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Eﬁy&mdsz ) Summary Alveolar thabdomyosarcoma (RMS) is associated with an underlying pathogenic translocation in-
p AE;( 3 .omyosarcoma, volving either PAX3 or PAX7 and FOXOI. The presence or absence of this fusion defines the biology and
’ clinical behavior of this subtype of RMS and its identification in tumors is relevant to prognostication and
PAXT; . . . . .
. treatment planning. To further explore the unique characteristics of fusion-driven RMS, we leveraged a pub-
Translocation; . . . . . .. .
histochemistry: lished gene expression data set to perform an unbiased comparison of 33 fusion-positive and 25 fusion-
URORIStoEhemmIStry; negative RMS cases. Our analyses revealed 1790 expressed loci with more than two-fold differential expres-
Gene expression; . o S . . . . .
OLIG2 sion at a threshold of P < .05. Genes with increased expression in fusion-positive relative to fusion-negative

RMS were significantly enriched for those involved in “nervous system development,

”

neuron differenti-

ation,” and “neurogenesis,” highlighting a neurodevelopmental gene expression signature driven by the al-
veolar RMS-associated fusion protein. We show that neurodevelopmental genes are enriched near PAX3-
FOXOTI fusion protein binding sites, suggesting a genome-wide fusion protein-mediated activation of cis
regulatory elements. Among the genes with differential expression in fusion-positive versus fusion-
negative RMS, we identified expression of the transcriptional regulator of motor neuron and oligodendro-
cyte development, OLIG2, as a marker of the fusion protein-dependent neurodevelopmental signature. Im-
munohistochemical analysis of a cohort of 73 RMS specimens revealed OLIG2 expression in 96.4% of
fusion-positive RMS (N = 27/28), but only in 6.7% of fusion-negative RMS (N = 3/45; P < .001). The pro-
portion of OLIG2-expressing cells in fusion-negative cases did not exceed 5%, while 92.9% of fusion-
positive cases showed expression in at least 5% of cells. Our findings identify OLIG2 expression as a unique
manifestation of a neurodevelopmental gene expression signature driven by the oncogenic fusion protein
characteristic of alveolar RMS, which may aid in the diagnostic and prognostic distinction of fusion-

positive cases.
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1. Introduction

Rhabdomyosarcoma (RMS) is subdivided into alveolar,
embryonal, pleomorphic, and spindle cell/sclerosing subtypes
[1]. Since these subtypes of RMS differ considerably with re-
gard to prognosis and treatment, their diagnostic distinction is
often clinically significant. Characterized histologically by the
presence of discohesive round cells arranged in nests encircled
by fibrovascular septa mimicking the microscopic architecture
of lung parenchyma (Fig. 1A), the alveolar subtype is uniquely
associated with a recurrent pathogenic translocation involving
the 5 terminus of PAX3, or, less commonly, PAX7, and the 3’
end of FOXOI [2-4].

Although alveolar morphology generally coincides
with the presence of an underlying PAX3/7-FOXO1 fu-
sion protein, a subset of alveolar-appearing tumors will
be fusion-negative (Fig. 1B). Importantly, these fusion
protein-negative RMS cases with an alveolar-type growth pat-
tern are indistinguishable from embryonal RMS in terms of
their gene expression characteristics, whole-chromosome
copy number changes, and clinical behavior [5,6]. Because ac-
curate risk stratification is required for treatment planning in
RMS, recent clinical trials (i.e., Children's Oncology Group
study ARST1431) have classified RMS subtypes using fusion
status rather than histology.

The presence of FOXOI gene rearrangement in RMS is of-
ten detected using traditional cytogenetics or fluorescence in
situ hybridization (FISH). The more recent advent of next gen-
eration sequencing-based approaches has enabled identifica-
tion of pathogenic PAX3/7-FOXOI translocations in the
context of broader genomic characterizations of RMS. In

parallel to these techniques, immunohistochemical analysis
of gene expression changes as a surrogate of an underlying
pathogenic fusion protein has emerged as an important ap-
proach to the diagnosis of several other soft tissue entities.
Such analyses generally take one of two forms. A component
of the fusion protein itself (often over-expressed in
translocation-driven tumors) can be detected, as is the case
for FLI1 and ERG in Ewing sarcoma or STAT®6 in solitary fi-
brous tumor [7-10]. Alternatively, a distinct transcriptional tar-
get of the fusion protein (or combination of targets) can be
analyzed for expression by immunohistochemistry or in situ
hybridization — examples include NKX2.2 and PAX7 in
Ewing sarcoma, or E26 transformation-specific (ETS) tran-
scription factors in CI/C-rearranged sarcoma [11-19].

Several studies to date have examined gene expression dif-
ferences in fusion-driven RMS as compared to its fusion-
negative counterpart. Although the large majority of fusion-
negative RMS expresses some amount of myogenin, strong
and diffuse expression of myogenin is closely associated with
the presence of PAX3/7-FOXO! translocations [20-22]. Con-
versely, expression of PAX7 is typically limited in fusion-
positive RMS, although the heterogeneity of PAX7 expression
in fusion-negative cases limits the utility of this immunohisto-
chemical pattern in determining underlying fusion status [23].
Genome-wide expression profiling using oligonucleotide mi-
croarrays has clearly demonstrated that the sum of gene ex-
pression dynamics across hundreds of genetic loci can
reliably distinguish tumors bearing the PAX3/7-FOXO] trans-
location from those without it, including morphologically
alveolar-appearing fusion-negative cases [24,25]. Such studies
have also pointed to specific proteins, such as AP2f and

A Fusion-positive

B Fusion-negative

Fig. 1  Morphologic similarities of fusion-positive and fusion-negative rhabdomyosarcoma. Fusion-positive A, and fusion-negative B, rhabdo-
myosarcoma can be morphologically indistinct. Representative H&E-stained histologic sections of fusion-positive rhabdomyosarcoma (A) and
fusion-negative rhabdomyosarcoma (B) at 200x magnification demonstrates examples with similar morphologic appearance, characterized by
primitive-appearing, discohesive, round cells with fairly inconspicuous thin-walled vessels and a lack of significant matrix production in the

background.
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HMGA?2, with biased expression in fusion-positive and
-negative cases, respectively, that can be detected using immu-
nohistochemistry [22,26]. Despite these insights, there is still
much to be learned about the effects of the PAX3/7-FOXO1
translocation on the gene expression program of RMS, the
mechanistic significance of these transcriptional changes spe-
cifically with regard to fusion gene-related clinical prognosis,
and the diagnostic utility of analyzing specific PAX3/7-
FOXOI target genes in RMS cases.

A particularly unexpected feature of the fusion protein-
associated transcriptional signature is overexpression of genes
linked to nervous system development. While some gene ex-
pression analyses of RMS have noted enrichment for neural-
related genes in the fusion protein signature, others have not
[24,25,27,28]. Therefore, it is unclear whether this neurodeve-
lopmental gene expression signature represents a consistent
and diagnostically useful characteristic of fusion-driven
RMS. Moreover, there is not yet a mechanistic accounting
for neural gene expression in alveolar RMS. In particular, we
do not know whether neurodevelopmental genes expressed
in alveolar RMS are directly bound by the fusion protein itself.
Of even more practical significance, the specific genes that
comprise this signature have not been fully explored. There-
fore, the extent to which the expression of individual genes
can be assessed routinely as a surrogate marker of the fusion
protein remains unknown.

In this context, we aimed to study publicly available gene
expression data from fusion gene-positive and -negative
RMS in order to better understand the function of the fusion
protein in regulating transcriptional programs linked to spe-
cific signaling pathways and developmental programs. Our
observations affirm a unique link between fusion-driven rhab-
domyosarcoma and neurodevelopmental transcriptional hier-
archies, implicate specific elements of these hierarchies that
are amenable to diagnostic interrogation by immunohisto-
chemistry, and ultimately provide a framework for similar
characterizations of gene expression regimes in other
translocation-driven sarcomas.

2. Materials and methods
2.1. Cases

Cases of RMS were retrospectively retrieved from the ar-
chives of Stanford Medical Center under an Institutional Re-
view Board-approved protocol. The presence of FOXOI
gene rearrangement was evaluated in all specimens by either
(1) interphase fluorescence in situ hybridization (FISH) using
the Vysis break-apart probes (Abbott Laboratories, Abbott
Park, IL), or (2) karyotype characterization by metaphase
chromosome analysis of disaggregated tumor biopsies in
short-term culture using G-banding (GTW method). The study
cohort for OLIG2 immunohistochemistry included 73 RMS
cases altogether (45 fusion-negative and 28 fusion-positive).

Fusion-negative cases included 33 embryonal, 7 pleomorphic,
and 5 spindle cell/sclerosing RMS.

2.2. Immunohistochemistry

Immunohistochemical detection of OLIG2 and desmin was
performed essentially as previously described [7,23]. After an-
tigen retrieval, histologic sections were stained with antibodies
according to standard protocols for formalin-fixed, paraffin-
embedded material. A monoclonal antibody against OLIG2
raised in mouse (Clone 211F1.1) was purchased from Cell
Marque (Rocklin, CA). Anti-OLIG2 antibody was used at a
dilution of 1:100 (by volume) following antigen retrieval using
Leica Epitope Retrieval Solution 2 on the Leica BOND plat-
form. Anti-OLIG2 immunoreactivity was assessed as a per-
centage of neoplastic cells exhibiting nuclear-localized
chromogen using a single, whole representative histologic sec-
tion of tumor. Tumors were considered positive for OLIG2 ex-
pression if more than 1% of neoplastic cells exhibited anti-
OLIG2 immunoreactivity.

A monoclonal antibody against myogenin (clone F5D)
raised in mouse was purchased from Agilent-Dako (Santa
Clara, CA) and used at a dilution of 1:200 (by volume). All
cases of fusion-positive RMS exhibited characteristic diffuse
myogenin expression by immunohistochemistry. Myogenin
expression in fusion-negative cases was more heterogeneous,
ranging from focal to diffuse among the fusion-negative cases
used in this study.

2.3. Gene expression analysis

Publically available microarray and chromatin
immunoprecipitation-sequencing (ChIP-seq) data were
accessed via the Gene Expression Omnibus (GEO) between
September 15, 2017, and July 20, 2018. Microarray data
(GSE66533) [29] were analyzed using the Partek Genomics
Suite (version 6.6) with inclusion of all specimens after sample
quality and principal component analyses.

The DAVID bioinformatics database functional annotation
tool was used for gene-set enrichment analyses on expression-
defined subsets [30]. Statistical analyses of overlap between
gene lists were performed using a hypergeometric probability
test, invoking a population size of 26 292 in evaluations of hu-
man gene sets. For comparisons of individual gene microarray
data expression values, normality was first characterized using
a Shapiro-Wilk test; a Mann-Whitney rank sum test was used
to evaluate differences between groups of non-normal data,
while a Student ¢ test was used to evaluate differences between
groups of normal data. A two-proportion Z-test was employed
to compare the percentage of RMS cases positive for OLIG2
expression by immunohistochemistry.

Employing the DAVID bioinformatics suite, UCSC TFBS
analysis was performed on all differentially expressed genes in
fusion-positive versus -negative RMS to predict the transcrip-
tion factors regulating these genes. P < .05 was used as the
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threshold for inclusion of transcription factors in the regulatory
network. Using the identified transcription factors as nodes,
we constructed a network based on known interactions among
transcription factors using STRING version 9.05 [31]. Discon-
nected nodes were excluded from the network.

3. Results

To explore differential gene expression in fusion-positive
and fusion-negative RMS, we first performed analyses of
microarray-based genome-wide gene expression data from
33 fusion-positive and 25 fusion-negative samples (GEO data
series GSE66533) [29]. Among 54 675 analyzed genetic loci,
we identified 1790 transcripts showing differential expression
between fusion gene-positive and -negative cases, using a
fold-change of greater than two and a false discovery rate
(FDR) of less than 0.05 to define significantly differential ex-
pression (Fig. 2A). Hierarchical clustering of the 58 RMS
cases based on expression levels in these 1790 probe-sets en-
abled separation of all samples according to fusion gene status
(Fig. 2A), indicating that the summation of these probe-sets re-
sults in a fusion-related transcriptional signature.

To further characterize the gene expression differences pres-
ent in fusion-positive versus -negative RMS, we performed
gene-set enrichment analyses of the aforementioned differen-
tially expressed loci (Fig. 2B). Among 595 annotated genes

Fusion negative (25)

Fusion positive (33)

1790 loci
(FDR<0.05; >2-fold differential expression)

Decreased Increased
expression expression

with greater than two-fold increased expression in fusion-
positive cases relative to fusion-negative, there were 116 genes
associated with “nervous system development” (GO:0007399;
P =2.0 x 107!2). Related gene-sets, including those associ-
ated with “generation of neurons” (GO:0048699; 82 genes;
P =29 x 107", “neuron differentiation” (GO:0030182; 75
genes; P = 1.5 x 10719), and “neurogenesis” (GO:0022008;
83 genes; P = 2.8 x 10719), were similarly enriched. Genes
with greater than two-fold increased expression in fusion-
positive RMS also included those associated with “muscle
structure development” (GO:0061061; 46 genes; P =
7.7 x 10719) and “striated muscle tissue development”
(GO:0014706; 33 genes; P = 3.6 x 107), although the num-
ber of genes associated with these ontologies was exceeded
by those associated with neurodevelopmental signatures.
Given the association of this neurodevelopmental gene ex-
pression signature with the presence of the oncogenic fusion
protein in RMS, we hypothesized that the fusion protein itself
was at least partly responsible for the transcriptional activation
of this unique subset of genes. To test this hypothesis, we first
constructed a transcription factor regulatory network of neuro-
developmental genes expressed in fusion-positive RMS
(Fig. 3A). Briefly, our analysis identified transcription factors
with predicted binding sites enriched among the gene list and
generated a network of these transcription factors based on a
curated database of protein—protein interactions (see Materials
and Methods). Interestingly, this unbiased approach generated
a transcriptional regulatory network with nodes that included

GO Term P-value Gene count

Cell development 3.8x10™ 113

Nervous system development 2.0x10™"? 116

Regulation of cell differentiation  6.6x10™"2 91

Generation of neurons 2.9x10™" 82

Neuron differentiation 1.5%107° 75

Positive regulation of

-10
developmental process 2:2x10 69

Neurogenesis 2.8x107° 83

Positive regulation of cell
differentiation

Muscle structure development

Regulation of multicellular 15
organismal development 8.9x10 92 )

3.7x10710 58

7.7x10™ 46

Fig. 2  Comparison of gene expression in fusion-positive versus fusion-negative rhabdomyosarcoma. A, Heat-map of differentially expressed
genes in fusion-positive versus fusion-negative rhabdomyosarcoma. Thirty-three fusion-positive sarcomas and 25 fusion-negative were clustered
according to microarray-based gene expression signatures [29]. B, List of the 10 annotated gene ontology (GO) terms associated with genes
enriched with the lowest P-values among genetic loci overexpressed in fusion-positive versus fusion-negative rhabdomyosarcoma. Terms associ-
ated with neurodevelopmental gene expression are highlighted in red.



OLIG2 expression in alveolar rhabdomyosarcoma 81

IRF7

A

AHR

‘0
SREBF1

i PPARA i
. ..~..
s

B PAX3-FOXO1 bound C GoTem

. P-value Gene count
genes in ARMS
(Gryder et al., 2017) Cell development 4.2,‘10-14 140
Embryo development 1.6x10™ 85

Regulation of cell differentiation  4.4x107"2 113

So Nervous system development 7.6x10™'2 143

‘>_< Regulation of multicellular 11

© organismal development 1.9x10 12

< . .

I Anatomic structure formation 3.8x107" %0

o involved in morphogenesis :
Chordate embryonic 11
development 6.5%10 2t
Generation of neurons 7.2x10™M 100
Neurogenesis 1.1x107° 104

Genes with increased expression

in fusion-positive RMS Embryonic morphogenesis 1.3x107° 56
(Sun et al., 2015) a4

Fig. 3 PAX3-FOXOI directs a neurogenic gene expression program in fusion-positive rhabdomyosarcoma. A, Transcription factor regulatory
network of the neurodevelopmental gene expression program from analysis of differential gene expression in fusion-positive and -negative rhab-
domyosarcoma. PAX3 and FOXO1 are highlighted in orange. B, Overlap between PAX3-FOXO1-bound genes and those genes with increased
expression in fusion-positive rhabdomyosarcoma. C, List of the 10 annotated gene ontology (GO) terms associated with genes bound by PAX3-
FOXO1 in rhabdomyosarcoma. Terms associated with neurodevelopmental gene expression are highlighted in red.

both FOXO1 (P = 5.8 x 107'9) and PAX3 (P = 2.8 x 107%), Previous studies of the PAX3-FOXO1 fusion protein using
suggesting a predicted role for the translocation protein in this chromatin immunoprecipitation combined with DNA se-
distinct signature of neuronal genes. quencing (ChIP-seq) have identified genome-wide binding
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sites of the translocation protein product [32]. In order to un-
derstand the contribution of PAX3-FOXOI to the transcrip-
tional activation of genes in fusion-positive RMS, we asked
whether genes overexpressed in fusion-positive relative to
fusion-negative RMS coincided with those genes adjacent to
PAX3-FOXO1 binding sites. Notably, 139 of the 689 anno-
tated genes identified by nearby PAX3-FOXO1 binding sites
were also overexpressed in fusion-positive RMS (Fig. 3B;
P = 4.6 x 107°?), suggesting that proximity of fusion protein
binding is functionally relevant to locus-specific transcrip-
tional activation. Furthermore, the 689 PAX3-FOXO1-bound
genes themselves were significantly enriched for those in-
volved in “nervous system development” (143 genes; P =
7.6 x 10712), “generation of neurons” (100 genes; P =
7.2 x 1071, and “neurogenesis” (Fig. 3C; 104 genes; P =
1.1 x 10719). Altogether, 35 genes associated with nervous
system development were overexpressed in fusion-positive
RMS and bound by the fusion protein. These findings point
to a fusion-protein-regulated transcriptional program that is
characterized by expression of neurodevelopmental genes.
Next, we analyzed specific neurodevelopmental genes tran-
scriptionally regulated by PAX3-FOXO1 as potential bio-
markers of the fusion protein. Among neurodevelopmental
genes that are both overexpressed in fusion-positive RMS
and bound by PAX3-FOXO1 itself, we identified eight encod-
ing transcription factors, including SOX8, ATOHS, FOXP1,
PAX3, PROXI, TFAP2B (encoding AP2f), MYCN, and
OLIG2. We focused on transcription factors given both that
they often exhibit robust expression as master regulators over-
seeing broad networks of expressed genes and that their nu-
clear localization is readily amenable to
immunohistochemical interrogation. Of these eight genes,

A

1*10-28

I
1*10-25 OLIG2

1*10-22

D

1*10-19

1+10-16

1*10-13

P-value

1*10-10

1107

1"0-4

1*10-1

-128 -32 8 -2 2 8 32

Fold change

(Fusion-positive vs. Fusion-negative)

128

OLIG?2 showed the most significant differential expression in
fusion-positive RMS relative to fusion-negative RMS
(Fig. 4A; 18.5-fold differential expression; P = 1.1 x 10721),
Taking together all 54 675 analyzed genetic loci, OLIG2 was
the sixteenth most differentially expressed locus in microarray
comparisons of fusion-positive and fusion-negative cases. Ex-
pression of myogenic regulatory factors is the sine qua non of
RMS diagnosis; the relative expression of MYOG, being more
diffuse in fusion-positive RMS, is a marker of the alveolar sub-
type [33]. The relative overexpression of OLIG2 (18.5-fold) in
fusion-positive cases exceeded that of both MYOG (2.7-fold)
and MYOD1 (2.4-fold) by analysis of published microarray
data (Fig. 4B). Moreover, the pattern of expression of OLIG2
was the inverse of that of PAX7 (Fig. 4B), a marker of myo-
genic differentiation that is more diffusely expressed in the
majority of embryonal RMS relative to its more limited ex-
pression in alveolar RMS [23]. Thus, OLIG?2 expression is a
characteristic of the fusion-positive (i.e., alveolar) subtype of
RMS.

To further explore the diagnostic significance of this neuro-
developmental gene signature, and of OLIG2 expression in par-
ticular, in the distinction of fusion-positive and fusion-
negative RMS, we used immunohistochemistry to detect
OLIG?2 protein in a cohort of RMS cases that have been char-
acterized with regard to FOXO| rearrangement. Full histologic
cross sections of tumor were evaluated microscopically.
OLIG2 is a transcription factor and anti-OLIG2 immunoreac-
tivity was consistently localized to the nucleus (Fig. 5SA) with
little or no cytoplasmic staining. While OLIG2 expression was
detected by immunohistochemistry in 96.4% (N = 27/28) of
fusion-positive RMS, only 6.7% (N = 3/45) of fusion-
negative RMS expressed any OLIG2 (P < .001; Fig. 5B).
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Fig. 4 OLIG?2 is a neurodevelopmental transcription factor showing relative overexpression in fusion-positive thabdomyosarcoma. A, Volcano
plot showing P value versus fold-change in a comparison of high-throughput microarray gene expression data from 33 fusion-positive and 25 fu-
sion-negative rhabdomyosarcoma samples [29]. Each point on the plot represents one of 54 675 individually analyzed loci. OLI/G? is highlighted
as a gene with significantly enriched expression in fusion-positive rhabdomyosarcoma relative to fusion-negative. B, Relative expression of se-
lected genes by gene expression microarray analysis. Expression values are normalized to 1.0 in fusion-positive cases. Error bars represent stan-

dard error of the mean. (**P < .001).
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Fig. 5 Immunohistochemical analysis of OLIG2 expression in rhabdomyosarcoma. A, Representative immunohistochemical detection of
OLIG?2 expression in fusion-positive and -negative rhabdomyosarcoma, both of which are characterized by strong and diffuse expression of myo-
genin. B, Percentage of fusion-positive and -negative rhabdomyosarcoma cases showing OLIG2 expression by immunohistochemistry.

Moreover, OLIG2 expression in fusion-negative cases was not
seen in more than 5% of lesional cells, while 92.9% (N = 26/
28) of fusion-positive cases expressed OLIG2 in more than 5%
of cells. On average, 49% of cells expressed OLIG2 in fusion-
positive cases. Among the fusion-positive cohort, the 5’ part-
ner of the FOXO1 translocation was identified in 15 cases
(13 PAX3-FOXOI and 2 PAX7-FOXO1), all of which were
OLIG2-positive. In addition to 33 cases of embryonal RMS,
including 3 with limited OLIG2 expression, fusion-negative
cases included 7 examples of pleomorphic RMS and 5 of spin-
dle cell/sclerosing RMS, all of which were negative for OLIG2
expression. Therefore, immunohistochemical detection of
OLIG2 expression reflects a neurodevelopmental gene expres-
sion signature characteristic of fusion-positive RMS.

4. Discussion

RMS is characterized by expression of markers of skeletal
muscle differentiation, including MYOD1 and myogenin. In
our study, comparisons of genome-wide gene expression in fu-
sion protein-positive and -negative RMS highlighted enriched
expression of neurodevelopmental-related genes in fusion-
positive cases. These findings may relate to the previously re-
ported diagnostic pitfall of synaptophysin or chromogranin ex-
pression in as much as 43% of morphologically defined
alveolar RMS cases [34]. CD56 is almost always expressed
in RMS, although CD56 expression in isolation is not neces-
sarily interpreted as indicative of neuroendocrine differentia-
tion in RMS. In contrast to this previous study of
neuroendocrine marker expression in alveolar RMS, our study
identified more pervasive expression of a neurodevelopmental
gene signature, as represented by the transcription factor
OLIG2 (~96% positive in FOXO1-rearranged RMS cases).
Additionally, previous examination of neuroendocrine marker
expression in alveolar RMS did not include a comparison to
embryonal/fusion-negative RMS, so it remains unclear

whether features of neuroendocrine differentiation in particu-
lar distinguish the fusion-positive subtype. Anecdotally, we
have not observed significant expression of neuroendocrine
markers in RMS cases of embryonal, pleomorphic, or spindle
cell/sclerosing subtypes in our own practices.

Our analyses identified OLIG2 expression as a feature of the
neurodevelopmental cell phenotype that manifests in fusion-
positive rhabdomyosarcoma. We find that OL/G?2 is representa-
tive of a broader fusion protein-related neurodevelopmental
gene expression signature that includes “neural-related” genes
such as ANK2, NRCAM, KCNN3, and DCX, noted to exhibit
PAX3/7-FOXO1-related overexpression in previous studies
[24,25]. OLIG?2 is a basic helix—loop—helix transcription factor
that is required, along with OLIGI, for appropriate develop-
ment of motor neurons and oligodendrocytes in mice [35]. Ac-
cordingly, OLIG2 is expressed in ventral neural progenitor
cells that differentiate into oligodendrocytes and subsets of
neurons in the brain and spinal cord. Previous studies have
shown that OLIG?2 is also expressed in 97% of glial neo-
plasms, including oligodendroglioma, astrocytoma, and epen-
dymoma [36]. Moreover, OLIG2 is expressed in the large
majority of “neuronal neoplasms”, such as medulloblastoma,
central neurocytoma, and dysembryoplastic neuroepithelial tu-
mor [36]. Although previous studies have suggested that
OLIG?2 is “not expressed in non-neuroectodermally derived
tumors” [36], these analyses did not examine expression in
RMS or other soft tissue sarcomas.

A single case used in this study classified as alveolar
RMS showed no evidence of OLIG2 expression. This
RMS presented as a soft tissue mass of the posterior lower
leg in a 10 year-old female with a history of acute pro-
myelocytic leukemia post bone marrow transplant. The tu-
mor was classified on the basis of alveolar morphology,
expression of myogenin, and apparent FOXO! rearrange-
ment by interphase FISH (separation of 5" and 3’ probes in
79% of cells in this break-apart assay). Concurrent chromo-
somal analysis of this tumor after short-term culture revealed
a subset of cells with an apparent chromosome #13 long arm
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deletion. Sequential metaphase FISH analysis demonstrated
complete loss of the FOXO! locus from the putative del
(13q), consistent with chromosomal deletion, rather than a t
(2;13) or t(1;13) derivative. Although the chromosome 13 de-
letion was ultimately felt to represent an artifact of culture, it
does raise the possibility that the observed FOXOI1 rearrange-
ment is mediated by a complex cytogenetic abnormality not
necessarily representing a translocation involving PAX3 or
PAX7.

As a transcription factor expressed in many neuronal
and glial neoplasms of the central nervous system, OLIG2
regulates tumor proliferation [37]. In murine models of gli-
oma, Olig2 activates expression of genes involved in cell-
cycle progression, while conditional loss of Olig2 decreases
the rate of tumor growth and prolongs survival [38]. OLIG2
function seems to be particularly important in maintaining a
subpopulation of tumor-propagating glioma stem-like progen-
itor cells [38,39]. The growth-promoting effects of OLIG2 in
glioma include modulation of epidermal growth factor recep-
tor (EGFR) and platelet-derived growth factor receptor-a
(PDGFRa), both of which are susceptible to pharmaceutical
inhibition [38,39]. The observation of OLIG2 expression in
this study thus raises the possibility that it mediates similar on-
cogenic mechanisms in fusion-positive RMS that could be ex-
plored as therapeutic targets.

Fusion-positive RMS cases in this study were hetero-
geneous in terms of the percentage of cells positive for
expression of OLIG2. This heterogeneity did not appear
to correlate with the age of the specimen or the duration
of fixation. An intriguing possibility is that differences
in OLIG2 expression between cases somehow reflects dif-
ferences in the underlying biology of these tumors that
may relate to their tissue of origin, degree of differentia-
tion, susceptibility to treatment, and clinical prognosis.
Also, individual tumor cells within a given specimen ex-
hibited varying intensities of anti-OLIG2 immunoreactiv-
ity. Thus, even within a tumor, factors such as cell-cycle
stage, microenvironmental cues, and states of differentia-
tion may manifest with distinct OLIG2 expression in indi-
vidual cells.
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