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Abstract

Alveolar rhabdomyosarcoma is an aggressive pediatric cancer of the myogenic lineage with
frequent chromosomal translocations involving the PAX3or PAX7and FOXOI genes. Based on
previous studies indicating that the fusion genes are amplified in a subset of these cancers, we
conducted a comprehensive molecular and clinical investigation of these amplification events.
Using oligonucleotide arrays to localize amplicons, we found that the minimal 1p36 amplicon
measured 0.13 Mb and only contained PAX7whereas the minimal 13q14 amplicon measured 0.53
Mb and contained FOXO1 and the poorly characterized L OC646982 gene. Application of a
fluorescence in situ hybridization assay to over 100 fusion-positive cases revealed that the fusion
gene is amplified in 93% of PAX7-FOXOI-positive and 9% of PAX3-FOXOI-positive cases.
While most cells in amplified PAX7-FOXO1-positive cases contained the amplicon, only a
fraction of cells in the amplified PAX3-FOXOI1-positive cases contained the amplicon. Expression
studies demonstrated that the fusion transcripts were generally expressed at higher levels in
amplified cases, and that the PAX7-FOXO1 fusion transcript was expressed at higher levels than
the PAX3-FOXOI1 fusion transcript. Finally, fusion gene amplification and PAX7-FOXO1 fusion
status were each associated with significantly improved outcome; a multivariate analysis
demonstrated that this predictive value was independent of other standard prognostic parameters.
These findings therefore provide further evidence for a novel good prognosis subset of fusion-
positive rhabdomyosarcoma.

INTRODUCTION

Rhabdomyosarcoma (RMS) is a family of soft tissue cancers that are related to the skeletal
muscle lineage and frequently occur in children and young adults (Barr and Womer, 2009).
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RMS is composed of two major histologic subtypes, embryonal (ERMS) and alveolar
(ARMS) (Parham and Ellison, 2006). As a category, ARMS tumors differ from ERMS
tumors by frequent occurrence in the extremities and a worse prognosis, which is associated
with a propensity for early metastasis, poor response to treatment and frequent relapse.

At the genetic level, chromosomal translocation events frequently occur in tumors of the
ARMS subtype (Barr and Womer, 2009). The most frequent translocation is a t(2;13)
(935;914) and there is also a less common variant t(1;13)(p36;914) that occurs in a smaller
subset of cases. These 2;13 and 1;13 translocations generate PAX3-FOXO1 and PAX7-
FOXOL1 fusion genes, respectively, which encode novel fusion transcription factors with
oncogenic activity.

Although these chromosomal translocation events appear to be important events in RMS
pathogenesis, genome-wide screens also indicate the frequent occurrence of gene
amplification events in ARMS tumors (Pandita et al., 1999; Gordon et al., 2000; Bridge et
al., 2002). As gene amplification provides an important mechanism for increasing oncogene
copy number and expression, the associated overexpressed proteins are postulated to
collaborate with the fusion oncoproteins generated by the translocation during oncogenesis.
Our recent studies elucidated the molecular basis of the amplicons derived from the 2p24,
12913-q14, and 13931 chromosomal regions (Barr et al., 2009; Reichek et al., 2011). Each
of these amplicons is associated with specific gene fusion subtypes and a differing clinical
outcome. For example, the 12g13-q14 amplicon identified a poor prognostic subset of
PAX3-FOXOI1-positive tumors.

In earlier studies, we and others found amplification of PAX7-FOXO1 or less commonly
PAX3-FOXO1in ARMS tumors (Barr et al., 1996; Weber-Hall et al., 1996; Davis and Barr,
1997). These genetic events correspond to amplicons localized to 1p36, 2g34-qgter, and
13914 chromosomal regions in previous genome-wide screens. In this report, we use DNA-
based arrays to localize the amplified region in RMS tumors and identify the consistently
involved genes on genetic maps. The rearrangement and amplification status of numerous
tumors are assessed with fluorescence in situ hybridization (FISH) assays. These findings
are compared with quantitative RT-PCR assays, which analyze gene fusion status, subtype
and expression. Finally, the clinical significance of gene fusion amplification and subtype is
investigated by comparing these molecular findings with pathologic, molecular, and clinical
data.

MATERIALS AND METHODS

Tumor Cases

In this study, 201 frozen tissue samples were received from the Children’s Oncology Group
(COG) Soft Tissue Sarcoma (STS) Tumor Bank. Subsets of this 201 sample collection were
used in different parts of this study, and are summarized in Supplemental Table 1. All
samples were reviewed at the time of original submission by pathologists affiliated with the
COG STS Committee using existing criteria (Newton et al., 1995). Based on more recent
changes, only cases with greater than 50% alveolar histology were included in this study.
Although all these cases received a review diagnosis of ARMS, subsequent re-review of
cases with available slides determined that a subset do not meet the current criteria for
ARMS (Teot et al., manuscript submitted). Therefore, the above-described 201 cases will be
considered a convenience sample of RMS cases that is enriched for ARMS cases. Our
analysis will not specifically consider histologic subtype but will instead use fusion subtype
as a bhasic system for categorizing these RMS cases. All 201 cases will be analyzed in this
study, but since this study is specifically investigating fusion gene amplification status, we
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will focus predominantly on the fusion-positive RMS cases and will use the fusion-negative
RMS cases as a comparison group.

Of the 201 RMS samples in this study, 166 samples were derived from patients enrolled on
Intergroup Rhabdomyosarcoma Study (IRS) Group or COG STS clinical trials. These cases
were distributed among the following trials: IRS 1V pilot (n = 3), IRS IV (n = 47), IRS V
pilot (n = 4), D9501 (n = 7), D9502 (n = 7), D9602 (n = 9), D9802 (n = 20), and D9803 (n =
69). The various trials from which these cases are drawn have similar chemotherapy control
arms with comparable outcomes. In addition, the experimental arms did not show different
outcomes when compared with the control arms. Therefore there is justification for
combining the study populations of these 166 cases for outcome analysis in the present
study. As for the remaining 35 of the original 201 samples, data from the corresponding
cases were used to analyze various issues but not outcome in the present study,

This molecular correlative study was approved by the University of Pennsylvania
Institutional Review Board.

DNA Preparation and Microarray Analysis

FISH

Genomic DNA was extracted using a QlAamp DNA Mini Kit (Qiagen, Valencia, CA), in
accordance with the manufacturer’s instructions. Following quantification, DNA was
analyzed on Affymetrix GeneChip Human Mapping 50K Xbal arrays of the 100K Mapping
Panel (Affymetrix, Santa Clara, CA), following the manufacturer’s instructions. All analyses
were performed in the University of Pennsylvania’s Microarray Core Facility. To further
define the minimum region of amplification, selected samples were analyzed on Affymetrix
GeneChip Human 250K Sy arrays of the 500K mapping panel. Data from the 50K and
250K oligonucleotide arrays were analyzed with Copy Number Analysis Tool (Affymetrix)
and Copy Number Workflow (Partek Genomics Suite, St. Louis, MO), respectively, as
previously described (Barr et al., 2009).

Interphase FISH was performed on touch imprints made from snap frozen or OCT-
embedded tumor samples. To assay for 13g14 rearrangement and/or amplification, slides
were hybridized with the Vysis LSl FOXO1 Dual Color Break Apart Probe (Abbott
Molecular, Des Plaines, IL). This probe set consists of a SpectrumOrange-labeled probe
lying 5" of the FOXO1 gene and a SpectrumGreen-labeled probe lying 3" of the FOXO1
gene. For each assay, cells were stained with a DAPI Il counterstain (Abbott Molecular).
The signals in a minimum of 100 tumor cells were counted. Based on a comparision of the
FISH and RT-PCR data in this study, rearrangement is defined as a splitting of red and green
signals in more than 17% of cells whereas splitting in less than 13% of cells is considered
not rearranged. Cases with 13-17% splitting frequency are considered indeterminate for
FOXOL1 rearrangement. Amplification is defined as >10 green (3”) signals within a cell.
Typically >20 signals were observed in amplified cells with this probe.

Quantitative RT-PCR

RNA was isolated from primary tumors using RNA STAT-60 (Tel-Test, Friendswood, TX)
in accordance with manufacturer’s instructions. Fusion status was initially determined by
RT-PCR analysis in all 201 cases, as previously described (Barr et al., 2009); the fusion
status was indeterminate by RT-PCR analysis in two of these cases. In 144 of the initial 201
cases (of which 142 were derived from patients enrolled on IRS or COG STS clinical trials),
the presence of the PAX3-FOXO1 and PAX7-FOXOI fusion transcripts was detected and
quantified with a modification of our previously published quantitative RT-PCR protocol
(Table 1) (Barr et al., 2006). Following reverse transcription from a FOXOZ1-specific primer
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(FKHR-RT), the assay consists of PCR with consensus 5" PAX3 PAX7 (PAX3/7-3) and 3’
FOXO1 (FKHR-R) primers and detection of PCR products with gene-specific PAX3 (3F3)
and PAX7 (7TF) probes. This arrangement thus determines both the presence and subtype of
the fusion in a single assay. In a second reaction, expression of the 18S rRNA gene was
quantified (using 18S primers and probe) to normalize the results and provide a final
expression ratio. Consistent with its role as a reference gene, there is no significant
difference in 18S rRNA expression between PAX3-FOXO1- and PAX7-FOXO1-positive
tumors (data not shown). This 18S assay also assesses the quality of the RNA by comparing
expression to a standard curve of a control ARMS cell line. To determine which negative
gene fusion results were meaningful and to control for variability between runs, we set an
18S cut-off equivalent to the level in 0.5 ng of control RNA as evidence of a satisfactory
sample. All assays were performed using an ABI Prism 7900 Sequence Detection System
(Applied Biosystems, Carlsbad, CA).

We modified the above qRT-PCR assay to determine fusion transcript expression on a
common scale for both PAX3-FOXO1 and PAX7-FOXOI fusions (Table 1). To directly
measure fusion transcript expression, the assay consists of reverse transcription with FKHR-
RT, PCR with the PAX3/7-3 primer and a new further 3" FOXO1 primer (FKHR-R1)
followed by detection of PCR products with a 3" FOXO1-specific probe (FKHR-P1). The
second 18S control and normalization reaction is performed as described above.

Statistical Analyses

RESULTS

The unpaired Student’s t-test was used to compare the means of two groups with continuous
measurements (e.g., gene expression). To compare means across more than two groups, a
one-way ANOVA approach was used with Scheffe’s post-hoc test for pairwise comparisons
(conducted in SPSS 12, SPSS Inc., Chicago, IL). To determine the effect of two factors -
each with multiple levels - on the continuous measurement, a two-way ANOVA approach
was used with Neuman-Keul’s post-hoc test for pairwise comparisons (conducted in
SigmaStat Software 2.033, SPSS Inc.). The relationship between fusion status and
amplification level was examined by Fisher’s exact test with Bonferroni’s post-hoc test for
pairwise comparisons (conducted in SAS 9.2 software, SAS, Inc.). The Pearson correlation
coefficient was calculated to evaluate the correlation between two continuous
measurements. For all the above continuous responses, if the assessment of normal
distributions failed, an appropriate transformation (e.g., logarithm) was implemented before
the analyses.

For survival analyses, Kaplan-Meier curves were drawn for the variable with multiple
groups, and the non-parametric log-rank statistic was used to assess the significance of
outcome across groups. The Cox proportional hazards models were further fitted to evaluate
the association of interesting variables with outcome in univariate (i.e., with only the
variable of interest as the covariate) and multivariate analyses (i.e., with the variable of
interest and other confounders).

Microarray Analysis of Amplicons in RMS Tumors

In our studies of amplification in RMS, we have been using a 50K oligonucleotide array
dataset to analyze copy number changes in a panel of 57 RMS tumors selected from the
larger 201 tumor set based on abundant frozen material, a representative distribution of
fusion subtypes, and clinical trial eligibility (Supplemental Table 1). The fusion status of this
panel is 31 PAX3-FOXOI-positive, 9 PAX7-FOXOI-positive, 16 fusion-negative, and 1
indeterminate fusion status (Barr et al., 2009; Reichek et al., 2011). In these 57 cases, we
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found a recurrent 13q14 amplification event in 9 cases including 1 PAX3-FOXO1-positive
and 8 PAX7-FOXOI-positive cases. In addition, we also identified a recurrent 1p36
amplification event in 7 of the 8 PAX7-FOXOI positive cases with the 13g14 amplicon. In
the PAX3-FOXOI-positive case with a 13q14 amplicon, there was a 2935 amplification
event. Based on our previous studies of fusion gene amplification (Barr et al., 1996; Davis
and Barr, 1997), we postulated that the 1p36, 2935, and 13g14 amplicons involve the PAX3,
PAX7, and FOXOI1 genes.

To localize the minimum common region of 1p36 amplification, we identified the 1p36
amplicon endpoints in each amplified tumor. By comparing these endpoints, we initially
situated the minimum common region of amplification to a 1.77 Mb segment (Figure 1A).
To further delineate the minimal common amplified region, we analyzed four selected
amplified cases on higher density 250K oligonucleotide arrays. We also analyzed the PAX7-
FOXO1I-positive case for which the 50K array detected a 13q14 amplicon but did not detect
a 1p36 amplicon; a small 1p36 amplicon was detected on the 250K array in this latter case.
The minimum overlapping 1p36 amplicon shared among these amplified cases was thereby
reduced to 0.13 Mb. Comparison of this interval with the human genome map (NCBI Build
36.2) revealed that the minimal common amplified region contains only the PAX7 gene.
Furthermore, the localization is sufficient to identify that the minimal region only contains
the 5” region of PAX7and thus is consistent with amplification of the PAX7-FOXO1 fusion
gene. Based on the genomic map, the 5° PAX7 region is closer to the telomere and the 3
PAX7region is closer to the centromere.

For the 13914 chromosomal region, the minimal common amplified region was initially
mapped to a 1.06 Mb segment, based on 50K array mapping data (Figure 1B). The
amplicons from five of the cases were further examined on 250K arrays and the minimal
common amplified region was further refined to a 0.53 Mb segment. The genetic map
indicates that this minimal region contains the LOC646982 and FOXOI1 genes. As evidence
that these amplicons specifically amplify the fusion genes, only the 3’ end of FOXO1 is
contained within the minimal region. Based on the genomic map, the 3° FOXOI region is
closer to the centromere and the 5 FOXO1 region is closer to the telomere.

The localization of the 2p35 amplicon was hampered by the presence of only one 2g35-

amplified case in this panel of cases. Using mapping data from the 50K array, this amplicon
was 0.84 Mb in size, and mapping on the 250K array only refined this size to 0.76 Mb (data
not shown). This interval contained the 5° PAX3region as well as multiple additional genes.

FISH Studies of 13q14 Rearrangement and Amplification in RMS Tumors

To extend these findings, we used a commercially available set of FISH probes flanking the
FOXO1 locus (Supplemental Figure 1). This FISH assay detects FOXO1 gene
rearrangement (as part of the PAX3-FOXO1 or PAX7-FOXO1 gene fusion) by finding
break-apart of the two probes (Matsumura et al., 2008). In addition, amplification of either
fusion is detected by the presence of multiple copies of the 3" probe in a dispersed pattern
consistent with double minute chromosomes. We first analyzed 56 of the 57 cases
previously analyzed on the copy number arrays. One fusion-negative case was not available
for FISH analysis. As a demonstration of high concordance with the microarray results, this
FISH assay detected FOXOZ amplification in 9/9 RMS cases in which a 13q14 amplicon
was detected on the microarray, and detected a non-amplified pattern in 46/47 RMS cases in
which a 13914 amplicon was not detected on the microarray. In the one discordance,
FOXO1 amplification was detected by FISH in one PAX3-FOXOI-positive case in which a
13914 amplicon was not found on the microarray. The lack of amplicon detection on the
microarray can be explained by the fact that the FISH assay detected a FOXO1
rearrangement in most cells in this case, but only found amplicons in 8% of the cells.
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After assaying an additional 118 RMS cases to bring the total to 174 cases assayed by FISH,
we detected FOXO1 amplification in 35 of 174 cases (20%). Considering fusion subtypes,
this amplification is present in 28/30 PAX7-FOXO1-positive (93%), 7/79 PAX3-FOXO1-
positive (9%) and 0/63 fusion-negative (0%) cases. In two cases without FOXO1
amplification, the fusion status was indeterminate by RT-PCR analysis. Using the Fisher’s
exact test, we found a significant association between fusion status and 13g14 amplification
(p<0.0001). Moreover, the proportion of amplified cases was significantly higher in the
PAX7-FOXO1-positive than in the PAX3-FOXOI1-positive (p<0.0001) and fusion-negative
(p<0.0001) groups. In addition, a significant difference was found between the PAX3-
FOXO1 and fusion-negative groups (p=0.05). All pairwise comparisons were adjusted by
using Bonferroni’s method.

In tumors with fusion gene amplification, we noted a significant difference in the frequency
of amplicon-containing cells between PAX7-FOXOI- and PAX3-FOXOI-positive tumors
(p<0.0001) (Figure 2A). Not only were most PAX7-FOXOI1-positive tumors positive for
fusion gene amplification, but also the far majority of cells within each tumor contained the
fusion gene amplicon (mean, 72%; SD, 27%). In contrast, in the rare cases of PAX3-
FOXO1I-positive tumors with fusion gene amplification, these tumors generally contained
few cells with the amplicon (mean, 20%; SD, 16%). It should be noted that the non-
amplicon containing cells in these “amplified” PAX3-FOXOI1 tumors generally had FOXO1
rearrangements, thus indicating that the low frequency was not because of normal cell
contamination.

In a final set of comparisons, we analyzed the concordance between the FISH and RT-PCR
findings in these cases. In 174 cases with FISH data, 109 cases were determined to be
fusion-positive by RT-PCR. The FISH assay found a FOXO1 rearrangement with or without
amplification in 101 of 109 cases (93%). In four additional cases that were fusion-positive
by RT-PCR, the far majority of the cells (62%-97%) demonstrated selective loss of the 5
FOXO1 signal (Supplemental Figure 1C). This clonal loss of the 5" signal (associated with
the nonfunctional reciprocal FOX01-PAX3 fusion gene) and maintenance of the 3” signal
(associated with the functional PAX3-FOXO1 fusion gene) was only found in cases that
were fusion-positive by RT-PCR and was interpreted as a variant FOXOJ rearrangement
pattern, thus increasing the concordance frequency to 96% (105/109). In the final four
fusion-positive cases, the FISH assay detected 14-17% cells with breakapart signals, and the
FISH result in these cases was considered as indeterminate based on our criteria for the
indeterminate range (3/109, 3%). In the remaining cases with FISH data, 63 cases were
fusion-negative by RT-PCR. In the 63 “fusion-negative” cases, 59 cases were negative for
FOXO1 rearrangement by FISH (94%). In three cases (5%), we detected 13-16% of cells
with breakapart signals and these cases were considered indeterminate for the FOX0O1
rearrangement. Finally, one case that was negative by RT-PCR was positive for FOXO1
rearrangement by this FISH assay; these results were confirmed by repeat assays. The
reason for this one rare instance of discordance between RT-PCR and FISH is not known.

Expression Studies in RMS Tumors

We next focused on fusion gene expression at the RNA level. In our initial fusion transcript
gRT-PCR assay, we used distinct PAX3and PAX7 probes to detect PAX3-FOXO1 and
PAX7-FOXO1 and thus the expression of the two fusion transcripts could not be directly
compared. To compare expression of both fusion transcripts on a common scale, we
developed a variation of our qRT-PCR assay in which we used a 3" FOXOI probe that will
detect either fusion transcript. We assayed expression in 144 of the 201 initial RMS cases
with this “combined fusion” gRT-PCR assay. Comparison of these combined expression
findings with the PAX3-FOXO1 or PAX7-FOXOI1-specific expression findings showed
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excellent correlation (PAX3-FOXOI, Pearson correlation coefficient [r] = 0.95; PAX7-
FOXO1,r=0.99).

Using these combined expression findings, we found a significant difference in expression
among the three fusion subtypes (p<0.0001) (Figure 2B). In a pairwise comparison, PAX7-
FOXO1I-positive tumors had significantly higher fusion expression than PAX3-FOXO1-
positive tumors with a mean expression level that is 3.7 times higher (p<0.0001). This result
was corroborated using a second set of qRT-PCR assays from the wild-type FOXO1 regions
5" and 3" of the fusion gene breakpoint (Supplemental Figure 2). As expected, the fusion-
negative category did not express detectable fusion transcript, and had a level that was
significantly less than both fusion-positive categories. In a second set of comparisons of
amplification in only fusion-positive cases, fusion gene-amplified cases had significantly
higher fusion gene expression than cases without amplification with a mean expression level
that is 2.4 times higher (p=0.0006). However, when this comparison was restricted to PAX3-
FOXOI-positive cases, there was no significantly increased fusion expression in amplified
cases compared to non-amplified cases (p=0.3). There was an insufficient number of non-
amplified PAX7-FOXOI-positive cases (n=2) to explore this issue in the PAX7-FOXO1-
positive subset.

Finally, we evaluated L OC646982, the other gene consistently amplified in the 13q14
amplicon. The LOC646982 locus encodes a widely expressed gene (also known as 77L)
with a poorly characterized protein product (Qiao et al., 2003). Analysis of LOC646982
expression showed significantly higher expression in PAX7-FOXO1- compared to PAX3-
FOXO1I-positive cases (p=0.013) (Figure 2C), and in 13q14-amplified compared to non-
amplified cases (p=0.044). In each comparison, the mean expression level was only 1.4-fold
higher, suggesting a less prominent expression increase in amplified LOC646982 compared
to amplified 3" FOXOL.

of 13q14 Amplification and Fusion Status with Clinical Outcome

To study an association with clinical characteristics, we focused on the fusion-positive
subset of RMS cases, which includes all cases with the 13q14 amplification event. We
compared 13914 amplification data with pertinent clinical parameters in the 87 fusion-
positive RMS cases with available amplification and clinical data (28 amplified and 59 non-
amplified) (Table 2). The most notable associations for these 13ql4-amplified tumors were
younger age at diagnosis, extremity primaries, no nodal involvement and lower
invasiveness. A similar comparison of PAX3-FOXOI- and PAX7-FOXOI-positive cases
with clinical data (n=76 and n=30, respectively) demonstrated that the PAX7-FOXO1 fusion
was also preferentially associated with these same four clinicopathologic features.

We next investigated the association of these molecular features with outcome data, using
the Kaplan-Meier method to estimate survival distributions and the log-rank test to compare
them by molecular status. In an analysis of 13q14 amplification status, overall outcome was
significantly better for amplified cases relative to non-amplified cases (p=0.0011); the
overall survival at five years for amplified and non-amplified cases was 80% and 40%,
respectively (Figure 3A). The failure-free survival was also quantitatively better for
amplified cases relative to non-amplified cases with a trend towards significance (p=0.053)
(Figure 3B). A comparable analysis of fusion status demonstrated that a similar difference in
outcome between PAX7-FOXOI- and PAX3-FOXO1-positive cases, which was statistically
significant for both overall (p=0.0012) and failure-free survival (p=0.046) (Figure 3C, D). In
further studies, the subset of 13q14-amplified PAX3-FOXO1-positive cases had a
quantitatively improved overall outcome (66% five-year survival) compared to the non-
amplified PAX3-FOXOI1-positive cases (40% five-year survival), but this result was not
significant (p=0.32) due to the small number of amplified cases (n=5). There were not
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enough non-amplified PAX7-FOXOI-positive cases to pursue a similar analysis in the
PAX7-FOXO1I-positive subset.

In the next step, we used the Cox proportional hazards model to analyze these molecular
parameters under a multivariate setting. After adjusting for age, sex, group, node status,
primary site, and tumor size, 1314 amplification status was a significant independent
predictor of overall survival (p =0.018, HR = 0.3, 95% CI: 0.11-0.81) (Table 3). A similar
multivariate analysis examining fusion status instead of amplification also demonstrated an
independent role for PAX7-FOXO1 fusion status in predicting overall survival (p = 0.035,
HR =0.39, 95% ClI: 0.16-0.94). When both 13q14 amplification status and fusion status
were included together in this multivariate analysis, the significance of both parameters
decreased and neither was a significant independent predictor of overall outcome. This result
was not unexpected given the high level of correlation between these two molecular
parameters and the limited number of cases. In contrast to these predictive findings for
overall survival, a comparable multivariate analysis indicated that neither 13q14
amplification status nor fusion status was an independent predictor of failure-free survival.

Based on a previous finding that improved outcome associated with the PAX7-FOXO1
fusion was specific to metastatic cases (Sorensen et al., 2002), we studied the relationship of
disease spread (locoregional or metastatic) with fusion or amplification status. In our
multivariate model, there was not a statistically significant interaction of fusion (p=0.98) or
amplification (p=0.095) status with disease spread. Of note, our current study shows that
PAX7-FOXOI1 is associated with improved overall survival for both locoregional (p =
0.032) and metastatic (p=0.0059) disease.

In a final analysis, we used the Cox regression to study cases with fusion gene amplification
and analyze whether the fraction of amplified cells within the tumor has predictive value.
From the 87 fusion-positive cases with clinical information, our FISH analysis identified 28
cases with fusion gene amplification. In a univariate analysis of these 28 cases, the fraction
of amplified cells was not significant in predicting overall (p = 0.99) or failure-free survival
(p = 0.65) (Supplemental Table 2). After adjusting for other clinical parameters, this fraction
was significant for predicting failure free survival (p=0.029), with an increased fraction
being associated with improved outcome. However, the association with better overall
survival (HR=0.07) was not significant (p=0.13).

DISCUSSION

In this manuscript, we performed a comprehensive examination of the fusion gene
amplification events that occur in the pediatric soft tissue cancer RMS. Our analysis of a
large number of RMS cases confirmed that the PAX7-FOXO1 fusion is usually amplified
while the PAX3-FOXOI fusion is rarely amplified. The copy number array analysis
indicated that PAX7was the only consistently amplified gene in the 1p36 region and thus
co-amplification of neighboring genes in the 1p36 region does not appear to explain the high
frequency of PAX7-FOXO1 amplification. Though the copy number array analysis of the
13914 amplicon did identify consistent co-amplification of FOXOZ and the neighboring
LOC646982 gene, this gene could be amplified in either PAX7-FOXO1 or PAX3-FOXO1
amplicons and thus does not immediately provide an explanation for the increased frequency
of PAX7-FOXO1 amplification.

Another relevant genomic feature that was assessed in our genomic data was the orientation
of the three genes with respect to the chromosomes. Our earlier studies of PAX3and
FOXO1 suggested that both genes are oriented with their 5" regions closer to the telomere
and 3’ regions closer to the centromere (Barr et al., 1993; Galili et al., 1993). The current
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genomic maps of human chromosomes 2 and 13 along with our mapping of the 3" FOXO1
and 5° PAX3amplicons confirmed these gene orientations. Similarly, the current genomic
map of human chromosome 1 along with our mapping studies of the amplified 5° PAX7
region indicates that PAX7is also oriented with a 5 region closer to the telomere and 3’
region closer to the centromere. Therefore, PAX7is oriented similarly to PAX3, and both
genes can conceivably form gene fusions with FOXO1 by simple breakage and fusion
events. These findings refute earlier theories that the frequent PAX7-FOXO1 amplification
may be due to a problem with the orientations of the PAX7and FOXOI genes on their
respective chromosomes (Barr et al., 1996).

Based on our above findings, we suggest that a major difference between PAX3-FOXO1
and PAX7-FOXO1 is the intrinsic expression properties of these genes. Our earlier studies
showed that the fusion genes are expressed at a higher level than the corresponding wild-
type genes in human ARMS tumors (Davis and Barr, 1997). More recently, we
demonstrated that fusion gene overexpression is necessary for transformation and
tumorigenesis in a human myaoblast system (Xia et al., 2009). Therefore, a critical issue in
these fusion-positive RMS tumors appears to be selection of a mechanism for high fusion
gene expression to reach a critical threshold level sufficient for oncogenic activity. In
PAX3-FOXO1-expressing tumors, there is a copy number independent gain of
transcriptional activity in the PAX3-FOXOI gene relative to the wild-type PAX3gene
(Davis and Barr, 1997); we hypothesize that this gain involves synergism between the 5
PAX3and 3" FOXO1 regulatory elements. Based on the different developmental expression
patterns of the PAX3and PAX7 genes, it is clear that the expression elements in these two
genes are different (Mansouri, 1998). A reporter transfection comparison of the proximal
promoters indicated that the PAX3 promoter has greater activity than the PAX7 promoter in
various cell backgrounds (Moller et al., 2007). These findings suggest that the combination
of 5" PAX7and 3" FOXO1 regulatory elements is not sufficient to generate high level
expression, and thus a different genomic mechanism, amplification, was selected in these
PAX7-FOXO1-positive tumors to achieve high level expression.

We developed methods for measuring PAX3-FOX0O1 and PAX7-FOXOI fusion transcript
expression on a common scale. In comparisons of tumor subsets, these methods showed the
same overall results. In particular, PAX7-FOXOI mRNA is expressed at higher levels than
PAX3-FOXOI1I mRNA in the respective tumors. Therefore, these results indicate that,
though the PAX7 promoter may be “weaker” than the PAX3 promoter, the amplification
mechanism more than compensates for this difference and in fact results in generally higher
final PAX7-FOXO1 mRNA levels.

In the relatively uncommon PAX3-FOXOI1-positive cases with fusion gene amplification,
we identified several notable differences from PAX7-FOXO1-positive amplified cases. Our
FISH analysis detected rearrangements in most of PAX3-FOXOI1-positive cells and
amplification in only a small subset of the cells. In contrast, PAX7-FOXOI-positive tumors
demonstrate amplification in the majority of the cells. These findings suggest that PAX7-
FOXO1 amplification occurs early in tumorigenesis while PAX3-FOXO1 amplification
occurs later in tumor progression. Alternatively, PAX3-FOXO1 amplification may occur
early but has no selective advantage. Expression studies of the PAX3-FOXOI-amplified
tumors did not indicate increased expression relative to non-amplified PAX3-FOXO1-
positive tumors and comparable to PAX7-FOXO1-positive tumors. However, this lack of
expression can be readily explained by the low fraction of cells with the PAX3-FOXO1
amplification event.

Based on our published phenotypic studies of the PAX3-FOXO1 protein (Xia and Barr,
2004; Xia et al., 2007; Xia et al., 2009), we hypothesize that higher levels of the fusion
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product will have phenotypic consequences in RMS cells. Our cell culture studies indicate
that high fusion product levels exert toxic effects such as growth suppression in many cells
types, and tolerance mechanisms are needed to attenuate these toxic effects and allow
oncogenic effects to be exerted. Therefore, higher PAX7-FOXOL1 levels may still be fully
tolerated and exert higher oncogenic effects, or may have partially exceeded tolerance
mechanisms and resulted in RMS tumor cells that are less “fit” than the PAX3-FOXO1-
expressing RMS tumor cells. This latter possibility is consistent with clinical data from the
current study. For example, there is a significant association of amplification status and
PAX7-FOXO1 fusion status with lower nodal status and lower tumor invasion status. Both
of these indices are measures of tumor progression and suggest the possibility that the
amplified PAX7-FOXOI1-overexpressing cells are relatively less able to undergo these
processes.

A major finding in this current study is the association of fusion gene amplification as well
as the PAX7-FOXOLI fusion gene with a favorable overall outcome. Though most of the
data points to improved overall survival, there is also some evidence of improved failure-
free survival. The high correlation of fusion gene amplification and PAX7-FOXO1
positivity is expected given the finding that >90% of PAX7-FOXOI1-positive cases were
amplified and >80% of amplified cases were PAX7-FOXOI-positive in our dataset. From a
practical standpoint, this high correlation indicates that fusion gene amplification, which is
also determined on the FISH assay for FOXO1 rearrangement, can be used as a marker of
good outcome without the need for determining fusion subtype. The association of fusion
gene amplification and amplification of the PAX7-FOXO1 fusion gene in particular with
better survival is consistent with the above-described theme of less well-adapted tumor cells
with high PAX7-FOXO1 fusion expression.

In interpreting the clinical findings in this paper, we acknowledge that this panel of tumors
constitutes a convenience sample in which there may be unknown selection biases. To
optimize future investigation of these issues, we are planning to analyze these parameters in
RMS cases from a single large clinical trial (D9803) of intermediate risk RMS. We also
acknowledge the need to continue to accumulate fusion-amplified cases (particular PAX3-
FOXO1I-positive) to generate a larger sample size to verify and extend our current findings.
Therefore, the present study provides the impetus for important future studies by firmly
establishing the basic molecular findings related to fusion gene amplification in RMS and
clearly providing strong evidence of a novel clinical marker of good outcome in RMS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Localization of the minimal common amplified regionsin 1p36 (A) and 13q14 (B)
chromosomal regions

The gray rectangles indicate the extent of amplification measured in each tumor using the
Affymetrix GeneChip 50K array. The stippled vertical bar indicates the minimal common
area of amplification based on this initial mapping data using the 50K array. The diagonal-
striped rectangles indicate further localization of the amplicons in a selected set of tumors
using the Affymetrix GeneChip 250K array. The black vertical bar indicates final
localization of the minimal common area of amplification based on this more detailed
analysis. At the top, genes present in the 1p36 (A) and 13g14 (B) regions are shown, based
on NCBI Build 36.2 of the human genetic map, and at the bottom, a scale of genomic
position (in megabases) is shown. The positions of the chromosome 1 (A) or 13 (B)
centromere and 1p (A) or 13q (B) telomere are designated as C and T, respectively. The 5’
to 3 transcriptional orientation of PAX7 (A) and FOXOI (B) are also shown above the
corresponding genes.
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Figure 2. Comparison of molecular parametersamong fusion subtypes

A. FISH methodology was used to quantify the fraction of amplified cells in each case with
fusion gene amplification. The distribution for each fusion subtype is represented
graphically by a Box and Whisker plot. The horizontal line dividing the box into two parts
represents the median. The lower and upper edges of the boxes indicate the 25t and 75t
percentiles, and line segments illustrate the lower and upper extremes, except for outliers
(indicated in subsequent figures by circles). B. Expression of a PAX3-FOXOI1 or PAX7-
FOXOL1 fusion transcript was quantified by gRT-PCR in RNA isolated from RMS samples.
Use of a FOXOL1 probe permits quantification of the two fusions on a common scale. Values
were normalized to corresponding 18S RNA expression levels and represent the ratio of the
means (+/-SD) of triplicate measurements. C. LOC646982 expression was measured by
gRT-PCR and normalized for 18S RNA expression as described above. Abbreviations: 3,
PAX3-FOXOI; 7, PAX7-FOXOI; Neg, Fusion-negative.
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Figure 3. Relationship of outcome to 13q14 amplification and fusion statusin fusion-positive

RM S patients

A. Comparison of overall survival between fusion-positive RMS cases with and without
13914 amplification. Amplified, n = 28; non-amplified, n = 59. B. Comparison of failure-
free survival between fusion-positive RMS cases with and without 13q14 amplification.
Amplified, n = 28; non-amplified, n = 59. C. Comparison of overall survival between
PAX3-FOXO1- and PAX7-FOXOI-positive RMS cases. PAX3-FOXO1, n =76; PAX7-
FOXO1, n =30. D. Comparison of failure-free survival between PAX3-FOXOI1- and PAX7-
FOXOI-positive RMS cases. PAX3-FOXOI1, n =76; PAX7-FOXOI, n = 30.
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Table 1

Probes and Primers

Name Type Sequence

FKHR-RT | RT Primer CTG-GAT-TGA-GCA-TC

PAX3/7-3 | Forward Primer | CCT-CCA-ACC-MCA-TGA-ACC-C

FKHR-R Reverse Primer | CCT-TCA-TTC-TGC-ACA-CGA-ATG-A

3F3 Probe VIC-TGG-CAA-TGG-CCT-CTC-ACC-TCA-GAA-TT-TAMRA

7F Probe 6FAM-AGC-AAC-GGC-CTG-TCT-CCT-CAG-AAT-TCA-TAMRA
FKHR-F1 | Forward Primer | CAA-TTC-GTC-ATA-ATC-TGT-CCC-TAC-A

FKHR-R1 | Reverse Primer | GCA-TCC-ACC-AAG-AAC-TTT-TTC-C

FKHR-P1 Probe 6FAM-AGC-AAG-TTC-ATT-CGT-GTG-CAG-AAT-GAA-GG-TAMRA
FKHR-F2 | Forward Primer | GCT-CAC-GCT-GTC-GCA-GAT-C

FKHR-R2 | Reverse Primer | TGC-TGT-CAC-CCT-TAT-CCT-TGA-A

FKHR-P2 Probe 6FAM-CGA-GTG-GAT-GGT-CAA-GAG-CGT-GCC-TAMRA
18S-F Forward Primer | CGG-CTA-CCA-CAT-CCA-AGG-AA

18S-R Reverse Primer | GCT-GGA-ATT-ACC-GCG-GCT

18S-P Probe 6FAM-TGC-TGG-CAC-CAG-ACT-TGC-CCT-C-TAMRA

TTL2-F Forward Primer | TCC-TGA-TTA-AGG-CAT-GCA-GTC-A

TTL2-R Reverse Primer | CCC-TGG-CTC-CGT-CAG-TCT-T

TTL2-P Probe 6FAM-AAT-GGG-CCT-CAT-GGT-GGA-GCT-TAMRA
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