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Abstract

The NR4A3 nuclear receptor is implicated in the development of extraskeletal myxoid 

chondrosarcoma (EMC), primitive sarcoma unrelated to conventional chondrosarcomas, through a 

specific fusion with EWSR1 resulting in an aberrant fusion protein that is thought to disrupt the 

transcriptional regulation of specific target genes. We performed an expression microarray 

analysis of EMC tumors expressing the EWSR1/NR4A3 fusion protein, comparing their 

expression profiles to those of other sarcoma types. We thereby identified a set of genes 

significantly over-expressed in EMC relative to other sarcomas, including PPARG and NDRG2. 

Western blot or immunohistochemical analyses confirm that PPARG and NDRG2 are expressed 

in tumors positive for EWSR1/NR4A3. Bioinformatic analysis identified a DNA response element 

for EWSR1/NR4A3 in the PPARG promoter, and band-shift experiments and transient 

transfections indicate that EWSR1/NR4A3 can activate transcription through this element. 

Western blots further show that an isoform of the native NR4A3 receptor lacking the C terminal 

domain is very highly expressed in tumors positive for EWSR1/NR4A3, and co-transfections of 

this isoform along with EWSR1/NR4A3 indicate that it may negatively regulate the activity of the 

fusion protein on the PPARG promoter. These results suggest that the overall expression of 

PPARG in EMC may be regulated in part by the balance between EWSR1/NR4A3 and NR4A3, 

and that PPARG may play a crucial role in the development of these tumors. The specific up-

regulation of PPARG by EWSR1/NR4A3 may also have potential therapeutic implications.
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Introduction

NR4A3 (also known as NOR1, CHN, TEC, MINOR, CSMF) is a member of the NR4A 

subfamily of nuclear receptors originally discovered as an induced mRNA in cultured rat 

neuronal cells undergoing apoptosis [1]. All three members of the NR4A subfamily have 

been characterized as immediate-early gene products induced by a variety of mitogenic 

stimuli such as growth factors and liver regeneration [2–5]. These receptors differ from the 

other more typical receptors of the family in that they can either homodimerize [6], 

heterodimerize with each other [7], heterodimerize with RXR [8], or activate transcription 

constitutively as monomers apparently in the absence of ligand [5, 9–11]. The NR4A 

subfamily is involved in apoptosis [12, 13], differentiation [14, 15], regulation of the 

hypothalamo-pituitary-adrenal axis [16], vascular smooth muscle cell proliferation [17], 

atherogenesis [18], and more recently these receptors have been implicated in the regulation 

of genes involved in hepatic glucose metabolism [19] and insulin uptake by skeletal muscles 

and adipose tissues [20].

Given their role as immediate-early gene products in the mitogenic response, it is perhaps 

not unexpected that these receptors have been implicated in cancer, but their exact role in 

tumor development remains unclear. For example, all three receptors are down regulated in 

revertant HeLa cells that have lost anchorage-independent growth and tumorigenicity [21], 

suggesting that they may act as oncogenes in this model. On the other hand, the double 

NR4A1/NR4A3 knock-out mouse rapidly develops lethal acute myeloid leukemia [22], 

suggesting they may act as tumor suppressors in that setting. In extraskeletal myxoid 

chondrosarcoma (EMC), we and others have shown that the NR4A3 gene is fused most 

often to EWSR1 [23–25], or less commonly to one of three other gene partners: TAF15 [26–

28], TCF12 [29], or TFG [30]. EWSR1 encodes a RNA-binding protein homologous to 

TFG, TAF15 encodes a TATA binding protein-associated factor, and TCF12 encodes a 

basic helix-loop-helix transcription factor. The observation that at least 95% of EMC tumors 

possess a NR4A3 fusion gene strongly suggests that aberrant expression of this nuclear 

receptor is a necessary step in the development of these tumors. In all cases characterized to 

date, these fusion proteins consist of the amino-terminal domain of the upstream fusion 

partner fused to the complete amino acid sequence of NR4A3, and therefore all contain the 

DNA-binding domain of NR4A3. Transient transfections of mammalian cells have shown 

that EWSR1/NR4A3 is a very potent transcriptional activator of a minimal promoter 

containing several copies of the NBRE (NGFIB DNA Response Element; [11]), a DNA 

response element that all three NR4A receptors can bind to as monomers and through which 

they constitutively activate transcription [1, 4, 5, 9, 11]. These results suggest that a key role 

of the NR4A3 fusion proteins in EMC tumorigenesis may be to activate the transcription of 

specific genes.
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One approach to the identification of in vivo targets of EWSR1/NR4A3 relevant to EMC is 

examine the expression profile of EMC for genes that are differentially overexpressed 

relative to other sarcomas. However, EMC samples are rare and their histopathologic 

diagnosis is difficult. So far only two expression profiling studies of EMC have been 

published, and neither one focused on identifying EWSR1/NR4A3 target genes. One used 

samples in which the diagnosis of EMC was not independently confirmed by testing for 

EWS/NR4A3 or other related but less common EMC-specific gene fusions [31] and the 

other compared the profile of two fusion-positive EMCs to that of a single myxoid 

liposarcoma [32]. Here, we have performed expression profiling of EWSR1/NR4A3 fusion-

positive EMC tumors compared to a very large set of other sarcomas and show that the 

peroxisome proliferator-activated receptor gamma (PPARG) gene, a significantly 

differentially overexpressed gene in EMC based on this analysis, is also a putative in vivo 

direct transcriptional target of EWSR1/NR4A3.

Materials and Methods

Microarray analyses

Three snap-frozen EMC tumor samples were obtained with institutional review board 

approval from patients operated at Memorial Sloan-Kettering Cancer Center (MSKCC). For 

all three samples, the presence of the specific EWSR1/NR4A3 fusion transcript was 

confirmed by reverse-transcription PCR. For expression microarray analysis, RNAs were 

processed at MSKCC according to procedures recommended by Affymetrix (Santa Clara, 

CA). Samples were hybridized to Affymetrix U133A microarrays containing 22,215 probes 

sets representing approximately 18,500 transcripts from approximately 14,500 genes. Array 

hybridization and scanning were performed at the MSKCC Genomics Core Laboratory. 

Expression estimates from the Affymetrix probe set data were derived using the robust 

multi-array average (RMA) [33]. To identify genes significantly differentially expressed in 

EMC compared to other primitive sarcomas with translocation-derived aberrant 

transcriptional proteins, we compared the data from these 3 EMC samples to similarly 

processed data from 137 samples of five other types of sarcomas (see Results for listing). 

Differentially expressed genes were identified based on two-tailed t-tests with a stringent 

Bonferroni-adjusted p < 0.05 threshold (i.e. p < 2.25 × 10−6). In addition, we restrict the 

differential set to those with fold changes of at least 2.

Western blot and immunohistochemistry analyses

Total protein extracts from EMC tumors were separated by SDS-PAGE, transferred on 

PVDF membranes (Millipore) and reacted with the following antibodies according to the 

manufacturer's recommendations: SGK1 (Millipore, 07–315), SGK1-pThr256 and NDRG2 

(Santa Cruz Biotechnology, sc-16744 and sc-19468 respectively), NDRG2-pThr348 

(Kinasource, PB-022), PPARG (Cell Signaling Technology, 2443) and actin 

(Developmental Studies Hybridoma Bank, University of Iowa, JLA20). EWSR1/NR4A3, 

NR4A3 and NR4A3ΔC were detected with a polyclonal antibody directed against NR4A3 

[34]. Western blots were revealed with a Perkin-Elmer Chemiluminescence kit based on 

horseradish peroxidase. NDRG2 immunohistochemistry analyses of EMC tumors was 

performed as previously described [35].
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Real-time PCR analyses of SGK1 mRNAs

EMC tumor RNA was prepared using the RNeasy Plus Kit and reverse-transcription of the 

RNA was performed using the Quantitec RT Kit, both from Qiagen. Real-time PCR was 

performed with intron-spanning primers designed by Simon and colleagues [36] and specific 

for each mRNA: SGK1+1: forward: 5' gtggtgatgacggtgaaaactg 3', reverse: 5' 

tgaaagcgatgagaattgcca 3'; SGK1-850: forward: 5' cacaaaaagagggccgagg 3', reverse: 5' 

atgaaagccagtccgctcag 3'; SGK1-2981: forward: 5' ctctacctccagcctccagaag 3', reverse: 5' 

ctgcttcatgaaagctttcaaag 3'. The amplification efficiencies of these primers were estimated by 

generating standard calibration curves with two-fold dilution series. Reactions were carried 

out using the Power SYBR Green Master Mix and the ABI Prism 7000 Sequence Detector 

System, both from Applied Biosystems. Amplification conditions were the same for all 

targets assayed: one cycle at 95°C for 10 min, 40 cycles at 95°C for 15 s and at 60°C for 60 

s. Samples were run in triplicate with a final volume of 25 µl per reaction. Formation of the 

expected PCR product was monitored by melting curve analysis. An 18S ribosomal RNA 

amplification was used to normalize the data for the difference in starting material and 

efficiencies of RNA extractions and reverse-transcription reactions for each tumor sample.

Electrophoretic mobility gel-shift assays, cell lines and transient transfections

Band-shift assays were carried out as described previously [11]. Oligonucleotides used were 

NBRE: 5' gagttttaaaaggtcatgctaatttgg 3', PPARG: 5' caggaaaagaaaaggtcactgtctaccca 3, 

mutant NBRE: 5' gagttttaagaggtcatgctaatttgg 3', mutant PPARG: 5' 

caggaaaagaagaggtcactgtctaccca 3'. The cell lines CFK2, pc2, et2, et16 and et19 [37] were 

maintaind in RPMI-1640 with 10% FBS and antibiotics. G418 was added at 250 µg/ml for 

pc2, et2, et16 and et19. COS cells were maintaind in DMEM with 10% FBS and antibiotics. 

Transient transfections were performed with Effectene (Qiagen) following the 

manufacturer's recommendations. COS cells were transfected with a PPARG isoform 1 

expression vector obtained from OriGene Technologies, Inc., and total protein extracts were 

prepared 48 hours after transfection. CFK2 cell lines were transfected with the indicated 

vectors and 48 hours afterwards total cell extracts were prepared and luciferase and beta-

galactosidase activities were determined using a Luciferase Assay System from Promega, a 

Beta-Gal Assay Kit from Clontech, and a Berthold MiniLumat LB 9506 Luminometer. 

Luciferase activities were divided by beta-galactosidase activities to correct for transfection 

efficiencies.

Results

Expression profiling of EMC tumors

To identify genes significantly differentially expressed in EMC, we compared the 

expression profile of three EWSR1/NR4A3 fusion-positive EMC tumors to the expression 

profile of 137 other primitive sarcomas with translocation-derived aberrant transcriptional 

proteins. These sarcomas consisted of 28 Ewing’s sarcomas (ES), 23 alveolar 

rhabdomyosarcomas (ARMS), 28 desmoplastic small round cell tumors (DSRCT), 12 

alveolar soft part sarcomas (ASPS) and 46 synovial sarcomas (SS), all of which had also 

been confirmed by RT-PCR to harbor their respective specific fusion transcripts (M. 

Ladanyi, unpublished data). Using two-tailed t-tests with a stringent Bonferroni correction 
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together with a two-fold cut-off (see Methods), we identified 404 probe sets that were 

significantly differentially expressed in EMC relative to the 137 samples in the rest of the 

dataset (Supplementary Tables 1 and 2). Of these 404 probe sets, 383 were higher in EMC 

and 11 were lower.

The top 25 differentially expressed probes are listed in Table 1. Subramanian and colleagues 

derived an expression profile of EMC on a different microarray platform and with a 

different set of sarcomas as a comparison group (cases of SS, gastrointestinal stromal 

tumour, leiomyosarcoma, malignant fibrous histiocytoma, dermatofibrosarcoma 

protuberans) [31]. In spite of these differences, there is a substantial overlap in significantly 

differentially expressed genes between their study and the present one; 20/50 top EMC 

genes in their study also appear in our 383 significantly differentially overexpressed probe 

sets (Table 2). We should also note that some genes may not have been represented on both 

microarray platforms. The overlapping genes are likely to comprise robust components of 

the EMC expression profile. In particular, DKK1 and NMB appear at or near the very top of 

both lists, thus validating the data (Tables 1 and 2). Here, we further examine the roles of 

two other genes identified as EMC-related by both studies, PPARG and NDRG2.

Western blot and immunohistochemistry analyses of EMC tumors

To validate the microarray results, we performed western blot analyses on three EMC tumor 

samples, all three with evidence of the EWSR1/NR4A3 fusion (Fig. 1A). Tumors 2 and 3 

express the EWSR1/NR4A3 type 2 fusion mRNA [25] as determined by RT-PCR, while 

tumor 1 was cytogenetically positive for the typical t(9;22) chromosome translocation 

characteristic of an EWSR1/NR4A3 gene fusion (data not shown). Only one of these 3 

EMCs was among the 3 studied above by expression profiling, and therefore two of the 

samples were also independent of the above mRNA-level expression data. The fusion 

protein was detected using a polyclonal antibody made in our laboratory and directed against 

NR4A3 [34], and the results were confirmed using a commercial monoclonal antibody to 

NR4A3 (Perseus Proteomics Inc., data not shown). We then analyzed the expression of 

PPARG because its promoter contains a perfect predicted NBRE binding site (5' 

AAAGGTCA 3') located at −675 bp upstream of the transcriptional start site, making it a 

potential target gene for EWSR1/NR4A3. As shown in Figure 1B, tumors 2 and 3 are clearly 

positive for PPARG, while a faint band can be detected in tumor 1. In four additional EMC 

tumors analyzed, three showed prominent PPARG expression (data not shown) indicating 

that, in aggregate, 5/7 (71%) EMCs show clear expression of PPARG by western blotting.

We analyzed the expression of the serum- and glucocorticoid-regulated kinase 1 (SGK1) 

because although our tumor expression microarray data suggest a lower level of this mRNA 

in EMC than in other sarcomas (Supplementary Table 1, also consistent with the data of 

Subramanian and colleagues [31]), we have previously shown by immunohistochemistry 

that EMC tumors express significant levels of this kinase [38]. Figure 1C confirms the 

immunohistochemistry observations and furthermore we show that SGK1 is activated in 

EMC tumors using an antibody specific to a phosphorylated form of the protein. Finally we 

analyzed the expression of N-myc downstream-regulated gene 2 (NDRG2) because it is a 

known phosphorylation target of SGK1 [39] and its mRNA is up-regulated in our 
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microarray analyses and those of Subramanian et al [31](Table 2). Figure 1C shows that 

tumor sample 1 is clearly positive for both total and phosphorylated NDRG2, while this is 

not clear for samples 2 and 3. To further document NDRG2 expression in EMC, we 

performed immunohistochemistry analyses which confirmed that NDRG2 is moderately to 

strongly expressed in the cytoplasm of EMC tumor cells in 9/9 EWSR1/NR4A3-positive 

EMCs (Fig. 1D). These data suggest that NDRG2 may be a pathophysiological target of 

SGK1 in EMC.

SGK1 mRNAs expression in EMC tumors

The expression data indicate that the SGK1 mRNA appears to be downregulated in EMC 

compared to other sarcomas, while the protein data shows that the protein is actually over-

expressed in EMC. The reason for this discrepancy is unknown, however it may be related 

to the fact that there are three different mRNAs encoding three SGK1 isoforms [36], two of 

which lack the proteasomal degradation signal located in the amino-terminal domain of the 

protein [40] (Fig. 2A). Simon and colleagues have compared the expression of the three 

SGK1 mRNAs (named SGK1+1, SGK1-850 and SGK1-2981, with SGK1+1 encoding the 

isoform containing the degradation signal) in various tissues and cell lines, and they found 

that SGK1+1 was the most highly expressed, about 20-fold more than SGK1-850 and 500-

fold more than SGK1-2981 [36]. Using the same primers for real-time PCR as Simon and 

colleagues, we compared the expression levels of these SGK1 isoforms in three EMC 

tumors, and the results show that for two tumors, SGK1-850 appears to be more highly 

expressed than SGK1+1, while in the third it is approximately 2-fold less expressed than 

SGK1+1 (Fig. 2B). Thus, the SGK1 protein isoform expressed in most EMC tumors may 

lack the proteasomal degradation signal, leading to the accumulation of SGK1 protein 

observed by immunohistochemistry, in spite of relatively low transcript levels.

Transcriptional activation of PPARG by EWSR1/NR4A3

To examine the possibility that PPARG may be directly transcriptionally up-regulated by 

EWSR1/NR4A3, we performed band-shift experiments with the fusion protein and 

oligonucleotides containing the NBRE of the PPARG promoter. As a control we used the 

NBRE that we have previously characterized as a binding site for EWSR1/NR4A3 [11]. The 

results indicate that the fusion protein binds these two NBRE sites with similar affinity, and 

mutant oligonucleotide controls confirmed the specificity of the binding (Fig. 3A). To 

determine if EWSR1/NR4A3 could activate transcription from this element, we used a 

pGL3 luciferase reporter vector containing a 2.8 kb insert corresponding to the human 

PPARG isoform 1 promoter including the NBRE site [41]. We transfected this reporter 

vector in CFK2 cell lines that stably express EWSR1/NR4A3 [37]. As a control we 

transfected the cell lines with a p(B1a)8luc reporter vector that is strongly activated by 

EWSR1/NR4A3 [11]. As shown in Figure 3B, the three cell lines expressing EWSR1/

NR4A3 all significantly activate p(B1a)8luc compared to the control pc2 cell line, and the 

same activation pattern is observed in the cell lines when the PPARG reporter is used (Fig. 

3C). The activation ratio is smaller for the PPARG promoter, however this can be explained 

by the fact that it contains only one NBRE site located −675 bp from the transcriptional start 

site, whereas the control reporter vector contains 8 NBRE sites adjacent to the 

transcriptional start site. To extend these observations, we subcloned into pGL3 a 1 kb 
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fragment of the PPARG promoter and mutated the NBRE from 5' AAAGGTCA 3' to 5' 

AGAGGTCA 3' (the same mutation used for the band-shift assays in Fig. 3A). Transient 

transfections of CFK2 cells with EWSR1/NR4A3 and the wild-type or mutated promoter 

clearly show that this single nucleotide change drastically reduces the ability of the fusion 

protein to activate transcription of PPARG (Fig. 3D). Thus, the PPARG promoter is a target 

of aberrant transactivation by the EWSR1/NR4A3 fusion protein in EMC tumors.

Expression of NR4A3∆C in EMC tumors

As mentioned previously, the NBRE is recognized by all three members of the NR4A 

subfamily, therefore it was of interest to analyze the expression of these receptors in the 

tumors. Western blot analyses were performed and we could not detect either NR4A1 or 

NR4A2 (data not shown). We could however detect a moderate expression level of NR4A3 

(Fig. 4A), and a very high expression level of a 48 kD isoform of NR4A3 (Fig. 4B), called 

NR4A3ΔC, lacking the entire carboxy-terminal domain but retaining the amino-terminal and 

DNA-binding domains [11]. These results were confirmed using two different antibodies 

made in our laboratory and directed against the amino-terminal domain of NR4A3. To have 

an idea of the relative expression levels of the fusion protein versus the native and truncated 

receptors, the three proteins were detected on the same western blot strip from tumor sample 

3 (Fig. 4C). The results show that for this tumor sample, and compared to the fusion protein, 

the native receptor appears to be expressed at lower levels and the truncated receptor at 

higher levels. Transient transfections of CFK2 cells were performed to compare the ability 

of these proteins to activate transcription from the PPARG promoter, and the results show 

that both the native and truncated receptors do not activate PPARG transcription under the 

same conditions in which it is readily activated by the fusion protein (Fig. 4D).

To investigate the possibility that the two native forms of NR4A3 may interfere with the 

activity of the EWSR1/NR4A3 fusion protein on the PPARG promoter, we performed 

transfections of CFK2 cells combining various expression vectors at ratios based on the 

western blot data shown in Figure 4C. When 100 nanograms of NR4A3 expression vector 

was co-transfected with 500 nanograms of EWSR1/NR4A3 expression vector, the activity 

of the fusion protein on the PPARG promoter showed a moderate but significant increase 

(Fig. 4E, P = 0.021). Conversely, when 500 nanograms of NR4A3ΔC expression vector was 

co-transfected with 100 nanograms of EWSR1/NR4A3 expression vector, the activity of the 

fusion protein on the PPARG promoter decreased (Fig. 4F, P = 0.049). This latter finding is 

consistent with results obtained by Ohkura and colleagues showing that an isoform of the 

NR4A2 receptor, lacking the carboxy-terminal domain but retaining the DNA-binding and 

amino-terminal domains, can act as a negative regulator of the NR4A receptors on NBRE 

sites [42]. Taken together, these results suggest that NR4A3∆C may negatively regulate the 

activity of EWSR1/NR4A3 on the PPARG promoter in EMC tumors.

Discussion

The EWS/NR4A3 fusion oncoprotein was identified in EMC in 1995 [24, 25] but little 

progress has been made in identifying its critical downstream targets. PPARG is the first 

direct transcriptional target of the EWS/NR4A3 fusion protein identified to date. PPARG is 
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known as a major regulator of adipogenesis and glucose homeostasis [43]. Numerous studies 

have also implicated this receptor in a wide range of biological processes including 

inflammation, angiogenesis, bone morphogenesis, vascularization, atherosclerosis, 

proliferation, differentiation, and apoptosis (reviewed in [44]). PPARG is also expressed in 

many cancers including the colon, breast, lung, and prostate [45], where it is generally 

believed to act as a tumor suppressor through induction of differentiation or apoptosis, or 

inhibition of proliferation or angiogenesis [46]. However some studies are not entirely 

consistent with this view: murine models of transgenic mice over-expressing PPARG and 

mice lacking PPARG in various organs suggest that the receptor may be cancer-permissive 

[47]; an extensive survey of various cancer samples and cell lines has not identified any 

mutations in PPARG [48]; and families with germline mutations in PPARG, although 

presenting abnormalities of either fat metabolism or glucose homeostasis, do not show a 

higher incidence of cancer to date [49]. Our results indicating that the overall expression 

level of the PPARG promoter in EMC may be determined in part by the balance between 

EWS/NR4A3, NR4A3 and NR4A3∆C suggest that the amount of PPARG may be an 

important factor with regards to its tumoral function. The high expression level of 

NR4A3∆C in EMC may very well reflect the need to tightly control the transcription of this 

gene and the ensuing accumulation of the receptor.

We also examined here two other genes implicated in EMC. SGK1 was found to be induced 

by EWSR1/NR4A3 in a cellular model and immunohistochemistry has shown that this 

kinase is prominently expressed in EMC tumors [38]. Our western blot results confirm our 

previous immunohistochemistry data, and furthermore we show that SGK1 is 

phosphorylated in EMC. SGK1 has prosurvival properties [50–52], and therefore its over-

expression and activation is likely to be an important feature of EMC tumorigenesis. We 

also analyzed the expression of NDRG2 because in our microarray analyses the gene was 

over-expressed in EMC and previous reports had indicated that NDRG2 was a 

phosphorylation target of SGK1 [39]. We have shown that NDRG2 is expressed in EMC, 

and since both SGK1 and NDRG2 are found in the cytoplasm of EMC tumor cells, there is a 

possibility that SGK1 may phosphorylate NDRG2. The impact of NDRG2 phosphorylation 

on its function is presently unknown, however NDRG2 is generally considered a tumor 

suppressor as its expression is down-regulated in several cancer cell lines [53]. The 

possibility that SGK1 plays a prosurvival role by inhibiting the tumor suppressor properties 

of NDRG2 through phosphorylation warrants further study.

Finally, we should note that because transcription factors are generally difficult to target 

pharmacologically, the identification of their critical target genes can be of therapeutic 

interest. For instance, PPARG agonists have been reported to have anti-neoplastic effects in 

a variety of PPARG-expressing cancers [54, 55]. Thus, the direct up-regulation of PPARG 

by EWSR1/NR4A3 demonstrated here provides a rationale for studies of these agents 

(several of which are already clinically available) in EMC, either in vitro if genuine EMC 

cell lines become available, or in vivo in the context of Phase I trials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Expression of EWSR1/NR4A3, PPARG, NDRG2 and SGK1 proteins in EMC tumors. (A) 

Western blot analyses of three EMC tumors demonstrating the expression of the EWSR1/

NR4A3 fusion protein using a polyclonal antibody directed against NR4A3 [34]. The lower 

band detected in tumor sample 2 and marked by a star may correspond to either a 

degradation product of the full-length fusion protein or a truncated isoform generated by 

alternative splicing of the fusion mRNA [23]. (B) Western blot analysis of PPARG 

expression in the same three tumor samples. The lane labeled COS contains a sample of 

COS cells transfected with a PPARG isoform 1 expression vector. (C) Western blot analysis 

of NDRG2 and SGK1 proteins in the same three tumor samples. (D) Immunohistochemistry 

staining for NDRG2 showing diffuse cytoplasmic staining of EMC tumor cells and lack of 

staining in fibroblasts in fibrotic capsule (arrows) (200×). Inset shows higher magnification 

(400×) of cytoplasmic staining in another EMC case.
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Figure 2. 
Real-time PCR analyses of SGK1 mRNAs in EMC tumors. (A) Schematic diagram of the 

three SGK1 protein isoforms encoded by the SGK1+1, SGK1-850 and SGK1-2981 mRNAs. 

Common amino acids are in bold characters and the proteasomal degradation signal present 

in the SGK1+1 isoform is underlined. (B) Real-time PCR of the three SGK1 mRNAs in 

three EMC tumors. For each tumor, a total RNA extract was prepared from which three 

different reverse-transcription reactions were performed followed by a real-time PCR for 

each SGK1 mRNA and the 18S ribosomal RNA. The data were normalized with respect to 
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the 18S RNA and the results are expressed as relative expression levels with the SGK1+1 

mRNA set at one. The standard deviations are shown as vertical bars.
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Figure 3. 
Activation of the PPARG promoter by EWSR1/NR4A3 through the NBRE site. (A) Band-

shift analyses of in vitro translated EWSR1/NR4A3 (lanes 2–4 and 6–8) with NBRE (lanes 

1–4) and PPARG (lanes 5–8) oligonucleotides. Lanes 3 and 7 reactions contained a 25-fold 

excess of cold wild-type oligonucleotides, and lanes 4 and 8 reactions contained a 25 fold 

excess of mutant oligonucleotides. The reactions in lanes 1 and 5 used a control rabbit 

reticulocyte lysate sample. (B) and (C) Transient transfections of CFK2 cell lines stably 

expressing EWSR1/NR4A3 (et2, et16, et19) with a NBRE luciferase reporter vector (B) or a 

PPARG promoter luciferase reporter vector (C). The pc2 cell line is a negative control cell 

line stably transfected with an empty expression vector. The results are expressed as relative 

light units (RLU) and the standard deviation is shown (vertical bars). (D) Transient 

transfections of wild-type CFK2 cells with an EWSR1/NR4A3 expression vector, a wild-

type or mutated PPARG promoter luciferase reporter vector, and a pBIND (Promega) 

normalization vector. Transfections were carried out in triplicate, the results are expressed as 

fold induction relative to the empty expression vector, and the standard deviation is shown 

(vertical bars).
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Figure 4. 
Expression of NR4A3 and NR4A3∆C in EMC tumors. (A), (B) and (C) Western blot 

analyses of the same three EMC tumors presented in Fig. 1 showing expression of the full-

length NR4A3 nuclear receptor (A) and of the truncated NR4A3ΔC isoform (B), and co-

expression of EWSR1/NR4A3, NR4A3, and NR4A3ΔC in tumor sample 3 (C). (D), (E) and 

(F) Transient transfections of CFK2 cells with an EWSR1/NR4A3, NR4A3, or NR4A3∆C 

expression vector and the PPARG promoter luciferase reporter vector (D), with a five-fold 

excess of the EWSR1/NR4A3 expression vector compared to the NR4A3 expression vector 

Filion et al. Page 17

J Pathol. Author manuscript; available in PMC 2015 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(E), or with a five-fold excess of the NR4A3∆C expression vector compared to the EWSR1/

NR4A3 expression vector (F). Transfections were carried out in triplicate, pBIND 

(Promega) was used for normalization, results are expressed as fold induction with respect 

to the empty expression vector, and the standard deviation is shown (vertical bars).
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Table 1

Top 25 probe sets differentially expressed in EMC. All probe sets were more highly expressed in EMC than in 

the 5 other sarcomas. P-values reflect Bonferonni correction for 22,215 comparisons.

Probe Set Fold P-value Gene Gene Description

204602_at 40 4.6E-65 DKK1 dickkopf homolog 1

220115_s_at 117 7.2E-62 CDH10 cadherin 10, type 2

205204_at 65 2.6E-42 NMB* neuromedin B

207930_at 32 1.7E-40 LCN1 lipocalin 1

220283_at 8 8.2E-38 KIAA1822L KIAA1822-like

220595_at 15 3.8E-36 PDZRN4 PDZ domain containing RING finger 4

220356_at 15 7.8E-36 CORIN corin, serine peptidase

207577_at 5 3.4E-35 HTR4 5-hydroxytryptamine (serotonin) receptor 4

208116_s_at 8 3.6E-35 MAN1A1 mannosidase, alpha, class 1A, member 1

215913_s_at 19 5.1E-33 GULP1 GULP, engulfment adaptor PTB domain containing 1

215972_at 7 4.2E-32 --- clone 24820 mRNA sequence

222317_at 7 1.6E-30 PDE3B phosphodiesterase 3B, cGMP-inhibited

206730_at 5 4.2E-25 GRIA3 glutamate receptor, ionotrophic, AMPA 3

206869_at 10 3.3E-24 CHAD chondroadherin

205694_at 18 3.6E-24 TYRP1 tyrosinase-related protein 1

207012_at 7 1.7E-23 MMP16 matrix metallopeptidase 16

205523_at 8 9.1E-23 HAPLN1 hyaluronan and proteoglycan link protein 1

214390_s_at 9 1.2E-22 BCAT1 branched chain aminotransferase 1, cytosolic

207379_at 12 2.8E-22 EDIL3 EGF-like repeats and discoidin I-like domains 3

218197_s_at 14 7.5E-22 OXR1 oxidation resistance 1

206637_at 10 1.5E-21 P2RY14 purinergic receptor P2Y, G-protein coupled, 14

214582_at 4 2.0E-21 PDE3B phosphodiesterase 3B, cGMP-inhibited

219564_at 5 6.2E-21 KCNJ16 potassium inwardly-rectifying channel J16

216012_at 5 1.0E-20 --- unidentified mRNA, partial sequence

220351_at 5 6.3E-20 CCRL1 chemokine (C-C motif) receptor-like 1
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Table 2

Genes differentially overexpressed in EMC in present study overlapping with top 50 EMC-overexpressed 

genes in Subramanian and colleagues [31].

Probe Set Fold P-value Gene Gene Description

204602_at 40 4.6E-65 DKK1 dickkopf homolog 1

205204_at 65 2.6E-42 NMB neuromedin B

208116_s_at 8 3.6E-35 MAN1A1 mannosidase, alpha, class 1A, member 1

201732_s_at 14 2.0E-16 CLCN3 chloride channel 3

205236_x_at 5 3.5E-13 SOD3 superoxide dismutase 3, extracellular

217997_at 34 8.5E-12 PHLDA1 pleckstrin homology-like domain, member A1

214279_s_at 9 3.4E-10 NDRG2 NDRG family member 2

209468_at 4 3.6E-08 LRP5 low density lipoprotein receptor-related protein 5

209618_at 3 1.5E-07 CTNND2 catenin (cadherin-associated protein), delta 2

204467_s_at 3 9.6E-07 SNCA synuclein, alpha

204284_at 15 3.9E-05 PPP1R3C protein phosphatase 1, regulatory subunit 3C

211571_s_at 25 2.2E-04 CSPG2 chondroitin sulfate proteoglycan 2 (versican)

217865_at 6 4.2E-04 RNF130 ring finger protein 130

202922_at 5 8.0E-04 GCLC glutamate-cysteine ligase, catalytic subunit

202218_s_at 8 1.1E-03 FADS2 fatty acid desaturase 2

214620_x_at 11 1.6E-03 PAM peptidylglycine alpha-amidating monooxygenase

205736_at 4 1.7E-03 PGAM2 phosphoglycerate mutase 2 (muscle)

201941_at 4 1.0E-02 CPD carboxypeptidase D

203571_s_at 19 1.1E-02 C10orf116 chromosome 10 open reading frame 116

208510_s_at 2 2.3E-02 PPARG peroxisome proliferative activated receptor, gamma

Note: for genes represented in Supplementary Table 2 by more than one probe set, only the most significant is shown. P-values reflect Bonferonni 
correction for 22,215 comparisons.
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