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Abstract

Oncogenic rearrangements of the TFE3 transcription factor gene are found in two distinct human

cancers. These include ASPSCR1–TFE3 in all cases of alveolar soft part sarcoma (ASPS) and

ASPSCR1–TFE3, PRCC-TFE3, SFPQ-TFE3 and others in a subset of paediatric and adult RCCs.

Here we examined the functional properties of the ASPSCR1–TFE3 fusion oncoprotein, defined

its target promoters on a genome-wide basis and performed a high-throughput RNA interference

screen to identify which of its transcriptional targets contribute to cancer cell proliferation. We

first confirmed that ASPSCR1–TFE3 has a predominantly nuclear localization and functions as a

stronger transactivator than native TFE3. Genome-wide location analysis performed on the FU-
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UR-1 cell line, which expresses endogenous ASPSCR1–TFE3, identified 2193 genes bound by

ASPSCR1–TFE3. Integration of these data with expression profiles of ASPS tumour samples and

inducible cell lines expressing ASPSCR1–TFE3 defined a subset of 332 genes as putative up-

regulated direct targets of ASPSCR1–TFE3, including MET (a previously known target gene) and

64 genes as down-regulated targets of ASPSCR1–TFE3. As validation of this approach to identify

genuine ASPSCR1–TFE3 target genes, two up-regulated genes bound by ASPSCR1–TFE3,

CYP17A1 and UPP1, were shown by multiple lines of evidence to be direct, endogenous targets of

transactivation by ASPSCR1–TFE3. As the results indicated that ASPSCR1–TFE3 functions

predominantly as a strong transcriptional activator, we hypothesized that a subset of its up-

regulated direct targets mediate its oncogenic properties. We therefore chose 130 of these up-

regulated direct target genes to study in high-throughput RNAi screens, using FU-UR-1 cells. In

addition to MET, we provide evidence that 11 other ASPSCR1–TFE3 target genes contribute to

the growth of ASPSCR1–TFE3-positive cells. Our data suggest new therapeutic possibilities for

cancers driven by TFE3 fusions. More generally, this work establishes a combined integrated

genomics/functional genomics strategy to dissect the biology of oncogenic, chimeric transcription

factors.
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Introduction

The ASPSCR1–TFE3 chimeric transcription factor (TF), arising from a t(X;17)(p11.2;q25),

was first identified in alveolar soft part sarcoma (ASPS) [1]. Subsequently, the same fusion

was recognized in a subset of renal cell carcinomas (RCC) [2]. ASPS usually affects

adolescents and young adults, with frequent metastases to the brain or lungs. Treatment

options for this tumour are limited, given the disappointing experience with conventional

chemotherapy and radiation therapy [3]. RCCs characterized by the ASPSCR1–TFE3 fusion

are relatively over-represented in younger patients with RCC and they tend to present at

more advanced stages [2,4]. Notably, the only generally available human cancer cell line

endogenously expressing ASPSCR1–TFE3 is derived from such a kidney tumour (FU-UR-1)

[5].

Transcription factor E3 (TFE3), along with TFEB, TFEC and MITF, forms the

microphthalmia-TFE (MiT) subfamily of basic helix–loop–helix leucine zipper (bHLH-LZ)

TFs [6,7] and binds the CANNTG motif recognized by all members of this group [8,9].

There are two forms of the ASPSCR1–TFE3 fusion, the type 2 variant including an

additional TFE3 exon (see Supplementary material, Figure S1) [1]. Importantly, aside from

ASPSCR1–TFE3 , TFE3 is also rearranged in several other oncogenic fusions in RCCs,

including PRCC–TFE3 , SFPQ–TFE3 (a.k.a. PSF–TFE3 ), NONO–TFE3 and CLTC–TFE3

[10]. The involvement of TFE3 in five different gene fusions in RCCs (including ASPSCR1–

TFE3 ) is consistent with a central role for TFE3-related transcriptional deregulation in these

tumours. These fusions are all structurally similar, insofar as all contain the C-terminal
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portion of TFE3, including the TFE3 DNA-binding domain and nuclear localization signal.

Native alveolar soft part sarcoma chromosome region candidate 1 (ASPSCR1, a.k.a. ASPL)

is involved in intracellular regulation of the glucose transporter GLUT4, as established by

studies of its mouse homologue, Aspscr1 [a.k.a. Tug (Tether containing a UBX domain for

GLUT4)] [11–14].

We have reported on the central role of the MET receptor tyrosine kinase in TFE3

translocation tumours, both ASPS and RCC [15]. MET was found to be up-regulated in

these tumours, due to direct transcriptional activation by TFE3 fusion oncoproteins, and this

was associated with sensitivity to a MET kinase inhibitor [15]. This study supported the

notion that candidate therapeutic targets may emerge from a more comprehensive

understanding of the transcriptional target repertoire of these chimeric TFs. Here, we

describe an integrative genomic analysis of expression profiles and genome-wide location

analysis, followed by a functional genomics screen to characterize ASPSCR1–TFE3 target

genes vital to its cellular growth effects.

Materials and methods

Cell lines

The following cell lines were used: 293 T; Cos-7; HeLa; MCF-7; and FU-UR-1 (gift of Dr

M Ishiguro, Fukuoka University School of Medicine, Japan [5]).

Human promoter microarray analysis

DNA was hybridized for 40 h at 65 °C to the Agilent Human Promoter Array (Agilent

Technologies). The probes represented sequences ranging from –5.5 to +2.5 kb within each

promoter region and were spaced approximately every 195 bp. DNA labelling, array

hybridization and scanning were performed at the Memorial Sloan-Kettering Cancer Center

(MSKCC) Genomics Core Laboratory. Bound probes were identified using Tilemap. The

ChIP-on-chip experiment was performed in triplicate to strengthen the validity of the results.

High-throughput RNAi

The MSKCC High-throughput Screening Core Facility obtained siRNAs specific for the

selected genes from Ambion (Life Technologies, Grand Island, NY, USA). A minimum of

three siRNAs/gene were used. FU-UR-1 cells were plated in 384-well plates at 1500 cells/

well. Transfection of these cells with a single siRNA (100 nM)/well was performed using

0.5 μl HiPerFect (Qiagen) and incubation for 96 h. The experiment was performed in

duplicate. A positive control (AllStars Cell death siRNA, Qiagen) and a negative control

siRNA containing a GFP reporter were utilized to optimize the experiments. The effects of

gene silencing were assessed by nuclear counts at 96 h following transfection, and by

apoptosis at both 72 and 96 h. Hoechst stain was used to identify individual nuclei and

NucView dye was added to capture caspase-3-dependent apoptosis. IN CELL Analyser

(INCA 1000, GE Healthcare Biosciences) detected these markers and the data were analysed

using IN CELL developer software. A t-like statistic (Ts) score was derived for each siRNA

for both nuclear count and apoptosis screens; a Ts score >2 was considered significant for
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the first screen performed without doxorubicin and a Ts score of > 1.5 was considered

significant for the screen performed with drug.

Additional details are provided in Supplementary methods (see Supplementary material),

including cell lines, plasmids and antibodies and more standard experimental methods, such

as RNA extraction and cDNA microarray analysis, immunoblotting, transactivation assays,

nuclear extract preparation, electrophoretic mobility shift assays, quantitative real-time RT–

PCR assays, chromatin immunoprecipitation (ChIP) assays, RNAi target validation studies

and cell growth assays.

Results

ASPSCR1–TFE3 shows nuclear localization

TFE3 contains a nuclear localization signal [16,17] in a region retained in both types of the

ASPSCR1–TFE3 fusion protein [1] (see Supplementary material, Figure S1). To study

subcellular localization, we cloned ASPSCR1, ASPSCR1–TFE3 type1, ASPSCR1–TFE3

type2 and TFE3 cDNAs into GFP expression vector pEGFR-C1 (BD Biosciences Clontech).

ASPSCR1–TFE3 fusion proteins showed diffuse nuclear localization with nucleolar

exclusion, indistinguishable from that of native TFE3. In contrast, native ASPSCR1 had a

primarily cytoplasmic localization (Figure 1A), consistent with published data for Tug, the

murine counterpart of ASPSCR1 [11–13].

ASPSCR1–TFE3 is a stronger activator than native TFE3

To examine transactivation by ASPSCR1–TFE3, we used the uE3 reporter known to be

bound by TFE3 [9] driven by five copies of the prototypical TFE3 binding sequence,

CATGTG. ASPSCR1–TFE3 was a stronger activator of the uE3 reporter compared to TFE3

in the 293 T, COS7 and MCF7 cell lines (Figure 1B). In 293 T and COS7 cell lines, the

ASPSCR1–TFE3 type 2 fusion protein appeared more active than ASPSCR1–TFE3 type 1.

The difference between type 1 and type 2 ASPSCR1–TFE3 fusions is the presence in the

latter of an additional exon encoding the TFE3 activation domain (see Supplementary

material, Figure S1), which may contribute to stronger activation by ASPSCR1–TFE3 type

2.

Expression profiling of the ASPSCR1–TFE3-associated transcriptome

To better understand the significance of ASPSCR1–TFE3 in vivo and to define its global

transcriptomic effects, we used two complementary approaches to identify genes whose

expression is altered in the presence of this chimeric TF. The first approach is based on the

fact that ASPS is one of a group of primitive sarcomas defined by unique chimeric TFs

formed through type-specific chromosomal translocations [18]. Thus, the distinctive

expression profile of these sarcomas is thought to reflect in part the direct and indirect

effects of the respective chimeric TFs [18]. We therefore derived an ASPS expression

profile from a large microarray analysis of five major translocation sarcomas based on the

Affymetrix HG-U133A GeneChip, previously described in the context of other studies

[19,20]. Tumour samples were procured under clinical protocols approved by the

Institutional Review Board of Memorial Sloan-Kettering Cancer Center. Specifically, we
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compared the expression profiles of 14 cases of ASPS (11 type 1 and three type 2

ASPSCR1–TFE3 variants) against 125 tumour samples from four other translocation

sarcomas: 28 Ewing sarcoma, 23 alveolar rhabdomyosarcoma, 46 synovial sarcoma and 28

desmoplastic small round cell tumour. Based on a stringent Bonferroni-corrected p < 0.01

cut-off, we identified 1531 array probes for genes significantly altered in expression in

ASPS compared to the other four sarcoma types. Of these 1531 significantly dysregulated

probes, 531 demonstrated > two-fold over-expression relative to the other four sarcoma

types. These 531 probes corresponded to 415 unique genes that were highly and

significantly up-regulated in ASPS compared to the other four sarcomas (Figure 2).

In a second approach to the ASPSCR1–TFE3-associated transcriptome, we profiled gene

expression in 293 T cells transfected with tetracycline-inducible plasmids containing either

ASPSCR1–TFE3 type 1 or type 2 constructs. RNA from time points 0, 12, 24, 36 and 48 h

were analysed on Affymetrix U133 Plus 2.0 arrays. Moderated t-statistics were used to test

whether genes were differentially expressed between the time points of interest. We

identified the subset of genes from the 36 and 48 h time points that were significantly

dysregulated compared to time 0 (see Supplementary material, Table S1) and further cross-

referenced them with our initial lists of differentially expressed genes in ASPS from the

tumour profiling data described above. There were 103 genes that were up-regulated in both

sets of profiles (Table 1). By combining genes significantly altered in one or both of these

two expression profiles, we generated a list of 1116 genes that are up-regulated and 951

genes that are down-regulated in the presence of ASPSCR1–TFE3.

Genome-wide location analysis of ASPSCR1–TFE3

Having defined the repertoire of genes whose expression is altered in the presence of

ASPSCR1–TFE3, we set out to delineate the subset of those genes that are its direct

transcriptional targets. We performed genome-wide ChIP assays (ChIP-on-chip) on the FU-

UR-1 cell line to identify the direct targets of ASPSCR1–TFE3. The absence of expression

of native TFE3 in this cell line, confirmed using both RT–PCR and western blots (results not

shown), allowed the use a TFE3 antibody for the selective immunoprecipitation of

ASPSCR1–TFE3. We identified 2193 genes bound by ASPSCR1–TFE3, representing

approximately 11.5% of the genes queried by the Agilent promoter microarray (Figure 3).

An initial validation of the results was provided by the identification of a previously

described direct target of ASPSCR1–TFE3, the MET gene [15] (Figure 4).

Next, we analysed the regions of the promoters that were bound by ASPSCR1–TFE3 to

confirm enrichment for the previously described motif bound by native TFE3 (CANNTG)

and possibly refine the consensus binding sequence. We defined regions of bound promoters

that were within a 700 bp region surrounding a significant probe (−350 bp to 350 bp). An

unbiased search of all possible 4–8 bp sequences was performed in these regions and

compared to 10 000 unbound regions. The ASPSCR1–TFE3-bound promoters were

significantly enriched for CACGTG. When the motif was analysed in the context of 8 bp

sequences, the most common patterns appeared to favour a 5 T and a 3 A (Figure 5A).

Separately, we also utilized the MatrixRE-DUCE algorithm to define the preferred binding

motifs for ASPSCR1–TFE3. The regions investigated were 50 bp upstream and 250 bp
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downstream from the significantly bound probes and again we identified CACGTG as a top

motif, with a preference for a 5'T and a 3'A [21] (Figure 5B).

Integrated analysis of expression profiles and genome-wide location analysis

The bound promoter regions identified in the ASPSCR1–TFE3 ChIP-on-chip experiments

were cross-referenced with the genes identified through the expression profiling studies

described above as being dysregulated in the presence of ASPSCR1–TFE3. This analysis

showed a highly significant enrichment for genes up-regulated in the presence of

ASPSCR1–TFE3 among the genes bound by it (332 genes; Fisher exact test, p < 10–3). In

contrast, there was a substantially less significant enrichment for genes down-regulated in

the presence of ASPSCR1–TFE3 among genes bound by it in the ChIP-on-chip experiments

(64 genes; Fisher exact test, p 0.002). This integrated analysis suggests that ASPSCR1–

TFE3 functions primarily as a transcriptional activator.

Validation of novel direct transcriptional targets of ASPSCR1–TFE3

To further validate the above integrated genomics strategy and to highlight the significance

of up-regulated genes that are under direct transcriptional control of ASPSCR1–TFE3, we

present here a more detailed analysis of two highly up-regulated genes, CYP17A1 and

UPP1 , that were also significantly bound by ASPSCR1–TFE3 in the ChIP-on-chip data.

The CYP17A1 gene, encoding cytochrome P450 sub-family XVII (steroid 17α-hydroxylase)

had the highest average fold change (121-fold over-expression; Student's t-test, p = 10–11) in

ASPS relative to the four other sarcomas in the tumour expression profiling dataset. UPP1 ,

encoding uridine phosphorylase, showed a 47-fold over-expression in ASPS (Student's t-

test, p = 10–10) relative to the four other sarcomas.

As presented in detail in the Validation data (see Supplementary material), co-transfection

assays showed that a reporter plasmid driven by the CYP17A1 promoter was strongly

transactivated by ASPSCR1–TFE3 (see Supplementary material, Figure S2). Quantitative

real-time RT–PCR for CYP17A1 in 293 T cells expressing ASPSCR1–TFE3 confirmed

transcriptional up-regulation (see Supplementary material, Figure S3). Mutagenesis studies

defined the TFE3 binding-site required for transcriptional activation by ASPSCR1–TFE3

(see Supplementary material, Figure S2). Electrophoretic mobility shift assays and

conventional ChIP analysis confirmed our ChIP-on-chip data showing that ASPSCR1–TFE3

binds the CYP17A1 promoter (see Supplementary material, Figure S3) and suggested that

the type 2 form of the fusion may show stronger DNA binding (see Supplementary material,

Figure S4). For UPP1 , multiple lines of evidence likewise supported its direct

transcriptional control by ASPSCR1–TFE3 (see Supplementary material, Validation data

and Figures S5 and S6). Thus, these independent single gene data for CYP17A1 and UPP1 ,

along with our previous data on MET, confirm that genes identified by our integrated

genomics strategy described above are indeed likely to be directly trans-activated by the

ASPSCR1–TFE3 fusion oncoprotein.

Functional genomics screen of direct targets of ASPSCR1–TFE3

The bioinformatic rediscovery of the consensus TFE3 binding sequence and single gene

validation analyses described above supported the robustness of the overall approach to
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identify direct targets of transactivation by ASPSCR1–TFE3. We hypothesized that a subset

of these ASPSCR1–TFE3 target genes mediate its oncogenic effects, as we had previously

shown individually for MET [15]. Based on biological plausibility, we chose 130 of the 332

up-regulated direct target genes of ASPSCR1–TFE3 to study in a functional genomics

screen. In addition, we included siRNAs to the portion of TFE3 included in the ASPSCR1–

TFE3 fusion transcript as a tumour-specific positive control. We performed arrayed RNAi in

384-well plates in the FUUR-1 cell line. A total of 404 siRNAs were used to analyse the

cellular effects of knockdown of these 130 target genes, with a minimum of three siRNAs/

gene (used separately). The cellular phenotypes that were scored were apoptosis using

NucView, a marker of caspase 3-dependent apoptosis, and cell proliferation based on

nuclear counts. We performed the screen in duplicate and each siRNA was given a t-like

statistic (Ts) score for both the NucView and the cell proliferation assay; genes were

considered significant if two siRNAs attained a Ts score of >2. The initial screen identified

a small number of genes whose knockdown resulted in increased apoptosis and/or decreased

proliferation. We performed an additional screen in the presence of doxorubicin to potentiate

the cellular effects of the siRNAs. In total, we chose to further investigate 18 of the genes

from the 130 genes analysed in the high-throughput RNAi screen that had significant Ts

scores (Figure 6). As a positive control, TFE3 itself was a strong hit based on decreased

proliferation in the RNAi screen and the specificity of the knockdown was confirmed by

RT–PCR (results not shown).

Validation of hits from the functional genomics screen

We first sought to confirm that the hits in the RNAi screen were due to on-target effects of

the specific siRNAs. Indeed, siRNAs targeting three genes (GLB1 , NR1D1 , SLC38A7 )

could not be validated as on-target at the RNA or protein level and were assumed to have

scored positive due to off-target effects (Figure 6). For the remaining 15 siRNAs whose

knockdown of the expected target genes was validated at the RNA or protein level, cell

proliferation assays were used to independently confirm, in six-well plates, their cellular

effects in the same FU-UR-1 cell line used in the original high-throughput screen in 384-

well plates (as the FU-UR-1 cell line is the only readily available cell line with endogenous

ASPSCR1–TFE3 ). For 12 genes, we confirmed the phenotypic changes caused by their

knockdown; three genes showed no observable changes in this secondary screen, BACH1 ,

SHB and SS18L1 . We confirmed a decrease in cell proliferation when the following genes

were knocked down: ANGPTL2 , LGALS3BP, NAMPT, PCGF1 , PRICKLE3 , PTPRF,

SLC29A1 , SOCS3 , SV2B, TYRO3 and UPP1 (Table 2, Figure 7). MET, whose inhibition

has previously been reported to decrease cell proliferation [15], was rediscovered in this

screen, serving as a quality control (Figure 7).

To validate the RNAi data for NAMPT pharmacologically and to explore it as a potential

therapeutic target, we studied the effects of a NAMPT inhibitor, FK866 [22], on FU-UR-1

cells. FK866 decreased viability in FU-UR-1 in a dose-dependent manner, and its IC50 in

this cell line was 20 nM at 96 h (results not shown), which is within the range of FK866

concentrations (3–50 nM) that have demonstrated activity in cell lines considered sensitive

to NAMPT inhibition [23–26].
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Discussion

Tumours expressing ASPSCR1–TFE3 are resistant to conventional therapies [3]. Although

targeting the unique chromosomal aberration in these tumours would be a logical approach,

pharmacological inhibition of TFs (other than nuclear hormone receptors) remains quite

challenging [18]. In order to discover novel therapeutic approaches to these tumours, we

sought to enhance the understanding of this chimeric TF and the downstream pathways

under its direct transcriptional control. Specifically, we performed an integrated analysis of

expression profiles and genome-wide TF binding followed by a functional genomics screen

to characterize ASPSCR1–TFE3 target genes that contribute to neoplastic cell proliferation.

To our knowledge, the meta-analysis of expression profiles reported here represents the

largest description of genes dysregulated in the presence of ASPSCR1–TFE3, including

both tumour samples and in vitro data. We compared 14 tumour samples of ASPS against

125 samples from four other sarcoma types. In addition, using inducible 293 T cells, we

identified genes significantly dysregulated upon induction of ASPSCR1–TFE3 expression.

Other groups have recently analysed the expression profiles of ASPS to identify possible

therapeutic approaches. Lazar et al. reported the up-regulation of 18 angiogenesis-associated

genes in three ASPS tumours [27]; of these 18 genes, four (MDK , EPSAS1 , HIF1A and

TIMP2 ) were identified as up-regulated in our expression profiling data and our ChIP-on-

chip analysis found three of the 18 genes to be bound by ASPSCR1–TFE3 (MDK , JAG1

and LAMA5 ). Stockwin et al. [28] identified differentially expressed genes in seven ASPS

tumours, relative to a universal reference RNA; comparing our up-regulated genes with

those described in that study, we found a 22% (359/1634) overlap. Additionally, 79 genes

were up-regulated in all three expression profiles (see Supplementary material, Table S2);

no genes were found to be down-regulated in all three profiles. Ultimately, we identified 51

genes that were up-regulated in our analysis (sarcoma profiling and 293 T-inducible cell

line) and the Stockwin et al. study that were also targets of ASPSCR1–TFE3 based on our

ChIP-on-chip data (see Supplementary material, Table S2).

The effective integration of expression profiles with genome-wide TF-binding site data

depended on the quality of our ChIP-on-chip data for ASPSCR1–TFE3. The ChIP-on-chip

data quality was validated in two ways. First, we were able to bioinformatically redis-cover

the known CACGTG recognition sequence for the TFE3 DNA-binding domain [29].

Additionally, this approach supported TCACGTGA as the preferred sequence context for the

CACGTG binding motif for ASPSCR1–TFE3, based on two different analyses of the ChIP-

on-chip data. Secondly, independent experimental data validating selected genes as direct

targets of ASPSCR1–TFE3 further confirmed the quality of the ChIP-on-chip data. As

mentioned above, we had previously identified MET as a direct transcriptional target of

ASPSCR1–TFE3 [15] and, indeed, scored as significantly bound by ASPSCR1–TFE3 in our

ChIP-on-chip data. Previously known or proposed transcriptional targets of native TFE3 in

other cell types were also validated, but less consistently. These included genes encoding

plasminogen activator inhibitor-1 (PAI-1 ), SMAD7 [30,31], cathepsin K [32,33], NPT2

[29], tyrosine hydroxylase [34], tyrosinase and TYRPI [35]. Of these genes, three (PAI-1 ,

cathepsin K and NPT2) were found to be significantly bound by ASPSCR1–TFE3 in our

ChIP-on-chip data. To supplement this, we therefore provide independent experimental data
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validating two genes in the ASPSCR1–TFE3 ChIP-on-chip data as novel direct targets of

ASPSCR1–TFE3, CYP17A1 and UPP1 (see Supplementary material, Validation data).

CYP17A1 encodes a single cytochrome P450 17-hydroxylase with both 17α-hydroxylase

and C17,20-lyase activities [36,37]. In addition to the gonadal and adrenal tissues, both

major sites for CYP17A1 expression [38,39], CYP17A1 is also expressed in a variety of

other non-steroidal tissues, suggesting broader steroidogenic activities. Levels of CYP17A1

in patients with prostate cancer were correlated with clinical progression and metastasis

[40]. Although it is unclear that CYP17A1 is contributing to tumourigenesis in ASPS, and

indeed its RNAi-mediated silencing did not cause apoptosis or a notable decrease in

proliferation in our high-throughput screen, it may nonetheless prove to be a useful marker

for ASPS, as it has been repeatedly discovered to be highly up-regulated in ASPS expression

profiles [28].

UPP1 encodes uridine phosphorylase, an enzyme of pharmacological interest because it can

convert the pyrimidine analogue, 5'-deoxy-5'-fluorouridine, to 5-fluoruracil (5-FU), allowing

administration of the former as a prodrug, the latter having low toxicity for non-neoplastic

cells expressing only basal levels of the enzyme [41]. Our findings therefore suggest 5' -

deoxy-5' -fluorouridine as a novel therapeutic approach in ASPS. Cells with higher

expression of UPP1 may also display enhanced sensitivity to 5-FU itself [42], providing a

rationale to investigate 5-FU activity in ASPS patients. UPP1 has been shown to be a target

gene of EWS-FLI1 in Ewing sarcoma cells [41], but we observed substantially higher

expression of UPP1 in ASPS compared to Ewing sarcoma (analysis not shown).

As these data confirmed the quality of the ChIP-on-chip analyses, we cross-referenced these

genome-wide TF binding site data with the ASPSCR1–TFE3-associated expression profiles,

in order to define a list of presumed or confirmed direct transcriptional targets of

ASPSCR1–TFE3 that we wished to query functionally as potential therapeutic targets using

a high-throughput RNAi screen. Our previous identification of MET as both an up-regulated

target of ASPSCR1–TFE3 and a potential therapeutic target [15] provided the rationale for

this high-throughput RNAi screen and for a recent clinical trial of ARQ197, a selective MET

inhibitor, which reported disease stabilization in 15/17 patients with ASPS [43].

Furthermore, rediscovering MET as a hit in our high-throughput RNAi screen served to

validate our overall strategy.

Aside from MET and UPP1 , we found that 10 other ASPSCR1–TFE3 target genes,

ANGPTL2 , LGALS3BP; NAMPT, PCGF1 , PRICKLE3 , PTPRF, SLC29A1 , SOCS3 , SV2B

and TYRO3 , appear to have a significant role in the survival of ASPSCR1–TFE3-driven

cells, based on phenotype changes in the high-throughput RNAi screens (Table 2). Two

genes with potential clinical implications, ANGPLT2 and NAMPT, are discussed in more

detail below. The remaining eight genes are described in detail in the Gene descriptions (see

Supplementary material).

ANGPTL2 encodes Angiopoietin-like 2 protein, a member of the vascular endothelial

growth factor family involved in the formation of blood vessels [44]. ANGPLT2 has been

reported, in the context of a mouse knockout, to contribute to metastasis of squamous cell
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carcinoma [45]. Over-expression of ANGPLT2 was previously reported in ASPS [28]. We

found ANGPLT2 to be dramatically up-regulated in both of our ASPSCR1–TFE3-associated

expression profiles (ASPS tumours, 293 T cells expressing inducible APSL–TFE3) and also

directly bound by ASPSCR1–TFE3 in our ChIP-on-chip data. Furthermore, we provide the

first evidence that silencing of ANGPTL2 by RNAi results in an apoptotic response and a

decrease in cell proliferation. Thus, ANGPTL2 blockade may have therapeutic potential in

tumours expressing ASPSCR1–TFE3.

NAMPT encodes nicotinamide phosphoribosyltransferase, the enzyme involved in the

synthesis of nicotinamide mononucleotide from nicotinamide [46,47]. NAMPT was up-

regulated in 293 T cells upon induction of ASPSCR1–TFE3 in the present study and has

been reported to be over-expressed in ASPS cells [28]. The NAMPT promoter region was

also bound by ASPSCR1–TFE3 in our ChIP-on-chip experiments. Two separate siRNAs for

NAMPT caused apoptosis in FU-UR-1 cells and blocking NAMPT, either by RNAi or by

chemical inhibition (using FK866), reduced cell viability. NAMPT has been implicated in

tumourigenesis, poor response to therapy and higher stage in a variety of tumours [48–50].

NAMPT inhibitors, including FK866 (APO866) and CHS828, are in clinical trials. Although

single-agent trials of NAMPT inhibitors have not been successful, combining these

inhibitors with conventional chemotherapy or radiation therapy may enhance responses [24–

26,47,51]. Interestingly, the inhibition of NAMPT in gastric cancer cells may lead to

increased sensitivity to fluorouracil [24]. Given the significance of UPP1 in ASPSCR1–

TFE3-expressing cells, the therapeutic potential of combining a NAMPT inhibitor with 5-

fluorouracil (or other conventional chemotherapy agents) in these patients may warrant

further investigation.

In conclusion, our results support a gain-of-function role for ASPSCR1–TFE3. We provide

comprehensive data on the repertoire of direct transcriptional targets of ASPSCR1–TFE3

and used a high-throughput functional genomics strategy to define a subset of these

deregulated transcriptional target genes that contribute to proliferation and survival of these

cancer cells. Several of these genes open new therapeutic opportunities for patients with

ASPSCR1–TFE3 -positve tumours. More generally, this study demonstrates a robust

approach to identifying biologically significant, up-regulated direct targets of chimeric TFs,

using high-throughput tailored siRNA screens, that should be readily applicable to other

translocation-associated cancers driven by specific chimeric TFs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) ASPSCR1, TFE3, ASPSCR1–TFE3 type1 and ASPSCR1–TFE3 type2 were cloned into

a GFP vector and over-expressed in HeLa cells. Both types of ASPSCR1–TFE3 and native

TFE3 showed predominantly nuclear localization, whereas native ASPSCR1 had a primarily

cytoplasmic distribution. (B) To assess the activity of ASPSCR1–TFE3 as a TF,

transactivation assays were performed using the µE3-luciferase reporter known to be bound

by native TFE3. Both types of ASPSCR1–TFE3 were stronger activators of the μE3 reporter

relative to TFE3. ASPSCR1–TFE3 type 2 was a stronger activator than ASPSCR1–TFE3

type 1 in 293 and Cos7 cells, but not in MCF-7 cells
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Figure 2.
Expression profiling data set on 139 sarcomas with chimeric TFs using Affymetrix U133A

microarrays. Left panel shows unsupervised clustering of the expression data, demonstrating

complete separation of the five sarcoma types in the dataset. The five sarcoma types and the

corresponding gene fusions documented in all the cases are listed in the top right table. The

bottom left table shows the analysis for differentially expressed genes in ASPS samples, all

of which contained the ASPCR1–TFE3 fusion
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Figure 3.
ChIP-on-chip results for ASPSCR1–TFE3-bound regions in the FU-UR-1 cell line. There

were 2193 genes (11.5%) showing significant enrichment following IP for ASPSCR1–TFE3

using a TFE3 antibody in this cell line lacking native TFE3 expression
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Figure 4.
ChIP-on-chip results for MET, demonstrating the reproducibility of the results in the

triplicate assays and providing basic validation of the overall experiment as the location of

the four significant probes in ChIP-on-chip data coincides with the location of ASPSCR1–

TFE3 binding (bracket in bottom panel), previously shown by simple ChIP analyses of the

MET promoter region [15]
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Figure 5.
A. An analysis of over-represented 8 bp sequences in promoter regions bound by

ASPSCR1–TFE3 rediscovered the CACGTG binding sequence which was previously

described for TFE3, present here in four of the 10 top-scoring 8 bp motifs (boldface, red). In

addition, it appeared to favour a 5'T and a 3'A. (B) Using MatrixREDUCE analysis, again

the CACGTG consensus binding sequence was identified and favoured 5'T and 3'A. In this

data visualization, the size and vertical order of the bases above the horizontal axis indicates

the consensus and its strength at that position (see text for details)
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Figure 6.
There were a total of 332 genes (numbers in white) that were bound targets of ASPSCR1–

TFE3 in the ChIP-on-chip analysis and up-regulated in either the ASPS sarcoma profiling

signature (n = 93), the inducible 293 T cell signature (n = 174) or both (n = 65). We chose

130 of these 332 up-regulated ASPSCR1–TFE3 target genes to study in a high-throughput

RNAi screen, based on biological plausibility and therapeutic potential. The final 12 genes

emerging from this functional genomics screen are listed in Table 2. In addition, the 103

genes (65 + 38) that are in common between the ASPS sarcoma profiling signature and the

inducible 293 T cell signature are listed in Table 1
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Figure 7.
Individual validation of RNAi-mediated gene silencing of selected genes identified in the

high-throughput primary screens. For each RNAi target, the percentage of transcript

detected following knockdown is shown by the dark bar and the percentage of growth of

FU-UR-1 cells following knockdown compared to mock-transfected control is shown by the

light bar. *Cell viability assays following knockdowns of NAMPT and UPP1 were

performed in the presence of 10 nM doxorubicin
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Table 1

Genes (n = 103) that were both differentially over-expressed in ASPSCR1 -TFE3-positive ASPS relative to

other sarcomas and up-regulated upon expression of ASPSCR1 -TFE3 in inducible 293 cells

ABCB9 CTTN IFI30 RHBDF1

ABHD2 CUGBP2 IGF2R RRAGD

ANGPTL2 CYP17A1 ITGB1BP3 SCARB1

APOE DEXI KCNJ4 SCPEP1

APOL2 DST KLHL21 SFXN3

ASAH1 EPAS1 LAMP1 SLC19A2

ATP6V0C EPOR MAFF SLC9A1

ATP6V0E1 EPS15L1 MET SNCB

ATP6V1B2 EZR/VIL2 MFSD1 SOD2

ATP6V1D FAS MFSD5 STOM

ATP6V1E1 FER1L3 MREG STX3

ATP6V1H FLJ10815 NAPA SULT1C2

AVPI1 G0S2 NPC2 SUV39H1

BHLHB2 GABARAPL1 OLFML2A SV2B

BHLHB3 GDF15 OSTM1 TACC1

BIN1 GLB1 P4HA2 TACC2

C12orf49 GM2A PACSIN2 TCEB1

C1orf38 GNS PEPD TCN2

C2orf18 GPNMB PMP22 TMEM70

C8orf55 GPR56 POPDC2 TMEM8

CAST GPRC5B PPARGC1A UAP1L1

CD59 GRN PRODH UPP1

CIB1 HLA-E PXN VAT1

CRYAB HMOX1 RAB32 WBP2

CTSA/PPGB HSD17B14 RAB7A WIPI1

CTSD HTATIP2 RALGDS
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