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Abstract

Background—Rhabdoid tumors (RTs) are aggressive tumors of early childhood that occur most
often in brain (AT/RTSs) or kidney (KRTs). Regardless of location, they are characterized by loss
of functional SMARCBL1 protein, a component of the SWI/SNF chromatin remodeling complex.
The aim of this study was to determine genes and biological process dysregulated in common to
both AT/RTs and KRTs.

Procedure—Gene expression for AT/RTs was compared to that of other brain tumors and
normal brain using microarray data from our lab. Similar analysis was performed for KRTs and
other kidney tumors and normal kidney using data from GEO. Dysregulated genes common to
both analyses were analyzed for functional significance.

Results—Unsupervised hierarchical clustering of RTs identified 3 major subsets: 2 comprised of
AT/RTs, and 1 of KRTs. Compared to other tumors, 1187, 663 and 539 genes were dysregulated
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in each subset, respectively. Only 14 dysregulated genes were common to all 3 subsets. Compared
to normal tissue, 5209, 4275 and 2841 genes were dysregulated in each subset, with an overlap of
610 dysregulated genes. Among these genes, processes associated with cell proliferation, MYC
activation, and epigenetic dysregulation were common to all 3 RT subsets.

Conclusions—The low overlap of dysregulated genes in AT/RTs and KRTs suggests that
factors in addition to SMARCBL loss play a role in determining subsequent gene expression.
Drugs which target cell cycle or epigenetic genes may be useful in all RTs. Additionally, targeted
therapies tailored to specific RT subset molecular profiles should be considered.
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INTRODUCTION

Rhabdoid tumors (RTs) are aggressive tumors occurring most frequently in children under 2
years of age. They often occur in the kidneys (KRTs) or CNS (Atypical teratoid / rhabdoid
tumors, AT/RTSs). The molecular hallmark of RTs is loss of functional SMARCBL1 protein
(aka INI-1, hSNF5, BAF47), a component of the SWI/SNF chromatin remodeling complex
[1, 2]. Survival is poor even with current treatments such as high-dose chemotherapy or
multimodal treatment based on sarcoma regimens [3-5]. Furthermore, these therapies result
in significant long-term morbidity and risk treatment-related death.

To better understand the biology driving RTs, a recent study compared gene expression of
KRTs to other pediatric kidney tumors [6]. They found many down-regulated genes in
KRTs were associated with epigenetic repression by polycomb repressive complexes
(PRCs) in embryonic stem cells (ESC). The oncogene MYC (c-MYC), as well as many of its
targets, was up-regulated.

It is unknown whether these findings in KRTs apply to RTs from other locations. One study
compared gene expression in a group of 10 RTs (5 AT/RTs, 3 KRTs and 2 extra-renal RTs)
to other brain tumors and concluded they were more molecularly similar to each other than
to other brain tumors [7]. Another study, however, identified numerous differences in cell
surface markers between an AT/RT-derived cell line compared to a soft-tissue abdominal
RT cell line using flow cytometry [8]. Immunostaining of tissue microarrays from AT/RTs
and non-CNS RTs showed similar protein expression for 20 ESC-related genes, but
variability for genes in the p16'NK4A and p14ARF pathways [9, 10].

None of these studies has focused on comprehensively addressing similarities and
differences among RTs from different locations. This knowledge is particularly pertinent to
the design of clinical trials involving RTs. It would also shed light on fundamental processes
associated with the role of SMARCBL loss in tumorigenesis. To address this question, we
used our extensive bank of microarray data to compare the gene expression profiles of
AT/RT tumor samples to those of other WHO grade IV pediatric brain tumors and normal
brain. We performed a similar analysis using published microarray data for KRTSs, other
kidney tumors and normal kidney [6]. Finally, we analyzed the overlaps to identify common
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dysregulated genes and molecular processes and possible therapeutic targets among both
AT/RTs and KRTSs.

MATERIALS AND METHODS

Patient samples

Twenty AT/RTs, 42 WHO grade IV pediatric brain tumors (21 medulloblastomas (MEDs),
9 primitive neuroectodermal tumors (PNETS), and 12 glioblastomas (GBMs)), and 9 non-
tumor normal brain samples, all collected at Children’s Hospital, Colorado, were used for
this study. All AT/RTs were verified by immunohistochemistry to show loss of BAF47
(SMARCB1). Eighteen of the 20 AT/RTs have been previously published. All tumors were
collected at initial surgery and snap-frozen. [11]. Sample preparation and microarray
processing were performed for all samples as previously described [11]. Microarray data are
available from GEO (http://www.ncbi.nlm.nih.gov/geo/), accession number GSE35493.

Microarray data for 10 KRTs, 16 kidney clear cell sarcomas, 12 cellular mesoblastic
nephromas, and 15 Wilms tumors were downloaded from GEO (accession GSE11482).
These samples were previously published by another lab comparing gene expression in
KRTs to other pediatric kidney tumors [6]. As this dataset did not include normal kidney
samples, additional data for normal kidney were selected from several studies in GEO
(GSE2004, GSE6280, GSE15641). All downloaded kidney data were normalized together in
the same manner as the brain samples, using gcRMA.

All kidney samples were profiled on Affymetrix UL33A GeneChips (~13,000 annotated
genes). However, the brain samples used Affymetrix U133 Plus2 GeneChips, a combination
of U133A and U133B (~18,000 genes). Therefore, while all genes dysregulated in AT/RTs
were reported, genes in common were limited to those on U133A.

Additional details of the samples used for this study are provided in Supplementary Table I.

Data Analysis

Data analysis using hierarchical clustering, NIH Database for Annotation, Visualization, and
Integrated Discovery (DAVID) and Gene Set Enrichment Analysis (GSEA) bioinformatics
tools has been previously described [11].

Genes that discriminated the tumor subtypes were identified using analysis of variance.
Genes with p < 0.001 and fold difference = 2 or < 0.5 for RTs in all comparisons to each
non-RT group were considered significant. At this p-value all FDRs were < 0.01.

Differential gene expression of each RT group compared to normal samples was calculated
using Student’s two-sample t-tests. A False Discovery Rate (FDR) < 0.01 (associated with
P-values < 0.001) with a mean fold difference = 2 or < 0.5 was considered significant.

Functional analysis of genes was performed with DAVID using the Protein Analysis
Through Evolutionary Relationships (PANTHER) Biological Process database [12-14].
Functional enrichment was also analyzed with GSEA, using published genesets associated
with developmental and cancer pathways. Activated or inhibited upstream transcriptional
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regulators were identified using Ingenuity (Ingenuity® Systems, www.ingenuity.com).
Dysregulated genes, along with their direction of change, were compared to known up and
down-regulated targets of transcriptional regulators, as published in the literature and
compiled in Ingenuity’s KnowledgeBase. A z-score predicted the status of the upstream
regulator (activated or inhibited). Absolute z = 2 was considered significant. Ingenuity was
also used to identify drugs that target particular genes, based on published literature.

Identification of a gene signature that distinguishes RTs from other tumors

To confirm if a gene signature exists for RTs, we used unsupervised hierarchical clustering
to examine whether RT gene expression profiles were distinct from other tumors and normal
tissue. Because the kidney data covered only a subset of the data profiled for the brain
samples (~13,000 vs. 18,000 annotated genes), we examined these datasets separately.
Clustering of AT/RTs, MEDs, PNETs, GBMs, and normal brain showed that AT/RTs
formed two distinct subsets (Fig. 1A). Examination of these subsets revealed that the smaller
one was composed of the same samples which formed Cluster 2 in our previous analysis of
gene expression profiling within AT/RTs, while the other (hereafter referred to as Cluster
1-3-4) was composed of the remaining AT/RT samples organized into the same intra-
diagnostic groups previously referred to as Cluster 1, Cluster 3 and Cluster 4 [11]. Two
additional new AT/RT samples grouped within Cluster 3 and Cluster 4, respectively. These
results were stable across a broad range of cutoffs based on variance (from 0 to 90%).
Clustering of the AT/RTs did not correspond to tumor location.

A similar analysis of the kidney samples, on the other hand, showed all KRTs clustered on 1
main branch separate from all other samples (Fig. 1B). There were no clear subgroups
within KRTs. Again, these results were highly stable across a range of cutoffs.

The results above showed that gene expression did distinguish AT/RTs and KRTs from
other tumors arising in similar tissues. Next, we used ANOVA to determine the genes that
best distinguished RTs from other tumors. Using all AT/RTs, 765 genes showed gene
expression distinct from other high-grade pediatric brain tumors and non-tumor samples,
351 up- and 414 down-regulated (Supplementary Table I1). Because the unsupervised
hierarchical clustering showed the AT/RTs separated into 2 quite separate clusters, this
analysis was repeated separately for each subset. Comparing only the Cluster 1-3-4 AT/RTs
to the other non-AT/RT samples, 1187 genes (525 up, 665 down) were identified
(Supplementary Table I11). This substantial increase in spite of the smaller sample size
indicates this subset shows less heterogeneity. Performing the analysis with only Cluster 2
found 633 genes (346 up, 287 down) (Supplementary Table V). Similar analysis found 539
genes (315 up and 225 down) distinguished KRTs from other kidney tumors
(Supplementary Table V).

To determine genes common to all RTs distinct from other tumors, intersections of the
above gene lists were taken. Using all AT/RTs as one set, 57 of the distinguishing genes
were similarly dysregulated (i.e., in the same direction) in both AT/RTs and KRTs (30 up,
27 down) (Fig. 2A). If considered as 3 separate subsets (AT/RT Cluster 1-3-4, AT/RT
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Cluster 2, and KRTS), the 2 AT/RT subsets shared 224 genes in common (90 up, 134 down),
while the intersection of all 3 subsets was only 14 (3 up, 11 down) (Fig. 2B, Table I). The
KRTs shared more genes in common with AT/RT Cluster 1-3-4 than with AT/RT Cluster 2
(71 versus 29, respectively).

Among the 14 genes common to all 3 subsets, 5 genes have been associated with
SMARCBL1 loss by previous studies: DOCK4, LMO4, SLC2A3, THBS3, and SMARCB1
itself [7, 15, 16]. LMO4, SLC2A3 and THBS3 have been reported by more than one study,
suggesting they are consistently associated with SMARCBL1 loss.

A heatmap of the genes common to AT/RTs and KRTs shows that these genes separate RTs,
regardless of their location, from other tumors (Fig. 3). The KRT samples intermix with the
samples from AT/RT Cluster 1-3-4, while AT/RT Cluster 2 is on a separate branch. Among
the up-regulated genes, significant enrichment was seen for processes associated with
mesoderm, particularly muscle contraction and development. Signal transduction was
enriched among down-regulated genes.

Geneset enrichment analysis was used to look for the association of RTs with pathways and
processes involved in development and cancer, compared to other tumors and normal
tissues. Each subset of RTs (AT/RTs Cluster 1-3-4, AT/RTs Cluster 2, and KRTS) was
compared separately to their respective other tumors and normal tissue. No genesets showed
statistical significance (p < .05) in all 3 comparisons. Three genesets related to gene
promoter occupancy by PRCs, which results in epigenetic modifications that cause gene
repression, were significantly associated with down-regulated genes in both AT/RT Cluster
1-3-4 and KRTs, but not in AT/RT Cluster 2. Hedgehog signaling was significantly up-
regulated in both AT/RT subsets.

Identification of a gene signature that distinguishes RTs from normal tissue

Our analysis identified only a small set of genes that were specifically and consistently
dysregulated in all RTs when compared to other tumors. This suggests that the tumorigenic
property of SMARCBL1 loss also involves mechanisms common to other tumors. We
therefore examined genes and processes dysregulated in RTs compared to normal tissue. We
performed this analysis with all 3 RT subsets, to avoid losing information specific to the 2
AT/RT groups.

This analysis identified 5209, 4275 and 2841 genes dysregulated in AT/RT Cluster 1-3-4,
Cluster 2, and KRTs, respectively, compared to normal tissues (Fig. 2C). Overall, 610 genes
were dysregulated in the same direction in all 3 subsets (Supplementary Table VI).
Processes associated with cell proliferation, cell cycle, chromatin processing/remodeling and
mRNA splicing were enriched among all RTs (Supplementary Table VII). Genesets
associated with cell proliferation, embryonic stem cells, P53 signaling, and MY C targets
among up-regulated genes, and with polycomb occupancy among down-regulated genes,
were also enriched in all (Supplementary Table VIII).

Among the 610 dysregulated genes in common to all 3 RT subsets, Ingenuity Pathways
Analysis identified 55 gene transcriptional regulators that appeared to be activated or
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inhibited, based on the expression levels of their downstream targets, at a statistically
significant confidence level (Supplementary Table IX). Notably, inhibition of SMARCB1
was identified with this method, as was inhibition of CDKN1A and CDKN2A, and
activation of CCNDZ1, findings which have been previously reported by other studies of RTs,
supporting the validity of this approach [9, 17, 18]. The most strongly activated regulator
was MYC, which was consistent with results seen by GSEA, while RB1 showed the
strongest predicted inhibition.

The tumor samples used in this study undoubtedly contain some percentage of cells from
surrounding normal tissues. Thus, it is possible that genes identified above could be due to
differing expression in contaminating normal cells, rather than to differences between the
tumors themselves. To evaluate this possibility, we quantile normalized all samples together
and identified 1577 genes that showed similar expression between normal brain and kidney
(p > .5, absolute fold change < 1.5). If expression differences were primarily due to
contaminating normal cells, then one would also expect to see little difference between
AT/RTs and KRTs among these genes. However, 342 (22%) of these showed significant
differences (p<.01, absolute fold change > 2) between AT/RTs and KRTs. These results
suggest that differences do indeed exist between the tumors themselves.

Epigenetic effector genes are dysregulated in RTs

Epigenetic modifications affect gene expression and are orchestrated by a large number of
genes with a variety of functions. The enrichment of genes associated with chromatin
processing/remodeling, the down-regulation of genes associated with polycomb occupancy,
and the activation or inhibition of transcription networks associated with EP400, Hdacs,
KDMS5B, SMARCEL and SMARCBL1 (Supplementary Table 1X) reported above suggest
that epigenetic dysregulation is a key element common to RTs. We therefore examined our
data to identify genes responsible for epigenetic modifications, in addition to SMARCBL,
that are dysregulated in RTs. A comprehensive list of genes involved with making
epigenetic modifications was manually compiled from publicly available sources (286
genes, Supplementary Table X). These genes are hereafter referred to as epigenetic
effectors.

Similar percentages of epigenetic effectors (~30%) were found among the significantly
dysregulated genes in each of the 3 RT groups. 23 genes were dysregulated in all 3 RT
subsets (Table I1). The most strongly dysregulated epigenetic effectors common to all 3
were HMGA?2 (93 fold up-regulated overall) and EZH2 (39 fold up-regulated).

Multiple genes associated with SWI/SNF or polycomb complex 1 or 2 (PRC1 or PRC2)
were dysregulated. Thus, both the genes normally regulated by epigenetic modifications, as
well as the epigenetic effector genes themselves, were dysregulated in RTSs.

Potential therapeutic targets

The 395 genes significantly up-regulated in all 3 RT subsets versus normal were examined
for potential therapeutic targets. Nineteen genes were up-regulated and targetable by
clinically relevant therapeutic agents (Table I111). TOP2A, targeted by etoposide, doxorubicin
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and others, showed the highest relative expression for RTs, with greater than 200-fold up-
regulation. Gemcitabine and flavopiridol both targeted multiple genes up-regulated in RTs.
Seventeen kinases that do not have clinically relevant drugs currently were up-regulated in
RTs (Supplementary Table XI). Among these MELK, BUB1B, PBK, TTK, and BUB1
showed the highest up-regulation.

Several drugs were also suggested by Ingenuity upstream regulator analysis. Significant
dysregulation of down-stream genes consistent with potential for treatment efficacy was
seen with doxorubicin (p < 1x10710), fulvestrant (p < 1x1079), and tanespimycin (HSP90
inhibitor) (p < 1x1079).

DISCUSSION

All pediatric RTs are distinguished by loss of functional SMARCBL1 protein. However, only
a few studies have compared RTs from different tissues to assess similarities or differences
in gene or protein expression, and they have examined only a limited number of genes [7-
10]. An understanding of the mechanisms underlying RTs, and the extent to which they are
shared or different among RTs arising in different locations, is important given the
expanding numbers of therapies that target specific biological processes or pathways. The
current study examined comprehensive gene expression of AT/RTs and KRTSs to determine
if a common gene signature exists for RTs regardless of tumor location and if so, what this
signature suggests about processes and pathways disrupted by SMARCBL loss.

We found only a very limited number of dysregulated genes are common to both AT/RTs
and KRTs when compared to other tumors from CNS and kidney, respectively. Among
these, however, were confirmed several genes that have previously been associated with
SMARCB1 by multiple studies - LMO4, SLC2A3, THBS3 - suggesting that there are some
genes that are consistently affected by SMARCBL expression [7, 15, 16]. The majority of
dysregulated genes, however, differed substantially between AT/RTs and KRTs. These
observations of multiple expression differences between RT subsets are consistent with
earlier results from studies where SMARCB1 was knocked out or re-expressed in various
cell types: only 7% of approximately 1500 genes associated with SMARCB1 change were
reported by more than one of the studies [7, 15, 16, 19, 20].

As previously reported, KRTs showed substantial down-regulation of neural crest stem cell
markers compared to other kidney tumors. [6] Many of these same markers were either not
dysregulated, or showed dysregulation in the opposite direction, among the AT/RTs. Our
results suggest several conclusions. First, the specific dysregulated gene expression seen
upon loss of SMARCBL1 appears dependent on additional factors, since a singular molecular
expression pattern does not emerge across RTs from different sites. Even within AT/RTs,
gene expression differences suggest 2 or more molecular groups exist, consistent with our
previously reported findings on AT/RT heterogeneity[11]. One factor affecting gene
expression may be the specific cellular context in which SMARCBL loss occurs. The
molecular differences seen between AT/RT and KRTSs suggest that these tumors may arise
from different cell types. Our data also raise the possibility that AT/RTs themselves could
arise from more than one precursor cell type, similar to medulloblastomas. Our report of an
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AT/RT apparently evolving spontaneously from a ganglioglioma, and several reports of
AT/RTs arising after treatment of gangliogliomas or pleomorphic xanthoastrocytomas, give
further credence to this possibility [21-24].

The limited number of dysregulated genes common to all RTs when compared to other
tumors suggests, secondly, that changes leading to tumorigenesis upon loss of SMARCB1
also involve genes and mechanisms that drive other aggressive tumors. We also compared
AT/RTs and KRTs to normal brain and kidney, respectively. While substantial differences
were still observed between the RT subsets, several common biological processes did
emerge. In addition to the expected up-regulation of multiple processes associated with cell
proliferation and cell cycle, these included up-regulation of MY C targets and of mRNA
splicing, and dysregulation of p53 signaling (Supplemental Tables VII and VI1II). Consistent
with up-regulation of a MYC transcriptional program in RTs, both MYC and MYCN were
found to be up-regulated in a newly developed AT/RT cell line and anti-MYC drug
S2T1-60TD significantly reduced cell proliferation in 2 AT/RT cell lines [25, 26].

Enrichment of several biological processes pointed to the importance of epigenetic changes
in RTs compared to normal tissues. These processes include the down-regulation of genes
associated with PRC occupancy (PRCs repress gene expression through histone
modifications), as well as the enrichment of genes associated with chromatin processing/
remodeling, and possible activation or inhibition of transcription networks associated with
several epigenetic effectors. We identified 23 epigenetic effector genes dysregulated in both
AT/RTs and KRTs These included multiple genes associated with SWI/SNF or PRC1/2, the
most aberrant being EZH2 (38 fold up, PRC2) and CBX7 (23 fold down, PRC1). Recent
studies have shown that EZH2 is also up-regulated at the protein level in RTs [10, 27].
However, similar up-regulation of EZH2 mRNA levels was seen in all of the high-grade
kidney and brain tumors in this study, as in other studies [28-30]. Thus, up-regulation of
EZH2, per se, does not explain the increased down regulation of genes associated with
polycomb occupancy seen in RTs compared to other tumors. It has been suggested that in
RTs SWI/SNF, missing the SMARCB1 component, may fail to evict PRCs from critical
genes needed for differentiation, resulting in gene repression and continued self-renewal and
proliferation [6, 27, 31]. The stronger down regulation of many of these genes in RTs
compared to other tumors that also show up-regulated levels of EZH2 supports this
hypothesis.

Results of this study suggest several possibilities for targeted therapies that might be
effective for both AT/RTs and KRTs, and therefore may be of interest for future research.
The high elevation of TOP2A transcription observed in our samples provides a rational basis
for agents such as etoposide in therapy for RTs. Results also suggest HDAC inhibitors
(HDACISs) have potential. Studies have shown that HDACIs up-regulate multiple cyclin-
dependent kinase inhibitors and block proliferation in rhabdoid cells [32-35]. Recently, our
lab has also shown that HDACISs sensitize rhabdoid cells to ionizing radiation [36]. AURKA,
which has an inhibitor in clinical trials, showed up-regulation in all RT groups in the current
study. We have previously shown inhibition of AURKA in vitro induces apoptosis in
rhabdoid cells when used as a single agent, and produces a synergistic effect in combination
with radiation [37]. Several up-regulated kinases without current targeted therapies were
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also identified as possible targets by our study, including MELK, BUB1B, and others
(Supplemental Table XI).

The meta-analysis presented here has several limitations. Brain and kidney samples were
processed by different laboratories, which can introduce systematic bias. Tumor samples
also contained varying amounts of non-tumor cells. Approximately 1/3 of known genes
could not be evaluated across both AT/RTs and KRTs, as data was only available for
Affymetrix U133A genes for the kidney tumors. mRNA differences also need to be
evaluated at the protein level and by functional assays. However, we view this
comprehensive initial survey of a relatively large number of these uncommon tumors as a
useful starting point for future studies.

In summary, this study suggests that the effect of SMARCBL loss on gene expression results
in consistent dysregulation of only a limited number of genes, and that other factors also
play a role in determining the gene expression profile seen in RTs. Up-regulation of cell
cycle genes, and aberrant epigenetic regulation may offer drug targets that are common to all
RTs. However, the large number of genes that show dysregulation in only a subset of these
tumors also provides opportunities for therapies tailored to particular molecular profiles.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1.

Ur?supervised hierarchical clustering results. A: Using 20 AT/RTs, 42 other pediatric high-
grade brain tumors, and 9 pediatric non-tumor brain samples, genes with the top 25%
variance, average linkage and spearman distances. B: Using 10 kidney rhabdoid tumors, 43
other kidney tumors, and 16 normal kidney samples, genes with the top 25% variance,
average linkage and Spearman distances.
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Fig 2. Venn diagrams showing overlapsin dysregulated genesamong RT subsets
Analysis of variance was used to determine dysregulated genes associated with each RT

subset compared to other tumors or normal tissue. A: overlap of all AT/RTs (n=20)
compared to other brain tumors with that of KRTs (n=10) compared to other kidney tumors.
B: 3-way overlap of AT/RT Cluster 1-3-4 (n=14) compared to other brain tumors, AT/RT
Cluster 2 (n=6) compared to other brain tumors, and KRTs compared to other kidney
tumors. AT/RT subsets reflect hierarchical clustering results (Fig. 1); subset names based on
AT/RT intra-diagnostic clustering groups previously reported [11]. C: Using same subsets
as B, with comparisons to respective normal tissues rather than other tumors.
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Fig 3.

Hgatmap of genes dysregulated in both AT/RTs and KRTs, compared to other tumors. The
expression of dysregulated genes common to both AT/RTs (n=20) and KRTs (n=10)
compared to other brain and kidney tumors, respectively, is shown. Normal samples are also
included on the heatmap for comparison.
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