval.

p53 and IDH1 (R132H) IHC

Immunohistochemical staining was performed on BenchMark XT automated tissue staining
systems (Ventana Medical Systems, Inc., Tucson, AZ) using an anti-p53 mouse monoclonal
antibody (1gG1/K) (Ventana) or an anti-human IDH1-R132H mouse monoclonal antibody
culture supernatant (provided by Dr. Andreas von Deimling, University of Heidelberg,
Heidelberg Germany), as previously described (14). Of note, the IDH1-R132H mouse
monoclonal antibody used in this study is the same as the currently commercially available
(Dianova, Hamburg, Germany). The results were scored as positive or negative staining
independently by 2 authors (SCP and MJ).

FISH for Chromosome 7 Copy Number Gain

Four-um-thick FFPE sections were used for 3-color FISH using the following probes: BAC
clone (CTD-2113A18), specific for epidermal growth factor (EGFER), Spectrum Red (Abbott
Molecular, Abbott Park, IL), for the short arm of chromosome 7; BAC clone
(CTB-1013N12), specific for C-MET, Spectrum Green (Abbott Molecular), for the long arm
of chromosome 7; and a control probe, Cep 7 (Abbott-Vysis 06J54-027), Spectrum Aqua
(Abbott Molecular), for the centromere of chromosome 7. One hundred nuclei were scored
by 1 author (SCP) for each case. The number of signals for each probe was recorded with 3
or more signals considered as copy number gain. Astrocytosis cases were counted first to
determine the baseline percentage of non-neoplastic cells that could display copy humber
gain. We then evaluated the tumor cases and designated astrocytomas as positive when the
percentage of cells with copy number gain was 2 or more standard deviations above the
mean of the reactive cases.

TP53, IDH1 and IDH2 Mutation Analysis by SNaPshot Genotyping

A 1.5-mm-tissue core was obtained from paraffin blocks, deparaffinized at 95°C for 40
minutes and incubated overnight at 55°C with proteinase K solution. DNA extraction was
then performed using the QlAamp DNA Blood mini kit (QIAGEN, Valencia, CA).

Mutational analysis of TP53 at hotspot codons R175, G245, R248, R273 and R306 was
performed using a recently developed tumor genotyping protocol that applies SNaPshot
multiplex technology (Life Technologies/Applied Biosystems, Carlsbad, CA) and that
detects multiple mutations in tumor DNA extracted from FFPE tissue (24).

Four SNaPshot assays were used to perform targeted mutational analysis at codon R132 in
IDH1 (nucleotide positions ¢.394 and ¢.395) and at codon R172 in IDH2 (c.514 and ¢.515).
The following primers were used for PCR: IDH1 exon 4, 5’-
ACGTTGGATGGGCTTGTGAGTGGATGGGTA-3’ (forward) and 5°-
ACGTTGGATGGCAAAATCACATTATTGCCAAC-3’ (reverse) and IDH2 exon 4, 5°-
ACGTTGGATGAACATCCCACGCCTAGTCC-3’ (forward), and 5’-
ACGTTGGATGCAGTGGATCCCCTCTCCAC-3’ (reverse). The IDH1 and IDH2
amplification reactions were run independently using previously described conditions (24).
Briefly, PCR was performed in a volume of 10 pl, containing 0.5 units of Platinum Taq
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polymerase (Invitrogen, Carlsbad, CA), 30 nmol MgCl,, 3 nmol dNTPs (Invitrogen), 0.6
pmol of amplification primers (IDT, Coralville, IA) and 20 ng of FFPE-derived tumor DNA.
The IDH1 extension reactions were run individually and the IDH2 assays were run in a
duplex SNaPshot reaction using the following primers: IDH1.394 extR 5’-
GACTGACTGGACTGACTGACTGACTGACTGGACTGACTGACTGAGATCCCCATA
AGCATGAC-3’, IDH1.395 extR 5’-TGATCCCCATAAGCATGA-3’, IDH2.514 extF 5’-
GACTGACTGACTGACTGACTGACTGACTGGACTGACTGACTGACTGACTGGACT
GACTGACCCATCACCATTGGC-3’ and IDH2.515 extR 5’-
GACTGACTGACTGACTGACTGACTGACTGACTGACTGGACTGACTGACTGACTG
ACTGGACTGACTGAGCCATGGGCGTGC-3'. Single-base primer extension was
performed in a volume of 10 pl, containing 3 pl of purified PCR product, 2.5 pl of
SNaPshot Multiplex Ready Reaction mix, and extension primers (0.4 pmol for the IDH1.394
assay, 0.6 pmol for the IDH1.395 assay, and 0.4 pmol of each extension primer for the
1DH2.514/IDH2.515 duplex reaction). Thermocycling conditions were as previously
described (24).

RESULTS

p53 IHC

None of the astrocytosis cases had positive nuclear staining in astrocytes; 1 case had light
nuclear staining of macrophages that were easily identifiable as such. Strong, diffuse nuclear
staining was present in 10 of the 21 astrocytomas, providing a sensitivity of 47.6% (Fig. 1).

TP53 Mutation Analysis

The assay used screens for hotspot mutations at 5 codons, which include the 3 most common
TP53 mutations found in astrocytomas. No mutations were present in the astrocytosis
cohort, but 4 of the 21 astrocytomas had mutations: 2 R273C, 1 R248Q and 1 R175H.
Therefore, the assay had a sensitivity of 19% for detecting tumor. The 4 cases with TP53
mutations were also positive on p53 IHC (Table 1).

Mutant-specific (R132H) IDH1 IHC

None of the astrocytosis cases were positive for mutant-specific IDH1 IHC, whereas 10 of
21 astrocytomas were immunoreactive (Fig. 1), yielding a sensitivity for detecting tumor of
47.6% (Table 1). Five of the 10 mutant IDH1-immunopositive astrocytomas were also
immunoreactive for p53.

IDH1/2 Mutation Analysis

IDH1/2 mutations were identified in 15 tumors. The most common IDH1 mutation
identified was R132H (10/21 astrocytomas). Three cases had IDH1 R132C and 1 had
R132G mutation. Only 1 case was positive for an IDH2 mutation (R172K) (Table 1). The
sensitivity for diagnosing astrocytoma with mutation analysis by IDH1 or IDH2
independently was, therefore, 66.7% and 4.7%, respectively; the sensitivity increased to
71.4% when used in combination (Table 2).

Correlation of IDH1 Mutation Analysis and Mutant-specific IDH1 IHC

All IDH1 R132H mutant astrocytomas were strongly immunopositive for mutant-specific
(R132H) IDH1 by IHC, with the exception of 1 block in case xT6305 (previously reported
as negative in [14]). Repeat mutant-specific IDH1 IHC on this block revealed rare positive
cells. Notably, this block was from previously frozen tissue, whereas no other blocks studied
had been previously frozen. Thus, both the solid and infiltrating tumor blocks tested positive
for the same mutation, but only the solid tumor stained strongly for mutant IDH1.

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2012 February 1.
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Copy Number Gain of Chromosome 7 by FISH Analysis

Reactive astrocytosis cases had a baseline mean of 2.5% of cells showing chromosome 7
centromere gain (range = 0-5% of cells). Most of these rare cells with copy number gain had
3 or 4 signals. Sixteen of 21 astrocytomas demonstrated chromosome 7 centromere gain,
defined as 2 or more standard deviations (>6%) beyond the mean of the reactive cases
(range = 7%-52%; mean = 19%); most of them exhibited gain at all 3 markers and therefore
most likely representing gain of the entire chromosome (Fig. 1). The sensitivity of
chromosome 7 FISH for diagnosing astrocytoma was therefore 76.2%.

Combination Panels

Of the 15 astrocytomas with IDH1/2 mutations, 7 did not have p53 alterations by IHC or

TP53 mutations on the SNaPshot assay; of those 7 cases, 5 had IDH1 R132H mutation, 1
had IDH1 R132G mutation and 1 had the IDH2 R172K mutation. Of the 8 cases with p53
and IDH1 alterations, 5 had IDH1 R132H mutation and 3 had IDH1 R132C mutation.

Sensitivity was calculated for all possible combinations of tests to identify the best panel for
identifying astrocytoma (Table 2). The assays with the lowest sensitivities when performed
alone were TP53 hotspots and IDH2 mutation analyses (19% and 4.7%, respectively). When
these 2 tests were combined with the others tests, they did not significantly increase
sensitivity (data not shown).

The combination of p53 and mutant-specific IDH1 IHC has 100% specificity and a much
higher sensitivity (71.4%) than that of either test by itself. FISH for chromosome 7 gain had
the best overall sensitivity of a single test (76.2%), and had even better sensitivity when
combined with IDH1 IHC or mutation analyses (95%) than when combined with p53 IHC
alone (80.9%). When 3 or more tests are combined, the best sensitivity is achieved when
chromosome 7 FISH is included in the panel (95%) (Table 2).

DISCUSSION

The distinction of infiltrating astrocytoma from astrocytosis is one of the most difficult
differential diagnoses faced by surgical pathologists. Each of the commonly used
approaches to address this differential diagnosis has problems with sensitivity, and some
have problems with specificity. We, therefore, combined the currently most promising
molecular and immunohistochemical assays to develop a diagnostic panel. We found that a
combination of assays that included mutant IDH1 and p53 IHC with chromosome 7 FISH
was 100% specific and 95% sensitive for diagnosing astrocytoma.

To detect copy number gain, we used a FISH assay that is commonly used in our molecular
diagnostic laboratory: 3-color FISH for EGER, C-MET and the centromere of chromosome
7. This assay proved the most sensitive single test to detect tumor in this study (sensitivity of
76.2%). Unfortunately, the technique has several practical limitations, particularly in the
setting of a low cellularity infiltrating astrocytoma. Furthermore, this technique is time
consuming and somewhat challenging because one must count individual signals from at
least 100 nuclei to ensure adequate evaluation of diagnostic cells in low cellularity biopsies.
In addition to low cellularity, brain autofluorescence can create difficulty counting the
signals, particularly if the biopsy includes the cerebral cortex. Nonetheless, FISH analysis of
interphase nuclei in FFPE tissue has become standard in many pathology laboratories (25),
and for laboratories familiar with FISH these difficulties are readily surmountable.
Therefore, FISH provides a powerful differential diagnostic tool in this setting, either by
itself or in combination with IHC.

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2012 February 1.
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The second most useful individual assay involved the identification of IDH1 mutation.
Because IDH1 and IDH2 mutations nearly always target a single codon in each gene (132
for IDH1 and 172 for IDH2), molecular approaches can be designed for efficient detection.
In addition, because >90% of IDH1 mutations are substitutions of arginine for histidine
(R132H), IHC can be used to identify the most common IDH1 mutations. We previously
reported the utility of the mutant-specific (R132H) antibody in the differential diagnosis of
astrocytoma vs. astrocytosis in the same series of cases used in this study (14). Here, we
combined the previous immunohistochemical approach with mutation detection at the DNA
level. We found the common IDH1 R132H mutation in 71.4% of the grade Il astrocytomas
with mutations (10/14), which is consistent with the literature (11,12).

In the present series, all astrocytomas with the R132H IDH1 mutation were strongly positive
by mutant-specific IDH1 IHC. Of note, in our initial series, case XT6305 had been reported
as immunonegative on mutant IDH1 IHC (14). The tumor had the R132H IDH1 mutation on
SNaPshot analysis and we therefore repeated IHC on 2 blocks of this tumor: 1) the original
block, which contained low cellularity tumor infiltrating cerebral cortex and which had been
previously frozen; and 2) a block of cellular, "solid" tumor. Repeat mutant IDH1 IHC
showed strong staining in the "solid" component but only scattered positive cells in the
infiltrating tumor. The explanation for this variance is not clear but could be related to prior
freezing of the tissue (none of the other blocks in this study had been previously frozen),
obfuscating immunoreactivity, or to greater sensitivity of mutation detection techniques over
IHC in low cellularity biopsies with only rare infiltrating cells. A practical corollary of this
observation could be that neuropathologists may need to select previously unfrozen tissue
for mutant IDH1 IHC analysis; however, this question clearly requires further study. In
general, therefore, mutant-specific (R132H) IDH1 IHC is a sensitive and practical tool to
diagnose grade Il astrocytoma in FFPE material. The mutant-specific (R132H) IDH1
antibody used in this study is now commercially available (Dianova) and we have
standardized the commercial antibody to obtain strong immunoreactivity identical to that
described in this study. On the other hand, if DNA mutation detection technology is
available for IDH1/2 mutations, this may have better sensitivity than IHC for mutant
specific IDH1 by itself.

TP53 mutations involve several regions of the gene, making screening for all mutations
impractical and costly at present. In this study, we screened for the 3 most common
mutations found in diffuse astrocytomas (exons 175, 248 and 273), which have been
reported in approximately 26% of such tumors in a population-based study (5). In our study,
only 4 of 21 cases (19%) had TP53 mutations by SNaPshot analysis, but 10 cases were
strongly immunoreactive for p53 protein (including the 4 cases with TP53 mutations).
Therefore, p53 IHC is a more sensitive and less expensive method for diagnosing
astrocytoma, but by itself has a sensitivity of only 47%.

It has been suggested that IDH1 mutation is an early change in gliomagenesis that antedates
TP53 mutation (19). In our study, 7 astrocytomas with IDH1/2 mutations did not show p53
alterations, supporting this hypothesis. On the other hand, 2 cases (XT 6375 and xT4334)
had p53 accumulation on IHC but no identified IDH1/2 mutation. Of note, both of these
cases had chromosome 7 gain. Thus, the combination of p53 and mutant-specific (R132H)
IDH1 IHC is an easy and relative sensitive combination of tests (71.4%) to detect tumor and
is more sensitive than the use of either mutant IDH1 or p53 IHC.

We have shown that a panel that includes IDH1, IDH2 and TP53 mutation analysis, FISH
for chromosome 7 gain, as well as mutant-specific IDH1 and p53 IHC, is a powerful
addition to the diagnostic armamentarium. In this study the assays were 100% specific.
Moreover, only a single astrocytoma was negative on all assays. Our series was relatively
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small, but involved carefully selected, “classic” examples of grade 1 astrocytoma and
reactive astrocytosis cases diagnosed at our hospital; the findings require follow-up with a
larger series of cases and in other laboratories. Nonetheless, our results enable initial
recommendations to be made. The single most sensitive test to diagnose astrocytoma is
FISH for chromosome 7 gain; this assay adds the most sensitivity when used in combination
with other assays. The best test combination of 2 assays is IDH1 mutation analysis and FISH
for gain chromosome 7 (sensitivity 95% and specificity 100%), but both of these assays
require technology that may not be available in all neuropathology laboratories. Taking into
account ease, availability and practicality, the most attractive combination to detect diffuse
astrocytoma is mutant-specific (R132H) IDH1 and p53 IHC (sensitivity 71.4%). Therefore,
we propose that when faced with the differential diagnosis of reactive astrocytosis vs.
diffuse astrocytoma, pathologists begin with mutant IDH1 and p53 IHC. If these 2
techniques are negative and if the chromosome 7 FISH assay is available and standardized,
addition of FISH for chromosome 7 gain will still enable diagnosis of up to 95% of
astrocytomas (Fig. 2).

The field of diagnostic glioma pathology is changing rapidly as a result of the new
knowledge that is amassing from genomic inquiries. Each new genetic discovery requires
careful clinical validation and subsequent evaluation of the sensitivity and specificity of the
variety of available diagnostic assays for the alteration. As observed for both INI1/
SMARC2B1 and IDH1 over the past few years, the most practical assay for a particular
genetic change may be at the protein level, with a relatively easy immunohistochemical
assay. Importantly though, for each new assay, evaluations must also be made in
combinations with other already available approaches because the combinations may prove
more powerful and practical than the individual assays.
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Figure 1.

World Health Organization grade 11 diffuse astrocytoma immunoreactive for p53 and mutant
isocitrate dehydrogenase 1 (IDH1) and with copy number gain of chromosome 7. (A) p53
immunohistochemistry (IHC) shows strong, diffuse, nuclear positivity. (B) Mutant-specific
IDH1 (R32H) IHC shows strong granular cytoplasmic and sometimes nuclear
immunoreactivity in infiltrating tumor cells in the background of normal non-neoplastic
brain parenchyma. (C) Fluorescence in situ hybridization analysis for chromosome 7 copy
number detects copy humber gain for two probes (Spectrum Red EGER probe, Spectrum
Agua centromere 7). Similar results were obtained with the C-MET probe (data not shown).
The majority of cases showed gain of all 3 markers, likely representing gain of the entire
chromosome.
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Figure 2.

Suggested algorithm to approach the differential diagnosis of diffuse astrocytoma vs.
astrocytosis. IHC = immunohistochemistry; +7 = copy number gain of chromosome 7; Sens
= sensitivity; PPV = positive predictive value; NPV = negative predictive value.

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2012 February 1.
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