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Olig2 is a recently identified transcription factor in-
volved in the phenotype definition of cells in the
oligodendroglial lineage. The expression of Olig2
transcript has been demonstrated in human oligoden-
droglial tumors, although the protein expression has
not been studied extensively. We developed a poly-
clonal antibody to human Olig2 and analyzed it im-
munohistochemically. The antibody depicted a single
distinct band of predicted molecular weight by West-
ern blotting, and did not cross-react with human
Oligl. In normal human brain tissue, the nuclei of
oligodendrocytes of interfascicular, perivascular, and
perineuronal disposition were clearly labeled by the
antibody. Similarly, the nuclei of oligodendroglial tu-
mors were labeled. There was no apparent correla-
tion between the staining intensity and histological
grade. Astrocytic components within the tumors were
generally less or not stained. Astrocytic tumors were
also positive with the Olig2 antiserum to a lesser
extent, and the difference between oligodendroglial
and astrocytic tumors was demonstrated by a statisti-
cal analysis. Olig2 and glial fibrillary acidic protein
were expressed in a mutually exclusive manner, and
Olig2 expression was cell-cycle related. Neither cen-
tral neurocytoma nor schwannoma cases were
stained. Our antibody was demonstrated to be useful
in recognizing normal oligodendrocytes on paraffin
sections, and applicable in diagnosis of some brain
tumors. (Am _J Pathol 2004, 164:1717—-1725)

Oligodendorocytes are defined as the cells that make
and maintain central nervous system myelin. A panel of
cellular markers has been developed to identify cellular
components of the central nervous system, but they can
also be light microscopically discriminated by nuclear
morphology, because each cell type generally has a

distinct nuclear appearance. The nuclei of oligodendro-
cytes are round to oval, relatively dark, and generally
smaller than those of neurons and astrocytes. In addition,
three kinds of disposition of oligodendrocytes have been
noted: alignment of closely apposed cells in rows along
the nerve fascicles, juxtaposing neuronal somata, and
abutting on blood vessels. Accordingly, they are classi-
fied into interfascicular, perineuronal, and perivascular
oligodendrocytes, respectively.! These morphological
approaches are well-accepted, however, reliable and ob-
jective methods to recognize each oligodendrocyte on
tissue sections have not been established. Myelin is a
distinct structure that can be an ultrastructural and im-
munocytochemical hallmark of oligodendrocytes. To
date, antibodies targeted at oligodendrocytes are mostly
myelin-specific, such as myelin basic protein, galactoce-
rebroside, and myelin-associated glycoprotein. They are
suitable especially under cultured conditions, however,
they are usually of no use for tissue sections because the
direct continuity of the oligodendroglial cell bodies and
processes is hardly demonstrated by conventional histo-
logical methods."

Oligodendroglial tumors are well-characterized clini-
copathological entities. Genetic alterations in oligoden-
drogliomas differ significantly from those commonly
found in diffuse astrocytomas.? * Moreover, oligodendro-
gliomas can respond to certain types of chemothera-
py.>® Thus, there is prognostic and therapeutic value in
the accurate diagnosis of oligodendroglial tumors. How-
ever, their origin from differentiated oligodendrocytes or
progenitor cells committed to oligodendroglial differenti-
ation is difficult to prove, owing to a lack of reliable
immunohistochemical markers. There is an urgent need
to develop markers specific for both oligodendrocytes
and their neoplasms.*”®

Studies on developmental neurobiology both in vivo
and in vitro depend considerably on cell lineage-specific
differentiation markers. Indeed, the establishment of spe-
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cific markers itself has been a core of investigation. Re-
cently, great progress has been made by analyzing tran-
scription factors that regulate neural development.
Among them, Olig1 and Olig2 are the first identified tran-
scription factors that regulate oligodendroglial develop-
ment.%'° The expression of Olig2 persists in migratory
oligodendrocyte precursors from late embryonic stage to
adulthood.®~"" To date, studies on Olig genes have
mostly been performed using chickens and rodents.
They displayed corresponding results, however, the role
of human Olig2 has not been analyzed extensively. In
humans, Olig2 mRNA expression was demonstrated in
oligodendroglial tumors by in situ hybridization.®'> Be-
cause transcription factors function in the nucleus, we
postulated that human Olig2 would also be localized
intranuclearly, and that it would be quite advantageous
for detecting oligodendrocytes immunohistochemically.
In this study, we established an anti-human Olig2 anti-
body suitable for use with formalin-fixed, paraffin-embed-
ded tissue sections.

Materials and Methods

Tissue Samples

Autopsied normal adult human brain tissue (3 cases) and
systemic tissue (3 cases), surgically resected oligoden-
droglial tumors (40 cases), astrocytic tumors (35 cases),
central neurocytoma (6 cases), and vestibular schwan-
noma (11 cases) were analyzed. All cases of central
neurocytoma were composed predominantly of neuro-
cytic cells with minimal glial elements. Details are sum-
marized in Table 1. They were excised primarily for diag-
nostic and/or therapeutic purposes, and the rest were
used for this study according to the ethical rules of
Gunma University and the Japanese Society of Pathol-
ogy. All of the tissue samples were fixed with 10% forma-
lin for up to 2 weeks, and embedded in paraffin by a
conventional method. The sections were cut at 3 um
thick, and stained with hematoxylin and eosin (H&E).
Additional sections were prepared for the following im-
munohistochemical studies.

Antibody

The amino acid sequence of the immunogens was de-
signed based on genetic data of the human Olig2 gene
(National Center for Biotechnology Information, acces-
sion no. NM005806). Two synthetic peptides composed
of VSSRPSSPEPDDLFLC (amino acids 8 to 22 plus cys-
teine at the C-terminal) and CMGAGSLPRLTSDAK
(amino acids 310 to 323 plus cysteine at the N-terminal)
were conjugated with keyhole limpet hemocyanin
(Sawady Technology, Tokyo, Japan) and used for immu-
nogens separately. Japanese white rabbits weighing 2.5
kg were purchased from an animal breeding company.
The animal experiment was permitted by the Animal Care
and Experimentation Committee, Gunma University,
Showa Campus. A solution of 0.5 ml containing 1.25 mg
of immunogen was emulsified with an equal amount of

Titer Max Gold (Funakoshi, Tokyo, Japan), and injected
subcutaneously to the rabbits. Two, 4, 6, and 8 weeks
later, the immunization was repeated in essentially the
same way with the adjuvant being replaced with Freund’s
incomplete adjuvant (Calbiochem, La Jolla, CA). Two
weeks after the fifth administration, the antisera were
obtained from the peripheral blood of each rabbit.

The crude antisera were affinity-purified by chromatog-
raphy. Briefly, CNBr-activated Sepharose 4B gel (Amer-
sham Pharmacia, Tokyo, Japan) was coupled with native
immunogen peptides according to the manufacturer’s
instructions, and the gel was packed in the column. The
fraction bound to the ligated epitope was collected by a
conventional method. Those targeted for amino acids 8 to
22 and 310 to 323 were named Olig2-N and Olig2-C,
respectively.

For negative control experiments, a fraction without
immunoreactive element of Olig2-C was prepared. The
optimal dilution for immunostaining was determined by
preliminary experiments. The suitably diluted antibody
was mixed with 1.25 pg/ul of immunogen peptide, and
incubated for 24 hours at 37°C. The sample was centri-
fuged at 10,000 X g for 60 minutes, and the supernatant
was used for both immunohistochemistry and Western
blotting.

Analyses of Specificity

The electrophoresis method is essentially the same as
that described by Laemmli.' Briefly, a portion of unfixed
anaplastic oligodendroglioma tissue (this case was in-
cluded in immunohistochemical analyses) was homoge-
nized with sample buffer (1% sodium dodecyl sulfate, 1%
2-mercaptoethanol, 20% glycerol, 0.02% bromophenol
blue, and 10 mmol/L Tris-HCI, pH 6.8), and boiled for 5
minutes. A 10% polyacrylamide gel layered with a 3%
stacking gel was prepared, and the sample was electro-
phoresed with a prestained molecular marker (Bio-Rad,
Hercules, CA). Afterward, the gel was transferred to Im-
mobilon Transfer Membrane (Millipore, Bedford, MA) us-
ing a semidry blotting apparatus (Bio-Rad). The mem-
brane was immunostained by standard procedure.
Briefly, it was incubated with 10% normal goat serum for
a few hours, followed by reaction with Olig2-C overnight
at 4°C. After rinsing with phosphate-buffered saline (PBS)
containing 0.1% Tween 20 (PBS-T), the membrane was
reacted with a horseradish peroxidase-conjugated sec-
ondary antibody (Nichirei, Tokyo, Japan) for 60 minutes.
After rinsing again with PBS-T, the membrane was floated
in 3,3’-diaminobenzidine solution for a few minutes to
visualize the signals. The immunoreactivity-absorbed
Olig2-C was also applied to confirm its specificity.

To rule out cross-reactivity to Olig1, the human Olig1
cDNA clone was transfected to the cultured NIH3T3 cell
line and immunostained by Olig2-C. Briefly, NIH3T3 cells
(American Type Culture Collection, Manassas, VA) were
cultured in Dulbecco’s minimal essential medium supple-
mented with 10% fetal bovine serum. Human Olig1 cDNA
was purchased as an EST clone (GenBank accession
number BI552104) and subcloned to pcDNA3 (Invitro-



gen, Carlsbad, CA). Enhanced green fluorescent protein
(EGFP) cDNA (from pEGFP1 vector; Clontech, Palo Alto,
CA) was subcloned to pCAG GS."® Expression vectors
for human Olig1 (pcDNA3/hOlig1) and EGFP (pCAG GS/
EGFP) were co-transfected into NIH3T3 cells using lipo-
fectamine 2000 (Invitrogen) according to the manufactur-
er’s protocol. Transfected cells were identified with green
fluorescence from GFP. After transfection, immunostain-
ing was performed using affinity-purified antibodies, anti-
Olig1 antibody (1:500),'® and Olig2-C (1:20). Primary
antibodies were detected with goat-anti-rabbit-IgG-Alexa
594 (1/2000; Molecular Probes, Eugene, OR). Nuclei
were stained with 4',6-diamidino-2-phenylindole. The im-
ages were collected by a digital camera system (DP70;
Olympus, Tokyo Japan) using microscopy (Olympus
BX51).

Immunohistochemistry

Before extensive immunohistochemical studies with anti-
Olig2 antisera, the effect of antigen retrieval by autoclav-
ing was investigated. Three normal brain tissue and sev-
eral oligodendroglial tumor samples were used for this
pilot study. Dewaxed and rehydrated tissue sections
were soaked in PBS or citrate buffer (10 mmol/L, pH 6.0),
and heated to 120°C for 10 minutes. After cooling, the
sections were covered with 10% normal goat serum,
followed by reaction with primary antibodies overnight at
4°C. An immunoperoxidase staining kit (Nichirei) and
3,3’-diaminobenzidine solutions were used for visualiza-
tion. For comparison, the sections skipping autoclaving
were prepared. This preliminary study also compared
Olig2-N with Olig2-C. Consequently, a remarkable effect
of autoclaving (especially with citrate buffer) and superi-
ority of Olig2-C was demonstrated, then further studies
were made using Olig2-C with autoclaving pretreatment.

Next, all of the tissue samples including tumors as well
as systemic tissue were immunostained by Olig2-C as
described above. The number of Olig2-positive tumor
cells were estimated visually as follows: 0, none; 1, less
than one fourth; 2, less than half; 3, more than half. The
staining intensity was also expressed using a four-tiered
scale; 0, unstained; 1, stained less intensely than normal
oligodendrocytes within the same sections; 2, stained
similarly to normal oligodendrocytes; 3, stained more
intensely than normal oligodendrocytes. Both parameters
were evaluated separately in each case, and the multi-
plied values (0, 1, 2, 3, 4, 6, 9) were symbolized as — (0),
+(1,2), ++ (8, 4), and +++ (6, 9). The staining results
between oligodendroglial and astrocytic groups were
statistically analyzed by Mann-Whitney’s U-test.

To compare the cellular localization of glial fibrillary
acidic protein (GFAP) and Olig2, anti-GFAP antibody'”
was doubly immunostained with Olig2-C in normal brain
tissue. A combination of anti-myelin basic protein (MBP)
antibody (DAKO Cytomation, Glostrup, Denmark) and
Olig2-C was also attempted using a method described
elsewhere.'® Briefly, slides were immunostained with
Olig2-C as described above, then treated in 0.1 mol/L
glycine (pH 2.0) for 1 hour at room temperature to remove
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Figure 1. Western blotting of Olig2-C. A distinct band of predicted molecular
size (32 kd) is identified in the left lane. In the right lane, the band is not
illustrated when the primary antibody is replaced with preabsorbed Olig2-C.

the Olig2-C-secondary antibody complex, and subse-
quently incubated with anti-GFAP or -MBP antibodies
overnight at 4°C. They were colored by 4-chloro-1-naph-
thol using the same labeling kit. After washing in PBS, the
slides were coverslipped without counterstaining and de-
hydrating procedures. Immunostaining with Ki-M1P (mi-
croglia/macrophage marker; Seikagaku, Tokyo, Japan)
and anti-neurofilament (NF) antibodies'® was performed
with sections adjacent to the Olig2-C-stained specimens.

As described in the results, oligodendrogliomas con-
tained both Olig2-C-positive and -negative neoplastic
cells. To disclose the reasons, double staining of Olig2-C
with H&E was performed in two oligoastrocytomas and
two anaplastic oligodendrogliomas. Furthermore, indirect
dual-immunofluorescent staining of MIB-1 (Immunotech,
Marseilles, France) and Olig2-C was also performed us-
ing two anaplastic oligodendrogliomas. Briefly, a mixture
of both antibodies was incubated overnight at 4°C. After
washing three times with PBS, slides were treated with a
mixture of Alexa 488-conjugated anti-mouse immuno-
globulin and Alexa 594-conjugated anti-rabbit immuno-
globulin (Molecular Probes). After rinsing, slides were
mounted with PBS/glycerol (1:9) containing 5% 1,4-di-
azabicyclooctane, and observed under a fluorescent mi-
croscope.

Results

By Western blotting with Olig2-C, a distinct single band
was recognized at approximately predicted molecular
weight (32 kd), which was calculated by human Olig2
from the amino acid sequence, and the signal was lost
when replaced with preabsorbed Olig2-C as the primary
antibody (Figure 1). Immunoblotting by Olig2-N dis-
played several extra bands (data not shown). NIH3T3
cells transfected with human Olig1 cDNA clone was im-
munostained by anti-Olig1 antibody (Figure 2a), but not
by Olig2-C (Figure 2b).

By immunohistochemistry with Olig2-C on normal hu-
man brain tissue, definite nuclear staining was noted.
Labeled nuclei were round to oval, smaller than those of
neurons and astrocytes, and often showed perineuronal
(Figure 3a), perivascular (Figure 3b), and interfascicular
disposition (Figure 3c). These characteristics corre-
sponded exactly with those of oligodendrocytes. By dou-
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Figure 2. NIH3T3 cells co-transfected with human Oligl and EGFP are
immunostained (red) either by anti-Oligl antiserum (a) or Olig2-C (b).
Nuclei are counterstained with 4’,6-diamidino-2-phenylindole (blue), and
EGFP emits green fluorescence. Positive red signals are recognized in a,
while negative in b, demonstrating that transfection is successful, and
Olig2-C does not react with Oligl. Similarly, cytoplasmic Oligl signal was
noted at the murine Oligl transfection (data not shown). Scale bars, 25 um.

ble immunostaining with Olig2-C and anti-GFAP anti-
body, the nuclear staining with Olig2-C did not overlap on
cells with cytoplasmic GFAP positivity (Figure 3d). Anti-
MBP antibody immunolabeled cerebral white matter dif-
fusely, whereas the cerebral cortex displayed randomly
oriented linear immunostaining, illustrating myelin pro-
files. Olig2-C-labeled nuclei were surrounded by MBP-
positive area, however, a definite continuity between
them was hardly seen (data not shown). Comparative
immunostaining of Olig2-C with Ki-M1P or anti-NF anti-
bodies using adjacent sections also demonstrated mutu-
ally exclusive signals (data not shown). Ependymal cells,
leptomeninges, and blood vessels were also negative
with Olig2-C. Using preabsorbed Olig2-C (Figure 3e) as
well as omission of autoclave pretreatment resulted in
very weak staining. Olig2-N showed diminished staining
of the oligodendroglial nuclei accompanied by diffuse
background noise (Figure 3f).

Therefore, further studies were made with Olig2-C. The
overall staining results of tumor samples are summarized
in Table 1. Immunohistochemistry on oligodendroglial tu-
mors showed similar nuclear staining (Figure 4; ato c). All
oligodendroglial tumor cases showed positivity to
Olig2-C, whereas preabsorbed Olig2-C illustrated mark-
edly reduced labeling (data not shown). Although the
staining intensity differed among cases, neoplastic oligo-
dendroglial cells were, in general, stained equally or
more strongly than normal-looking oligodendrocytes, and
there was no apparent correlation between the staining
intensity and histological grade. It was of note that a few
Olig2-C-negative neoplastic cells were admixed within
positive areas in every case. Such heterogeneous stain-
ing did not seem to be an artifact, because unstained
cells were evenly distributed in each specimen. To de-
termine the mechanisms involved, double staining of
Olig2-C with H&E was performed in four oligodendroglial
tumors, and demonstrated that the astrocytic compo-
nents with eosinophilic cytoplasm were weakly or not
stained by Olig2-C (Figure 4d). We also noted that tumor
nuclei in the mitotic phase were almost always Olig2-C-
negative (Figure 4e). Double immunostaining with MIB-1
and Olig2-C demonstrated the existence of MIB-1-posi-
tive/Olig2-C-negative cells (Figure 4f).

On the other hand, the Olig2 expression in astrocytic
tumors varied widely. The signal was typically weak
and/or restricted (Figure 4, g and h), and 6 high-grade
cases were negative and 12 cases displayed unequivo-
cal (++, +++) nuclear staining. Except pilocytic astro-
cytomas, truly astrocytic cells with distinct cytoplasm
and/or long processes were likely to be less or not
stained with Olig2-C (Figure 4, g and h). Significance with
regard to staining results was detected between oligo-
dendroglial and astrocytic groups by Mann-Whitney's U-
test (P = 0.001). Neither case of central neurocytoma
(Figure 4i) nor schwannoma (Figure 4j) was labeled by
Olig2-C. Among systemic tissues, cytoplasmic granular
staining was noted in a population of macrophages, renal
tubules, and a localized part of the pancreatic ducts
(data not shown).

Discussion

Oligodendroglial tumors are well-characterized clinico-
pathological entities. Their origin is assumed to be ma-
ture oligodendrocytes or progenitor cells committed to
oligodendroglial differentiation, but this assumption is
based solely on circumstantial evidence, namely, the
morphological similarity of the neoplasms with their pu-
tative origin. To date, there has been no reliable immu-
nohistochemical marker available for the specific and
sensitive recognition of human oligodendroglial tumor
cells.*”® A number of antigens that are specifically ex-
pressed by normal oligodendrocytes have been identi-
fied, and applied to oligodendroglial tumors. These in-
clude myelin basic protein,®® proteolipid protein,?’
myelin-associated glycoprotein,®® and galactocerebro-
side,?"?? as well as several enzymes such as carbonic
anhydrase C.2° However, so far, none of these antigens
have been approved as diagnostically useful markers for
oligodendroglial tumors. They are either no longer ex-
pressed by neoplastic oligodendrocytes, or they are ex-
pressed only in a minority of cases, or their expression is
not restricted to oligodendroglial tumor cells.* The ques-
tion of whether oligodendroglioma is indeed a derivative
of oligodendroglia is still a matter of some controversy.
Considerable knowledge on oligodendrocyte develop-
ment has been accumulated throughout the years about
the origins and markers at various developmental stages.
Motoneuron and oligodendrocyte lineages are thought to
be closely related, and are sequentially generated in the
ventral ventricular zone of the embryonic spinal cord
during development.?* Olig1 and Olig2 were first identi-
fied as basic helix-loop-helix transcription factors that
regulate oligodendroglial development.®'° The expres-
sion of Olig1 and Olig2 mostly overlaps, however, Olig2
expression in the early spinal cord is higher than that of
Olig1,2:92% and Olig2 has a broader expression domain
in the embryonic forebrain.?* Olig2-knockout mice cannot
survive beyond the neonatal period because of lack of
motoneurons and oligodendrocytes,?®?” whereas Olig1-
null mice show delayed myelination, otherwise no signif-
icant changes, indicating that Olig1 functions in oligo-
dendrocyte maturation.?® Oligl and Olig2 are also
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Figure 3. a to ¢: Inmunohistochemistry with Olig2-C labels nuclei of the cells of perineuronal (a), perivascular (b), and interfascicular (¢) dispositions. The size
of immunolabeled nuclei is smaller than that of neurons (asterisk) and astrocytes. These characteristics are compatible with oligodendrocytes. d: Double
immunostaining of Olig2-C (brown) and anti-glial fibrillary acidic protein antiserum (deep purple) demonstrates a nonoverlapping positive reaction. e: The
nuclear staining is remarkably reduced when the primary antibody is replaced with a preabsorbed fraction of Olig2-C. f: Immunohistochemistry with Olig2-N
displays weaker nuclear staining with diffuse background noise. Original magnifications, X500 (a—f).

expressed in motoneuron precursors, while the expres-
sion is restricted in oligodendrocytes in adults,'" yet the
reason is uncertain. To understand the molecular mech-
anisms, it must be identified as a downstream gene
whose promoters are regulated by Olig1/2, and upstream
factors that regulate Olig1/2 expression. Apart from these
essential problems, we postulated that Olig families
would probably be expressed in oligodendrocytes in a

different way from previous oligodendroglial markers,
and be good immunohistochemical targets. Studies on
Olig genes have mostly been performed with chickens
and rodents. In recent reports, the expression of human
Olig1 and Olig2 was demonstrated in normal and/or neo-
plastic oligodendrocytes by in situ hybridization,'®® re-
verse transcriptase-polymerase chain reaction,?® and im-
munohistochemistry.2® In our preliminary study by reverse
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Table 1. Immunohistochemical Results of Olig2-C in Tumor

Cases
Histology Total — + ++ +++
Oligodendroglial tumors* 40 0 8 13 19
Oligodendroglioma 16 0 3 6 7
Oligoastrocytoma 3 0 O 1 2
Anaplastic oligodendroglioma 16 0 3 5 8
Anaplastic oligoastrocytoma 5 0o 2 1 2
Astrocytic tumors’ 3 6 17 6 6
Pilocytic astrocytoma 4 0o 2 1 1
Fibrillary astrocytoma 10 o 7 2 1
Anaplastic astrocytoma 8 1 3 1 3
Glioblastoma 13 5 5 2 1
Central neurocytoma 6 6 O 0 0
Schwannoma 11 11 0 0 0

Olg2-C staining results are evaluated by intensity and numbers, and
tumor samples are classified into a four-tiered scale (—, +, ++, +++);
(see Materials and Methods).

A significant difference (P = 0.001) is detected between oligoden-
droglial (*) and astrocytic () groups by Mann-Whitney’s U test.

transcriptase-polymerase chain reaction, the Olig2 tran-
script seemed to be more specific than that of Olig7 in
oligodendroglial tumors (data not shown), thus we chose
Olig2 as an initial target. Olig2 and Olig1 are functionally
similar, and share a highly related basic helix-loop-helix
motif. We chose the peptide sequences of N- and C-
terminals as Olig2 peptide antigen because the basic helix-
loop-helix domain exists in the middle of the protein and
these are essentially dissimilar between human Olig1 and
Olig2. Furthermore, we performed genome-wide homology
analyses of the Olig2 peptide sequences, and confirmed
that these sequences were unique. We also demonstrated
that Olig2-C did not cross-react with cloned human Olig1 by
immunocytochemistry.

Here, we established a new specific antibody targeted
to human QOlig2, and accomplished successful applica-
tion to immunoblotting and immunohistochemistry on rou-
tinely processed paraffin sections. According to our un-
published data, immunohistochemistry of Olig2 and
reverse transcriptase-polymerase chain reaction of Olig2
using RNA extracted from the adjacent paraffin sections
showed concordant results. Olig2-C immunostained the
nuclei of oligodendrocytes. Nonspecific cytoplasmic
staining was observed in a small population of systemic
cells, although no cross-reactivity was noted in neural
cells. Olig2-N, which was targeted to a different se-
quence of Olig2, also immunostained oligodendroglial
nuclei, although the specificity was not sufficient. We
used 40 cases of oligodendroglial tumors for Olig2-C
immunohistochemistry, and obtained essentially favor-
able results. Although some samples had been stored for
more than 20 years, they were still suitable for Olig2-C
immunostaining, suggesting the reliability and wide ap-
plication of the antibody. We also obtained fine immuno-
staining results using frozen sections (data not shown) as
well as formalin-fixed paraffin sections shown in this
study. Olig2-C heterogeneously immunostained gliomas
and further investigation uncovered that it was not be-
cause of an artifact (Figure 4; d to f). At least two mech-
anisms are involved in the phenomenon: one is that tumor
cells with astrocytic phenotypes are likely to be less or

not immunolabeled by Olig2-C, and the other is that Olig2
expression seems to be cell cycle-dependent. Because
Olig2 is a transcription factor involved in oligodendrocyte
differentiation, it is possible that the expression is linked
to cell cycle exit and/or suppression of astrocytic pheno-
type. A mutually exclusive pattern of Olig2 and GFAP is
also attractive, and the molecular mechanism has been
begun to be elucidated.®°

Schwann cells are defined as the cells that make and
maintain the peripheral nerve sheath and myelin. A tran-
scription factor, Sox10, another regulator of oligodendro-
glial development,®' is also expressed in Schwann
cells,* implying a shared regulatory pathway of central
and peripheral myelination. Here, we demonstrated that
schwannoma as well as normal Schwann cells did not
express Olig2. Central neurocytoma should primarily be
differentiated from oligodendroglial tumors histopatho-
logically. A previous term, “intraventricular oligodendro-
glioma,” rightly indicates the histological similarity of
both.®2 In this study, the Olig2 protein expression was not
demonstrated, suggesting combined usage of Olig2-C
with various neuronal markers is helpful for the diagnosis
of central neurocytoma. However, it is possible that those
harboring substantial glial elements may give rise to dif-
ferent results, and should be examined further. Com-
bined usage of Olig2-C with various neuronal markers is
helpful for the diagnosis of central neurocytoma. Clear
cell ependymoma, hemangioblastoma, clear cell menin-
gioma, and a portion of pilocytic astrocytoma can also be
listed as differential diagnoses of oligodendroglioma, and
will be evaluated in the future.

In this study, a reduced Olig2 expression was demon-
strated in astrocytic elements of oligodendroglial tumors.
A previous study by in situ hybridization demonstrated
that the astrocytic components of oligoastrocytoma did
not express the Olig2 transcript,'® and no or very low
expression of Olig2 mRNA could be detected in the as-
trocytic tumors.'®'® We also showed that considerable
numbers of astrocytic tumors expressed Olig2, although
less intensely than oligodendroglial tumors. Bouvier and
colleagues®® described that Olig2 mRNA of pilocytic as-
trocytomas and glioblastomas was detected 10 of 10
(100%) and 12 of 19 (62%) cases. According to Ohnishi
and colleagues,®® the Olig2 expression level in glioblas-
toma was the lowest among glial tumors examined,
These results correspond well with ours. Anyhow, Olig2
staining does not completely prove oligodendroglial
character in neoplastic settings, and the reason why
astrocytic tumors may express Olig2 remains to be clar-
ified. Previously, we were not able to regard a given cell
as a neoplastic oligodendrocyte based solely on individ-
ual cellular features. Thus, we always required further
structural and/or environmental evidence (perineuronal
or perivascular satellitosis, chicken-wire vascular pattern,
calcification, and so forth) to diagnose oligodendroglial
tumors. Meanwhile, GFAP, an excellent astrocytic
marker, allows identification of even an individual astro-
cyte. This imbalance may cause an underestimation of
oligodendroglial components in gliomas. In this study,
Olig2-C-positive cells in astrocytic tumors were likely to
be devoid of definite cytoplasm, seemingly close to oli-
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atellitosis (b) are stained by Olig2-C. Note that not all
highly mitotic and accompanied by abundant apoptotic

are weakly or not stained by Olig2-C. nucleus under mitotic phase is Olig2-C-negative (anaplastic oligodendroglioma). f: Dual-immunoflu-
orescent staining with MIB-1 (red) and Olig2-C (green) illustrates MIB-1-positive/Olig2-C-negative cells in addition to some double-positive cells (anaplastic
oligodendroglioma). g and h: Representative cases of astrocytic tumors (g, llary astrocytoma; h, glioblastoma). Scattered Olig2-C-positive nuclei are noted.
The cell bodies possessing labeled nuclei appear vacant or inconspicuous, whereas truly astrocytic cells with rich cytoplasm tend to be Olig2-C-negative. i and
j: Central neurocytoma (i) and schwannoma (j) are negative with Olig2-C. Original magnifications: X250 (a, f, g, i, j); X500 (b—e, h).
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godendroglial morphology. Olig2-C may thus uncover
oligodendroglial components that are hidden in astro-
cytic tumors. However, it is undeniable that Olig2 may be
expressed aberrantly irrelevant to oligodendroglial differ-
entiation. Pilocytic astrocytomas and a subset of glioblas-
tomas are known to share some markers with oligoden-
drocyte progenitors such as NG2, PENS, platelet-derived
growth factor receptor a (PDGFRa).2**° Therefore, com-
parative study of Olig1/2 with these markers on gliomas is
very interesting, and remains to be elucidated. Recently,
a new concept, glioblastoma with oligodendroglial com-
ponents, has been proposed based on accumulated ev-
idence that a subset of glioblastoma includes areas with
oligodendroglial features, or a subset of oligodendrogli-
oma acquires the morphological features of glioblastoma
during malignant progression.3¢3” Steady histopatholog-
ical analyses may present a clue.

On the other hand, Marie and colleagues'? pointed out
that the transcription level of Olig2 was up-regulated in
oligodendroglial tumors. This previous finding, together
with our results of emphasized Olig2-C immunostaining in
neoplastic oligodendrocytes, may suggest that Olig2
participates in the oncogenesis of oligodendrogliomas.®®
PDGFRa gene, that acts downstream from Olig genes, is
amplified in a subset of anaplastic oligodendrogliomas.3®
It may be possible that the overexpression of Olig genes
in neoplastic oligodendrocytes up-regulates the proto-
oncogene, that eventually contributes to the development
of the tumors. In addition to identification of the oligoden-
drocytes, Olig2-C may be applied for quantification of the
Olig2 expression to uncover how and what extent the
molecule involves in glial oncogenesis. The staining in-
tensity of each cell could be comparable within the same
section, so we concluded that the oligodendroglial tumor
cells expressed Olig2 stronger than normal oligodendro-
cytes or neoplastic astrocytes in each case. Our results
are basically in accord with the previous find-
ings, '#13:28:29 however, the relative comparison between
different cases is difficult because the intensity can be
influenced not only by net signal expression, but also
fixation or storage conditions. Thus, it is desirable to use
more precise methods to quantify Olig2 expression. One
possibility is that tissue microarray technology will con-
tribute to this purpose.

Further basic analyses are still required, however, the
establishment of a novel antibody to identify oligodendro-
cytes is undoubtedly significant. In addition to neo-
plasms, a number of other diseases that involve oligo-
dendrocytes are also known, such as neurodegenerative
and metabolic disorders. Immunohistochemical detec-
tion of oligodendrocytes with Olig2-C is expected to con-
tribute significantly to neuropathology.
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