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INTRODUCTION

The TP53 gene on chromosome 17p13.1 encodes the p53 protein,
which plays a pivotal role in multiple cellular processes including
G1 arrest, DNA repair, apoptosis and differentiation (15). These
activities are largely dependent on its function as a transcription
factor, that is, by binding to DNA and activating transcription (11,
27). TP53 mutation is the most frequent genetic alteration among
human cancers (13, 26). The p53 protein is inactivated directly by
TP53 mutations or indirectly by alterations of genes that interact
with p53, such as MDM2 (27). TP53 is deemed as a tumor—
suppressor gene because its loss of function is involved in the
development of tumors and many of 7P53 mutations coincide with
loss of heterozygosity, leaving no wild-type allele. However, it is
also known that a mutant p53 protein can form a complex with its
wild-type counterpart and impair the activity of the normal
protein, acting as a “dominant negative” oncogene (19).

TP53 is strongly involved in the tumorigenesis of gliomas;
TP53 mutations are one of the most common genetic alterations
(up to 70%) in diffuse astrocytomas World Health Organization
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Abstract

The association between pS53 immunohistochemistry and 7P53 mutation status has
been controversial. The present study aims to re-evaluate the efficacy of p53
immunohistochemistry to predict the mutational status of 7P53. A total of 157 diffuse
gliomas (World Health Organization grades II-IV) were assessed by exon-by-exon DNA
sequencing from exon 4 through 10 of T7P53 wusing frozen tissue samples.
Immunohistochemistry with a p53 antibody (DO-7) on paired formalin-fixed paraffin-
embedded materials was assessed for the extent and intensity of reactivity in all cases. A
total of 72 mutations were detected in 66 samples. They included 60 missense mutations,
five nonsense mutations, four deletions and three alterations in the splicing sites. A receiver
operating characteristic curve analysis revealed that strong p53 immunoreactivity in more
than 10% of cells provided the most accurate prediction of mutation. Using this cutoff
value, 52 of 55 immunopositive cases harbored a mutation, whereas only 14 of 102
immunonegative cases showed mutations, sensitivity and specificity being 78.8% and
96.7%. Tumors with frameshift mutations frequently showed negative immunostaining.
Staining interpretation by an independent observer yielded comparable accuracy. We thus
propose pS3 immunohistochemistry as a moderately sensitive and highly specific marker to
predict 7P53 mutation.

(WHO) grade II (DA) and anaplastic astrocytoma grade III (AA)
(8). They are almost invariably associated with isocitrate
dehydrogenase 1 or 2 (/DH1/2) mutations in these tumors (7).
They are however rare among oligodendroglial tumors, another
type of diffuse gliomas that frequently harbor /DH1/2 mutation
as well as total 1p/19q loss. This has led to the hypothesis
that astrocytomas and oligodendroglial tumors share IDHI1/2
mutation-harboring progenitor cells as the common cell of
origin, from which astrocytomas develop through acquiring 7P53
mutations, among others. On the other hand, 7P53 mutations are
also common among primary glioblastomas (GBM) found in
around 30% of them. Unlike in astrocytomas, 7P53 mutations in
GBM are not accompanied by preceding /DH1/2 mutations, but
co-operate with inactivation of the RBI pathway by means of
either RB1 mutations or CDK4 amplification, among others, to
ensure simultaneous silencing of both the p53 and RBI path-
ways. Thus, the mutated 7P53 appears to play a dual role in the
development of adult gliomas. These tumor-specific patterns of
TP53 mutations make it a valuable potential diagnostic marker
4, 7, 18).
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The activity of the p53 protein is mostly controlled post-
translationally. The ubiquitin E3 ligase Mdm2 is a key regulator of
p53. Mdm2 binds to p53 and attaches ubiquitin (ubiquitination),
leading to degradation of the protein. In addition to the role as a
negative regulator, Mdm2 is also known to promote 7P53 transla-
tion and protein synthesis by interacting with mRNA. These inter-
actions of MDM?2 with TP53 at mRNA and protein levels
meticulously control the balance between synthesis and degrada-
tion of p53 (21). The wild-type p53 protein has a rapid turnover
and is normally undetectable by immunohistochemistry (IHC)
(14). In contrast, the mutant p53 protein escapes from degradation
and accumulates in the cells, thus detected as positive staining by
IHC (2). This somewhat paradoxical upregulation of p53 has been
exploited to estimate the presence of 7P53 mutations.

Practically, pS3 IHC using formalin-fixed paraffin-embedded
materials has been employed as a surrogate for DNA sequencing
for detecting mutations. Because 7P53 mutation is a characteristic
feature of astrocytic tumors while it is rarely observed in pure
oligodendrogliomas (OLs) (4), some investigators use positive p53
immunostaining as a diagnostic support to determine astrocytic
differentiation in morphologically ambiguous cases. However,
several investigations conducted over the last two decades have
shown a somewhat disappointing concordance between 7P53
mutation status and p53 IHC in a few series of gliomas (5, 10, 12,
16, 22, 24, 29) (Table 1). Although a relatively high concordance
ranging from 55% to 82% has been reported in these studies, the
frequency of p53 immunoreactivity in the absence of detectable
mutations (“false-positive rate”) was high (11.5%-45.2%). The
discrepancy may be rooted in technical limitations, because most
of the past investigations have employed the polymerase chain
reaction (PCR)-assisted single-strand conformation polymor-
phism (SSCP) technique, which is known to have limited sensitiv-
ity in detecting mutations. In addition, criteria for staining
interpretation in those earlier works were rather ambiguous, which
might also have introduced considerable variability in the certainty
of the results. Thus, the reliability of p53 IHC to predict 7P53
mutations is currently uncertain.

Here, we compared the p53 immunoreactivity and the 7P53
mutation status obtained by DNA sequencing in 157 diffuse
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gliomas in order to establish an optimal criterion to interpret p53
immunostaining that best predicts the gene mutation status. We
found that a strong p53 immunoreactivity in more than 10% of
cells predicts missense mutations of 7P53 with a high accuracy,
reinstating p53 IHC as a practicable biomarker.

MATERIALS AND METHODS

Tumor samples

A total of 157 diffuse gliomas were included in the study. All
histopathological specimens were reviewed and the tumors were
classified according to the latest WHO classification (17). Snap-
frozen fresh tumor tissues obtained at the time of surgery were
available for each case. The tumor series include 29 DAs, two OLs,
six oligoastrocytomas (OA), 28 AAs, five anaplastic OLs (AO), 19
anaplastic OAs (AOA) and 68 GBMs. Among the 68 GBMs, 62
were primary GBMs (pGBM) and six secondary GBMs (sGBM),
which were determined based on the clinical history of the
patients. The /DH1/2 mutation and the 1p and 19q copy number
status were previously determined for this cohort, using
pyrosequencing and multiplex ligation-dependent probe amplifi-
cation (MLPA), respectively, as described (1). The study has been
approved by the institutional review board.

DNA extraction

Genomic DNA was extracted from the frozen tumor tissues using
a DNeasy tissue kit (Qiagen, Tokyo, Japan) according to the manu-
facturer’s recommendations.

TP53 mutational analysis

TP53 mutations were screened by direct Sanger sequencing in all
cases. Sequences in the 7P53 exons 4—10, which covered virtually
all regions where mutations were previously reported, including
mutational hotspots in exons 5-8, as well as at least 10 bases of
adjacent intron sequences, were amplified by PCR. Primer

Table 1. A literature review of the comparative studies between p53 IHC and TP53 mutations.

Author Year  Histology (WHO grade) No. Method Exon Concordance Immunohistochemistry False
rate (%) IHC(H/ IHCU)/ HCE/ IHCHY [
Mut(+)  Mut(-=)  Mut(+) Mut(-)
Louis 1993  Astrocytic gliomas (lI-1V) 34 SSCP 5-8 59 8 10 4 12 29.4
Newcomb 1993  Glioblastoma (IV) 37 SSCP 2-11 81 17 7 0 13 18.9
Koga 1994 Glioma (II-1V) 19 SSCP + Seq 4-8 74 5 3 2 9 15.8
Lang 1994  Astrocytic gliomas (I-Il1) 31 SSCP + Seq 2-11 b5 6 14 0 1 45.2
Schiffer 1995  Glioma (I-IV) of childhood 30 SSCP + Seq 5-8 73 3 8 0 19 26.7
Hagel 1996 Oligodendrocytic gliomas 122  SSCP 5-9 82 7 15 7 93 12.3
(11=1V)
Kyritsis 1996  Glioma (II-IV) 61 Seq 5-8 82 17 7 4 33 11.5
Watanabe 1997  Astrocytic gliomas (lI-I1V) 144  SSCP + Seq 4-8 74 nd 26 9 nd 18.1
Gillet 2014  Glioma () 59 lon Torrent + Seq 1-11 78 24 6 7 22 10.2
This study 2014  Glioma (lI-1V) 157  Seq 4-10 89 52 3 14 88 2.5

Abbreviations: IHC = immunohistochemistry; Seq = DNA sequencing; SSCP = single-strand conformation polymorphism; WHO = World Health

Organization.

Brain Pathology 25 (2015) 256-265
© 2014 International Society of Neuropathology

257



TP53 Mutations and Immunohistochemistry in Gliomas

Table 2. List of primers.

Exon  Template  Direction  Sequence
2-3 gDNA F TTGGAAGCGTCTCATGCTG
R GTAGATGGGTGAAAAGAGCAG
4 gDNA F M13-ACGTTCTGGTAAGGACAAGGG
R GAGGAATCCCAAAGTTCCAAAC
5-6 gDNA F M13-GCCGTGTTCCAGTTGCTTTATC
R GCCACTGACAACCACCCTTA
7 gDNA F M13-ACAGGTCTCCCCAAGGCGCAC
R CAGTGTGCAGGGTGGCAAGTG
8-9 gDNA F M13-AAATGGGACAGGTAGGACC
R TGTTAGACTGGAAACTTTCCAC
10 gDNA F ACTTACTTCTCCCCCTCCTC
R M13-GAATCCTATGGCTTTCCAACC
1 gDNA F CCTTCAAAGCATTGGTCAGG
R CCAAAACCCAAAATGGCAGG
8-11 cDNA F GCGCACAGAGGAAGAGAATC
R GGTAGACTGACCCTTTTTGGAC

Abbreviations:  M13-=the M13 forward primer
(GTAAAACGACGGCCAG) added to be used for sequencing.

sequence

sequences are listed in Table 2. PCR was performed in a total of
10 uL reaction containing 10 ng of tumor DNA, 2 uL of 10x PCR
buffer, 2 uL of 10 mM dNTPs, 1.6 uL of 25 mM MgCl,, 0.5 uL
of each forward and reverse primers (20 uM), and 0.1 uL of
S5U/ML AmpliTag Gold 360 PCR Master Mix (Applied
Biosystems, Inc., Foster City, CA). Initial denaturation was per-
formed at 95°C for 10 minutes. This was followed by 35 cycles of
amplification consisting of denaturation at 95°C for 30 s, anneal-
ing at 55°C for 30 s and extension at 72°C for 30 s. For the PCR of
exon 7, the annealing temperature was set at 60°C, and the ampli-
fication cycle was 30. The PCR products were treated with
ExoSAP-IT (USB Corporation, Cleveland, OH, USA). Cycle
sequencing was carried out using the BigDye Terminator v3.1
cycle sequencing kit (Applied Biosystems, Inc.). One case
(AA043) in which no mutation was found in exons 4—10 despite
diffuse positive immunoreactivity (see Results section) was further
sequenced for exons 2, 3 and 11.

For DAOQ9S, the only case with a mutation in intron 9, TA
cloning and sequencing using the PCR product were performed
in order to accurately determine the mutated sequence. Total
RNA was extracted from the frozen samples using an RNeasy
Mini Kit (Qiagen) according to the manufacturer’s recommen-
dations. First-strand cDNA was synthesized from 500 ng of total
RNA with Superscript III (Invitrogen Life Technologies,
Carlsbad, CA, USA). PCR was performed using the primers
located within exon 8 (forward) and 11 (reverse) that amplifies a
part of the transcript with the condition mentioned above. The
PCR product was subcloned into a pMD20-T vector using the
Mighty TA cloning kit (Takara Bio Inc., Tokyo, Japan) and
sequenced.

IHC

A 4 um-thick section of a representative block for each tumor was
deparaffinized. Heat-induced epitope retrieval was performed with
citrate buffer (pH 6.0). The slides were treated with 3% hydrogen
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peroxide for 20 minutes to block endogenous peroxidase activity,
followed by washing in deionized water for 2—3 minutes. The
slides were then incubated with a primary antibody against p53
(1:100, DO-7; Dako, Carpinteria, CA, USA) for 30 minutes at
room temperature. Immunoreactions were detected using the
EnVision detection system (Dako). The reactions were visualized
with 3,3’-diaminobenzidine, followed by counterstaining with
hematoxylin. Only nuclear staining in viable tumor cells was con-
sidered significant. The staining intensity was dichotomized into
weak and strong as follows: strong intensity was defined as being
readily visible using a 4x objective lens, while weak intensity was
defined as being readily visible only at higher magnifications. The
extent of weak and strong reactivity was separately recorded as a
percentage (0%—100%) of the total number of tumor cells exam-
ined. The interpretation was performed primarily by careful visual
inspection in the most reactive area of the slide, which was com-
plemented by manual counting as necessary. The scoring was
performed, blinded to the 7P53 mutation status, by a board-
certified pathologist who was in charge of our neuropathology
diagnostic service (AY). This assessment was used as a basis for
the subsequent analysis to establish the optimal cutoff value to
predict 7P53 mutation status.

Interobserver reproducibility

To test the reproducibility of the immunohistochemical criteria
established in this study, all 157 immunostained slides were
independently assessed by a second scorer, who is also a board-
certified pathologist currently actively involved in the neuropathol-
ogy diagnostic service (SF). This assessment was performed
entirely blinded to both the 7P53 mutation status and the staining
interpretation produced by the first scorer. The results of two
scorers were then statistically compared.

Statistical analysis

A receiver operating characteristic (ROC) curve was applied to
compare the IHC results and mutational status. The chi-square test
(two tailed) was used to compare the categorical variables. A linear
scale was applied to test the inter-scorer concordance of IHC
evaluation and the R? value was calculated. Statistical analyses
were carried out using JMP® 10 (SAS Institute Inc., Cary, NC,
USA). P <0.05 was considered statistically significant.

RESULTS

DNA sequencing

A total of 72 mutations were detected in 66 samples, including 60
missense mutations, five nonsense mutations, four deletions and
three alterations in the splicing sites (Table 3). Mutations were
most frequently observed in exon 5 (18 cases, 11.4%) followed by
exon 8 (17 cases, 10.8%). The great majority of the mutations were
within exon 5 through to exon 8 affecting the DNA binding
domain (61/72 cases, 84.7%) (Figure 1). The most common
recurrent mutation was R273C (nine cases, 5.7%), followed by
R248W (five cases, 3.2%) and R248Q (three cases, 1.9%). All the
other 47 types of mutation existed in only one or two tumor
samples. Among the 65 single nucleotide substitutions, the great
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Figure 1. The mutation profile of TP53 at each exon. Most mutations
(61/72, 84.7%) clustered within exons 5-8, which contain the mutation
hotspots. There was no mutation within exon 9, except one case with
a tandem duplication at the splice donor site in intron 9 (see Figure 2).

majority were either G: C> A : T (49,75.4%)orA: T>G:C (9,
13.8%) transition. The prevalence of mutations is shown in Table 3
in reference to the tumor histology. A high incidence of mutations
was observed in DAs (16/28 cases, 57.1%), AAs (17/29 cases,
58.6%) and sGBM (4/6 cases, 66.7%). No mutation was found in
OLs (0/2 cases) and AOs (0/5 cases) (Table 3). A mutation affect-
ing exon 9 was found in a single case, DA095. This case was found
to have a tandem duplication of a 55 base pair (bp) fragment that
extended from the 54 bases of exon 9 to the first base of intron 9,

TP53 Mutations and Immunohistochemistry in Gliomas

inserted after the first base of intron 9, which corresponds to the
splice donor site (Figure 2A). As sequencing showed approxi-
mately a 50:50 mixture of the inserted and wild-type sequences
(Figure 2A, DA095), it was considered that the insertion occurred
in one allele while the other allele remained intact, although the
allelic status has not been examined for this case. Sequencing of
the cloned RT-PCR product spanning a part of exon 8 through to
exon 11 revealed that the inserted fragment as well as the first base
of intron 9 were transcribed, producing a transcript with an addi-
tional 55 bp between exon 9 and 10 (Figure 2B,C). This insertion
causes a frameshift resulting in the truncation of the protein
product (see below).

IHC

Among the 157 cases, 153 (97.5%) showed at least focal p53
staining of any intensity, while four (2.5%) showed a total lack of
immunoreactivity. Strong reactivity was observed in 123 cases
with a range of 0%—100%, while weak reactivity was seen in 151
cases with a range of 0%—70%. The stained cells were distrib-
uted in a relatively uniform manner in all but four cases, in
which significant intratumoral staining heterogeneity was
observed. The representative findings of IHC are shown in
Figure 3.

Correlation between p53 IHC and
TP53 mutations

In search for optimal criteria to interpret the immunohistochemical
results that would best predict the mutation status of p53, the
results of direct sequencing and IHC were compared using a ROC
curve. The analyses were performed separately taking into consid-
eration either strong staining only, weak staining only or staining
of any intensity (ie, strong and weak intensity). The analyses

Table 3. Profile of TP53 mutations in 157

gliomas according to the histological diagnosis. DA oL OA AA AC ACA PGEM SGBM Total
Mutation
Present 16 0 1 17 0 4 24 4 66
Absent 12 2 5 12 5 15 38 2 91
Total 28 2 6 29 5 19 62 6 157
Frequency (%)  57.1 0.0 167 586 00 211 38.7 66.7 42.0
Location
Exon 4 1 0 0 2 0 1 2 0 6
Exon 5 3 0 0 3 0 1 9 2 18
Exon 6 3 0 0 5 0 1 2 1 12
Exon 7 3 0 0 6 0 0 5 0 14
Exon 8 5 0 1 3 0 1 5 2 17
Exon 9 1 0 0 0 0 0 0 0 1
Exon 10 0 0 0 0 0 0 4 0 4
Mutation type
Missense 14 0 1 15 22 5 60
Nonsense 1 0 0 2 0 0 2 0 5
Frameshift 1 0 0 2 0 1 3 0 7

Abbreviations: AA = anaplastic astrocytoma grade Ill; AO = anaplastic oligodendroglioma grade

AOA = anaplastic oligoastrocytoma

grade Ill; DA = diffuse astrocytoma grade |II;

OA = oligoastrocytoma grade II; OL = oligodendroglioma grade Il; pGBM = primary glioblastoma;
sGBM = secondary glioblastoma defined by clinical history.
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Figure 2. A. A schematic picture of the genetic alteration in DA095,
which had a 55 bp tandem duplication inserted after the first base of the
splicing site of intron 9. The electropherogram from genomic DNA, the
wild-type and the mutant transcript from the cDNA of DA095 are
shown. B. The gene rearrangement caused by this tandem duplication
is shown. A 55 bp duplication caused frameshift. C. An electrophoresis
image of the polymerase chain reaction products of cDNA from DA095
reveals two products: one being 286 bp from the normal allele and the
other 341 bp from the mutant allele.
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showed that the best performance was achieved when a cutoff
value of 14%, 7% or 40% was used for strong staining only, weak
staining only and staining of any intensity, respectively. The area
under the curve (AUC) for each respective condition was 0.894,
0.664 and 0.887. Although the performance was comparatively
high when counting either strong staining only or staining of any
intensity, we decided to consider strong staining only for further
analysis. This decision was made because a simple 10% cutoff
value for strong staining could produce the same accuracy as using
14%, given that no cases represented strong staining in the range
of 9%—13% (Figure 4). It was also based on our experience that a
10% cutoff provides more reproducible results and is readily appli-
cable to daily diagnostic practice than a 40% cutoff value. Conse-
quently, the IHC results were interpreted as immunopositive
when strongly stained cells constituted more than 10% of all
tumor cells examined and as immunonegative when they
accounted for less than 10% of them. Using this criterion, all 157
cases were evaluated either as immunopositive (55 cases, 35.0%)
or immunonegative (102 cases, 65.0%). When the IHC and muta-
tion status were compared, almost all immunopositive cases
harbored 7P53 mutations (52/55 cases, 95%), while only 14 of 102
immunonegative cases (14%) had mutations. The sensitivity and
specificity of p53 immunoreactivity to predict mutation in the gene
were 78.8% and 96.7%, respectively (Table 4).

There was a significant association between the types of 7P53
mutation and p53 IHC. The great majority of the cases that
harbored one or more missense mutations showed p53
immunopositivity (49/57 cases, 86.0%), while only 33% (3/9
cases) of the cases with protein-truncating mutations alone showed
immunopositivity (P = 0.0003, chi-square test). Protein-truncating
mutations were overrepresented (six cases) among the 14
immunonegative cases that harbored 7P53 mutations; these
included deletions (two cases), a nonsense mutation (one case) and
intronic mutations (three cases), all of which would result in
protein truncation. Similarly, 4 of 6 mutant cases that showed a
total lack of strongly stained cells had truncating mutations alone.

There were four cases (two DAs, one AA and one GBM) that
showed complete absence of p53 immunoreactivity. Among these
cases with a null pattern, only one AA harbored a splicing site
mutation in exon 7, while the remaining three cases were found to
have no mutation.

There were six cases (two AAs and four GBMs) harboring two
mutations in the same sample. Three of these had double missense

Figure 3. Representative immunohistochemistry images are shown.
The majority of TP53 mutant diffuse gliomas demonstrated strong p53
immunoreactivity in more than 10% of tumor cells (A, AOA025, an
anaplastic astrocytoma with R248W mutation; B, DA076, a diffuse
astrocytoma with R273H mutation). Similarly, the majority of TP53 wild-
type diffuse gliomas demonstrated strong p53 reactivity in less than
10% of tumor cells (C, GBM214, a TP53 wild-type glioblastoma; D,
DAO055, a TP53 wild-type diffuse astrocytoma. The inset demonstrates
that DA055 shows weak p53 immunoreactivity over half of the cells).
The p53 immunoreactivity failed to correlate with TP53 mutation status
in some cases. Some TP53 mutant tumors lacked strong p53
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immunoreactivity in >10% of tumor cells, approximately half of which
harbored truncating mutations alone (E, AA064, an anaplastic astrocy-
toma harboring a nonsense TP53 mutation with only weak p53
immunoreactivity; F, DA090, diffuse astrocytoma harboring a missense
mutation with negligible intense p53 immunoreactivity). In contrast, one
TP53 wild-type tumor exhibited diffuse strong p53 reactivity (G, a TP53
wild-type glioblastoma showing diffuse strong p53 staining). A subset of
gliomas showed heterogeneous p53 immunoreactivity. In this example
of TP53 mutant (G105D) anaplastic oligoastrocytoma, strong diffuse
reactivity was restricted to the left half of this field (H, AOA042). Mag-
nification: A-G: 200x; H: 100x.
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Figure 4. Histograms of cases with positive immunohistochemistry are shown according to the mutation status (blue, wild type, red, mutant). The
histograms are for strongly positive (A), weakly positive (B) and positive cells with any intensity (total positive cells; C). Using these counts, a receiver
operating characteristic (ROC) analysis was performed (D-F). The ROC curves showed that 14%, 7% or 40% positive cell counts were the appropriate
cutoff values in each category, with the areas under curves showing 0.894, 0.664 and 0.887, respectively.

mutations, two had a missense and a truncating mutation, and one
had a truncating mutation and a deletion. All of these cases showed
positive THC.

Heterogeneity

There were four cases with heterogeneous IHC patterns
(Figure 3H). When the percentage of immunopositive cells was
estimated in the region of positive IHC, all four cases had more
than 10% of strongly positive cells (AA086, AOA042,
DA042A0A and GBM212; 20%, 30%, 60% and 90%, respec-
tively) and were accordingly judged as positive by IHC.

Reproducibility of the IHC interpretation

To test the reproducibility of the immunohistochemical criteria
established above, the second scorer (SF) independently assessed
all the slides and recorded the percentage of tumor cells exhibiting
strong p53 immunoreactivity. The actual scores (ie, the percent-
ages of strongly stained cells) produced by the two scorers were
found highly concordant (R* = 0.91; Figure 5). Furthermore, when
the 10% cutoff value was used to categorize the results into posi-
tives and negatives, the concordance between the two scorers was
98.7% (155/157 cases; Supplementary Table S1). The details of
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the p53 IHC interpretation by the two scorers as well as the 7P53,
IDH1/2 and 1p/19q status for each individual cases are listed in
Supplementary Table S1.

DISCUSSION

The aim of the study was to establish an optimal protocol for
interpreting the results of p53 IHC in order to accurately predict
TP53 mutations. For this purpose, we conducted a thorough
screening of the 7P53 gene for mutations and compared the results
with those obtained by p53 IHC performed on 157 diffuse gliomas.
An optimal cutoff value was calculated using a ROC analysis, and
10% positive cells under 40x magnification was determined as the
definitive standard. Under these conditions, we demonstrated a
high concordance (89%) between the IHC and mutation analysis,
the highest among all other previous studies. The false-positive
rate (positive IHC without detectable mutation) was very low
(1.9%), indicating that positive IHC is a useful surrogate for the
presence of a 7P53 missense mutation. The sensitivity and speci-
ficity of p53 immunoreactivity to predict a gene mutation were
78.8% and 96.7%, respectively. The positive and negative predic-
tive values were 94.5% and 86.3%, respectively. Furthermore, the
interpretative criteria that we established showed an excellent
interobserver reproducibility (98.7%). These results demonstrate
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Figure 5. Comparison between the scores (the percentages of strongly
p53 immunoreactive cells) by two independent observers showed a
strong correlation (R? =0.91). The concordance was even higher
(98.7%, 155/157 cases) when the actual scoring was translated into the
dichotomous reading in relation to the established 10% cutoff value.
The dotted line indicates 10%; red dots, mutant cases; blue dots,
wild-type cases.

that p5S3 IHC is a practicable surrogate for a molecular assay, and
therefore may serve as a rapid and easy tool to support diagnostic
decision in morphologically challenging cases.

In this study, exons 4-10 including the splicing sites in introns
were directly sequenced by the Sanger method. Exons 2, 3 and 11
were not screened because we found no mutations in these exons
in a previous study (8). Thus, it is highly assumed that despite
omitting exons 2, 3 and 11, our investigation detected all mutations
present. The p53 mutations identified in this study were largely
concordant with previous reports as compiled in the International
Agency for Research on Cancer (IARC) 7P53 Database for glioma
cases (23) or the Catalogue of Somatic Mutations in Cancer
(COSMIC, http://cancer.sanger.ac.uk/cancergenome/projects/
cosmic/). The most prevalent mutation in the current study was
R273C (nine cases among 65 point mutations, 13.8%), followed by
R248W (five cases) and R248Q (three cases). G: Cto A : T con-
version was dominant (75.4%) as the nucleotide change, which
was also in agreement with the JARC database (1109/1389 point
mutations in diffuse gliomas, 79.8%). No mutation was detected
within exon 9; however, one unusual tandem duplication was
found at the splice donor site. The duplicated sequence starts
within exon 9 and ends at the first base of intron 9, causing the
insertion of 55 bp at the splicing site. This resulted in a frameshift
and the production of a truncated protein. There is no record of this
tandem insertion in intron 9 in any of the three major databases:
IARC TP53 Database, COSMIC or the p53 Knowledgebase
(http://p53.bii.a-star.edu.sg/index.php).

Although the IHC and mutation status were highly concordant
(P <0.0001, chi-square test), there were 17 discrepancies among
the 157 cases. There were 14 cases of negative IHC despite the
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presence of a mutation, eight of which were missense and six
protein truncating either by frameshift or nonsense mutations. The
mechanism responsible for the negative immunoreactivity of these
cases may depend on the type of the mutation. Among the eight
missense mutation cases that showed negative staining, five cases
had the same type of mutation (c.578A>G, c.637C>T,
c.742C > T, ¢.817C > T) as found in some of the immunopositive
cases. This suggests that the staining patterns are not solely deter-
mined by the type of mutation but also by other factors. Truncating
mutation cases contributed to 42.9% of negative IHC, and six
among nine cases with truncating mutations showed negative IHC.
Truncating mutations are known to result in loss of protein expres-
sion (25). mRNA containing premature stop codons may be
degraded by the nonsense-mediated decay (NMD) mechanism,
resulting in decreased synthesis of the mutant pS3 protein (9).
Incidentally, the monoclonal antibody for p53 used in this study
(DO-7) recognizes an epitope located between amino acids 19 and
26 at the N-terminus (encoded in exons 2—-3), which should detect
a mutant p53 protein regardless of the extent of the truncation (28).
The tendency for negative IHC in truncating mutation-harboring
tumors has also been observed in other types of cancer. In an
ovarian cancer study, tumors with completely negative THC
showed a strong predisposition to a high probability of truncating
mutations (12 out of 17 cases) (31). It is thus clear that a negative
IHC does not exclude the presence of mutations, in particular
truncating mutations.

Although a positive IHC almost always correctly predicted
the presence of a 7P53 mutation, there were three cases that
showed positive IHC without a mutation. Additional sequencing of
exons 2, 3 and 11 for the case, which displayed a particularly
strong immunoreactivity (80%, AA043, Figure 3G and Supple-
mentary Table S1), revealed no nucleotide change, confirming the
absence of mutation in the entire coding region. There are several
possible explanations to this unusual event. It is well known that
the MDM?2 gene product suppresses the activity of the pS3 protein
by forming an oligomeric complex (20). Alternatively, pl14‘%*
binds to and promotes the rapid degradation of Mdm?2 (32). Either
MDM?2 amplification or p/4*®" homozygous deletion, two genetic
alterations reported in gliomas, may result in p53 protein inacti-
vation, hence upregulation (6). Activation of EGFR might also
affect p53 IHC through downstream AK7 phosphorylation leading
to MDM?2 activation (30). One or more of these factors may have
contributed to the positive IHC in the three wild-type TP53 cases
of our study.

There were four cases that showed heterogeneous staining by
IHC (Figure 3H). The histological diagnosis of these cases was
one AA, two AOAs and one GBM. The heterogeneity in these
cases may reflect acquisition of the 7P53 mutation in a
subpopulation; however, factors other than mutation may also be
involved (see above). Although all these four cases had TP53
mutations (three cases: missense mutations; one case: a mutation
within the splicing donor site), the staining heterogeneity may
cause misinterpretation depending on the sampling (31).

In conclusion, we revisited the decade-old controversy on the
relationship between 7P53 mutation and p53 IHC by conducting a
thorough comparison in a large series of diffuse glioma samples.
Our study established novel criteria to interpret p53 IHC, that is,
strong reactivity in 10% or more tumor cells that provides a mod-
erately sensitive and highly specific prediction of 7P53 mutation.
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This readily applicable protocol was also found to produce highly
reproducible results between two independent observers, high-
lighting its value in routine diagnostic practice. Although our find-
ings need to be validated in the future using a separate cohort
and/or different staining conditions, a recent study by Gillet et al
using 59 grade II gliomas seem to have independently cross-
validated our results, because they also proposed a 10% strong
reactivity as an optimal cutoff value to predict 7P53 mutation (3).
Although we admit that pS3 IHC cannot replace molecular testing
because approximately 20% of the mutant cases escape from IHC
detection typically via protein truncation, our data reinstate p53
IHC as a viable surrogate for mutation analysis, given the high
accessibility and low cost of the technique.
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Table S1. The TP53 status in each case.

265



