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Abstract

CIC rearrangements have been reported in two-thirds of EWSR1-negative small blue round cell 

tumors (SBRCTs). However, a number of SBRCTs remain unclassified despite exhaustive 

analysis. Fourteen SBRCTs lacking driver genetic events by RNA sequencing (RNAseq) analysis 

were collected. Unsupervised hierarchical clustering was performed using samples from our 

RNAseq database, including 13 SBRCTs with non-CIC genetic abnormalities and 2 CIC-

rearranged angiosarcomas among others. Remarkably, all 14 study cases showed high mRNA 

levels of ETV1/4/5, and by unsupervised clustering most grouped into a distinct cluster, separate 

from other tumors. Based on these results indicating a close relationship with CIC-rearranged 

tumors, we manually inspected CIC reads in RNAseq data. FISH for CIC and DUX4 
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abnormalities and immunohistochemical stains for ETV4 were also performed. In the control 

group, only 2 CIC-rearranged angiosarcomas had high ETV1/4/5 expression. Upon manual 

inspection of CIC traces, 7 of 14 cases showed CIC-DUX4 fusion reads, 2 cases had DUX4-CIC 
reads, while the remaining 5 were negative. FISH showed CIC break-apart in 7 cases, including 5 

cases lacking CIC-DUX4 or DUX4-CIC fusion reads on RNAseq manual inspection. However, no 

CIC abnormalities were detected by FISH in 6 cases with CIC-DUX4 or DUX4-CIC reads. ETV4 

immunoreactivity was positive in 7 of 11 cases. Our results highlight the underperformance of 

FISH and RNAseq methods in diagnosing SBRCTs with CIC gene abnormalities. The downstream 

ETV1/4/5 transcriptional up-regulation appears highly sensitive and specific and can be used as a 

reliable molecular signature and diagnostic method for CIC fusion positive SBRCTs.

1 | INTRODUCTION

CIC-DUX4 gene fusion, resulting from either t(4;19) or t(10;19) translocation, is the most 

common genetic abnormality detected in EWSR1-negative small blue round cell tumors 

(SBRCTs).1,2 CIC-DUX4 sarcomas occur most commonly in young adults within the 

somatic soft tissues.1,3–6 Patients with CIC-rearranged sarcomas follow a clinically 

aggressive course, with high metastatic rate and an inferior overall survival compared with 

the Ewing sarcoma patients.6,7 Microscopically, CIC-fusion positive SBRCTs show more 

cytologic variability compared with classic Ewing sarcomas, with round to ovoid and 

occasionally spindle cell histology, showing mild nuclear pleomorphism, prominent 

nucleoli, and myxoid stroma.3,5,6 Immunohistochemical reactivity of ETV4 has recently 

been reported as a useful ancillary tool in supporting the diagnosis, based on the prior 

evidence that CIC-DUX4 sarcomas overexpress the PEA3 subfamily of transcription factors, 

including ETV1, ETV4, and ETV5, both at mRNA and protein levels.2,4,5,8 RNA in situ 

hybridization of ETV1/4/5 was also utilized by others.9 Another adjunct marker in 

diagnosing CIC-DUX4 sarcomas is the presence of nuclear immunoreactivity for WT1, 

which has similar sensitivity but inferior specificity compared with ETV4, being also 

positive in other round cell tumors, including desmoplastic small round cell tumor, alveolar 

rhabdomyosarcoma, Wilms tumor, lymphoblastic lymphoma, etc.4,5

RNA sequencing (RNAseq) has emerged as a powerful tool in identifying genetic 

abnormalities and has become the preferred method for novel gene fusion discovery. 

However, in our experience, a subset of SBRCTs remained unclassified after transcriptome 

sequencing and detailed bioinformatic algorithm analysis suggesting lack of driving genetic 

fusion events. Remarkably though, despite the lack of recurrent fusion candidates, this group 

of SBRCTs had a similar transcriptional signature, including ETV1/4/5 gene up-regulation, 

typically seen in the CIC-DUX4 fusion positive SBRCTs. Based on these findings we 

employed various molecular methods, such as manual inspection of certain genes of interest, 

FISH and immunohistochemistry, in order to elucidate their genomic classification and 

pathogenetic relationship to the more common and well defined CIC-DUX4 fusion positive 

group of SBRCT.
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2 | MATERIALS AND METHODS

2.1 | Case selection

We collected 14 SBRCTs that were subjected to whole transcriptome sequencing (n = 10) 

and/or targeted RNA sequencing (n = 5, including one case tested for both platforms), but no 

driver genetic events were identified. Since CIC-DUX4 fusions are the most common 

genetic events among the EWSR1-negative SBRCTs, we further examined the RNA 

sequencing data for ETV1/4/5 and WT1 gene expressions, manual inspection of CIC 
sequences, FISH for CIC and DUX4 genetic abnormalities and immunohistochemistry for 

ETV4.

The patients’ cohort had an equal gender distribution and a wide age range at diagnosis (11–

66 years old, mean 32.8), with a bimodal distribution in the second to third and 6th to 7th 

decade of age. The tumors arose predominantly in soft tissues (n = 12): 5 in the trunk, 4 in 

the extremities, and 3 in the head and neck, with only one case each in the phalangeal bone 

and brain (Table 1). Within the soft tissue, all except one tumor were deep-seated. One 

lesion was centered in the subcutaneous tissue (case #13), while another (case #9) involved 

dermis, subcutaneous tissue, and underlying skeletal muscle. The only bone lesion (case #5) 

showed a destructive growth in the phalangeal bone, extending to the interphalangeal joint 

and surrounding soft tissues. The study was approved by the Institutional Review Board.

2.2 | Whole transcriptome sequencing

Total RNA was extracted in cases #1–5 and #8–12 from frozen tissues using RNeasy Plus 

Mini (Qiagen), followed by mRNA isolation with oligo(dT) magnetic beads and 

fragmentation by incubation at 94°C in fragmentation buffer (Illumina) for 2.5 minutes. 

After gel size-selection (350–400 bp) and adapter ligation, the library was enriched by PCR 

for 15 cycles and purified. Paired-end RNA sequencing at read lengths of 50 or 51 bp was 

performed with the HiSeq 2000 (Illumina).

2.3 | Targeted RNA sequencing

For cases #6,7,10,13,14 RNA was extracted from formalin-fixed paraffin-embedded (FFPE) 

tissues using Amsbio’s ExpressArt FFPE Clear RNA Ready kit (Amsbio LLC, Cambridge, 

MA). Fragment length was assessed with an RNA 6000 chip on an Agilent Bioanalyzer 

(Agilent Technologies, Santa Clara, CA). RNA-seq libraries were prepared using 20–100 ng 

total RNA with the Trusight RNA Fusion Panel (Illumina, San Diego, CA). Each sample 

was subjected to targeted RNA sequencing on an Illumina MiSeq at 8 samples per flow cell 

(~3 million reads per sample).

2.4 | RNA sequencing data analysis

After being independently aligned by STAR (ver 2.3) and BowTie2 against the human 

reference genome (hg19), the reads were analyzed by FusionSeq, STAR-Fusion, and 

TopHat-Fusion algorithms for whole transcriptome sequencing data and by Manta-Fusion, 

STAR-Fusion, and TopHat-Fusion for targeted RNA sequencing data for fusion discovery. 

No convincing fusion candidates were identified in these samples. The CIC gene reads were 

manually inspected on Integrative Genomics Viewer. Reads with partially mismatched 
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sequences were examined by BLAT (http://genome.ucsc.edu/cgi-bin/hgBlat? command = 

start). Similar attempts to investigate DUX4 were unsuccessful due to lack of reads mapped 

to DUX4 region. Expression levels of CIC, ETV1, ETV4, ETV5, and WT1 were evaluated 

on both RNAseq platforms in comparison to other soft tissue tumors in each platform. The 

mRNA expression of known PEA3 family downstream target genes, including SPRY2, 
SPRY4, SPRED2, GPR20, DUSP6 GBX2, FGF8, POU5F1, MMP1/2/3/7/9, TWIST1, 
SNAI1/2, PTGS2, BAX, CCND2, ZEB1, PTK2, PLAU, ICAM1, VEGFA, NOTCH1, 
NOTCH4, and SPP110–19 was investigated from the whole transcriptome sequencing 

platform, while FRG1, PITX1, ZSCAN4, RFPL2, TRIM43, and LEUTX, were evaluated as 

DUX4 targets.20–23

Cases studied by the whole transcriptome sequencing (n = 10) were also subjected to 

unsupervised hierarchical clustering, together with > 140 samples from our database, mostly 

sarcomas, including 2 CIC-rearranged angiosarcomas24 and 13 SBRCTs with non-CIC 
genetic abnormalities (6 with BCOR internal tandem duplication (ITD), 1 with YWHAE-
NUTM2E, 1 with BCOR-CCNB3, 1 with EWSR1-ERG, and 4 Ewing sarcoma cell lines) 

among others.

A gene expression signature was obtained from the 8 study group SBRCT cases (2 outliers 

on unsupervised hierarchical clustering excluded) compared with other sarcoma samples 

available on our whole transcriptome sequencing platform (from Figure 1). It was then 

compared with the published gene expressions of CIC-DUX4 SBRCTs (175 gene list, 

Affymetrix U133A chip) and Ewing sarcomas (95 gene list, Affymetrix Human Gene 1.0 ST 

arrays).2 A differentially expressed gene list of 152 genes was obtained from our study 

group using log2-fold change thresholds of positive 2 or negative 5 and a 0.01 false 

discovery rate and after eliminating genes that were not represented on all 3 platforms. 

These 3 expression profiles were then analyzed by Venn diagram and supervised clustering.

2.5 | Fluorescence in situ hybridization (FISH)

FISH for CIC break-apart was performed on 4 μm-thick FFPE tissue sections of all cases. 

CIC-DUX4 fusion assays were also tested on selected cases. Custom probes were made by 

bacterial artificial chromosomes (BAC) clones flanking the target genes, according to UCSC 

genome browser (http://genome.ucsc.edu) and obtained from BACPAC sources of 

Children’s Hospital of Oakland Research Institute (Oakland, CA; http://bacpac.chori.org). 

Being located at the telomeric end of 4q and 10q chromosomes, no BAC clone was available 

for design on the telomeric side (3′) of DUX4 gene. Therefore, for the fusion assay, the 

reciprocal fusion was used with centromeric DUX4 (5′) and telomeric CIC (3′) BAC clones 

(Supporting Information Table 1). DNA from each BAC was isolated according to the 

manufacturer’s instructions. The BAC clones were labeled with fluorochromes by nick 

translation and validated on normal metaphase chromosomes. The slides were 

deparaffinized, pretreated, and hybridized with denatured probes. After overnight 

incubation, the slides were washed, stained with DAPI, mounted with an antifade solution, 

and then examined on a Zeiss fluorescence microscope (Zeiss Axioplan, Oberkochen, 

Germany) controlled by Isis 5 software (Metasystems).
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2.6 | Immunohistochemistry for ETV4

Eleven of 14 cases in the study cohort with available materials were subjected for ETV4 

immunostaining. Immunohistochemistry was performed on 4 μm-thick FFPE tissue sections 

using monoclonal mouse anti-PEA3 (ETV4) antibody (clone 16/sc-113; Santa Cruz, CA, 

USA; 1:50 dilution) as previously described.4 The results were interpreted as positive when 

moderate or strong nuclear stain was present in at least 50% of tumor cells.

2.7 | Reverse transcription-polymerase chain reaction (RT-PCR)

RT-PCR was performed in cases #2 and #8 to validate the CIC-DUX4 and DUX4-CIC 
fusion transcripts identified by manual inspection of RNAseq data. RNA was extracted from 

frozen tissues using RNeasy Plus Mini (Qiagen) and reverse transcribed by SuperScript IV 

First-Strand Synthesis System (Invitrogen). PCR was performed by Advantage 2 PCR kit 

(Clontech, Mountain View, CA) with forward primer on DUX4 intron 1 (5′-

GGAAGAATACCGGGCTCTGCTG-3′) (uc001lns.2) and reverse primer on CIC exon 20 

(5′-CAAACTGGAGAGGAC-GAAATGG-3′) (ENST00000575354.6) for case #8; forward 

primer on CIC exon 20 (5′-CTGACCCCACCTCACCCAGCTC-3′) and reverse primer on 

DUX4 intron 1 (5′-GCAGAGCCCGGTATTCTTCC-3′) for case #2. The reactions were run 

at 65°C annealing temperature for 35 cycles. The PCR products were analyzed by gel 

electrophoresis and Sanger sequencing.

3 | RESULTS

3.1 | Significant ETV1/4/5 mRNA up-regulation is the hallmark of SBRCTs lacking other 
fusions by RNA sequencing

Remarkably all 14 SBRCTs lacking fusion candidates by whole transcriptome or targeted 

RNA sequencing showed consistent up-regulation of ETV1, ETV4, and ETV5 mRNA 

expression levels, compared with other SBRCTs with known non-CIC genetic alterations 

and various soft tissue tumors in each of the platform analyzed (Figure 1A). WT1 mRNA 

was also up-regulated in the majority of cases (Figure 1A). In case #10, both whole 

transcriptome and targeted RNAseq data showed similar up-regulation of ETV1/4/5 and 

WT1 expression. None of the cases showed CIC mRNA overexpression, which was at 

similar low levels with the SBRCT control group (data not shown). Analysis of downstream 

targets of PEA3 gene family revealed up-regulated SPRED2 (target of ETV1), CCND2 and 

NOTCH1 (targets of ETV4)12,14 expressions (Supporting Information Figure 1). None of the 

potential DUX4 gene targets examined was significantly up-regulated.

Unsupervised hierarchical clustering of a large number of cases available on the whole 

transcriptome RNAseq platform showed that 8 of 10 SBRCTs sharing a PEA3 upregulated 

signature formed a tight genomic cluster, supporting a common transcriptional profile in 

these tumors (Figure 1B). In the control group, 2 CIC-rearranged angiosarcomas also had 

high levels of ETV1/4/5 expression, clustering together with the study cohort. SBRCTs with 

non-CIC genetic abnormalities had low levels of ETV1/4/5 and WT1 mRNA and clustered 

separately as distinct groups. A group of SDHB-deficient pediatric gastrointestinal stromal 

tumors (GIST) not initially included among the control group showed up-regulation 
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restricted to ETV1, but not ETV4/5, as previously reported,10 clustering separately from the 

SBRCTs.

The Venn diagram was used to compare the gene expression overlap between the SBRCT 

study group (RNAseq), CIC-DUX4 (Affymetrix U133A) and Ewing sarcoma (Affymetrix 

Human Gene 1.0 ST arrays). There was a 64-gene overlap between the study group and 

CIC-DUX4 tumors signature on Affymetrix U133A platform (Supporting Information 

Figure 2A), while only 1 gene was in common with the Ewing sarcoma gene list. Supervised 

clustering using the SBRCT study group 152 gene-list was able to group the 8 samples from 

the study cohort as well as the known CIC-DUX4 tumors, but not the Ewing sarcoma 

samples (Supporting Information Figure 2B).

3.2 | CIC-DUX4 fusion junction or chimeric reads are identified only through manual 
inspection of RNAseq in a subset of SBRCT with PEA3 gene signature

Manual inspection of the CIC sequences showed CIC-DUX4 reads in 7 cases: 5 with fusion 

junction reads (individual reads spanning both CIC and DUX4 sequences and the fusion 

junctions) and 2 with only chimeric reads (CIC and DUX4 sequences on each of the paired-

end reads) (Supporting Information Table 2). Consistently all cases showed CIC breakpoints 

within the coding region of the last exon (exon 20) (Figure 2A), while DUX4 breakpoints 

were scattered in exons 1–2 or intron 1 (sequence reference: uc001lns.2). DUX4 pseudogene 

has high sequence homology on both chromosomes 4q35 and 10q26. Thus based on the 

CIC-DUX4 chimeric/fusion junction reads available, a distinction between DUX4 sequence 

on chromosomes 4 or 10 could not be made, with the exception of case #7 which showed a 

DUX4 sequence matching to chromosome 10. The projected amino acids of the CIC-DUX4 

fusion protein were in-frame in all cases except two (cases #6, 7), in which fusion of CIC 
exon 20 to DUX4 resulted in a stop codon right after the fusion junction (Figure 2C). RT-

PCR confirmed CIC-DUX4 fusion in case #2 (Figure 2B).

Additionally, 2 cases without CIC-DUX4 reads by manual inspection had instead the 

reciprocal DUX4-CIC fusion junction reads (cases #8,9, Table 1, Supporting Information 

Table 2). In case # 8 the DUX4 sequence matched to chromosome 10, while in case #9 the 

distinction between chromosomes 4/10 could not be made. The fusion junctions showed 

DUX4 intron 1 fused to CIC exon 20 (3′ UTR region in case #8, coding region in case #9) 

(Figure 2A). DUX4-CIC fusion transcript was confirmed by RT-PCR in case #8 with 

available material (Figure 2B).

The remaining 5 cases (cases #10–14) were negative for CIC-DUX4 or DUX4-CIC reads. 

Among them, case#10 showed CIC gene being fused to an un-annotated region in 

chromosome 17q21.31 (genomic position: chr17:41419677, GRCh37/hg19). The remaining 

4 cases showed only wild-type sequence of CIC. No association between the fusion reads 

types (CIC-DUX4, DUX4-CIC, or none) and the mRNA expression level of ETV1/4/5 was 

noted. No CIC-DUX4 or DUX4-CIC reads were found in the control group of SBRCTs by 

manual inspection or algorithm analysis.
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3.3 | FISH CIC gene rearrangements are detected in half of SBRCTs with PEA3 up-
regulation

FISH assays detected CIC break-apart in 7 of 13 cases (Table 1), including 2 cases with 

CIC-DUX4 reads (case #3,6), 1 case with CIC fused to a un-annotated region in 

chromosome 17 (case #10), and 4 cases (case #11–14) lacking CIC abnormalities by either 

manual inspection or algorithm RNAseq analyses. One case failed to show hybridized 

signals due to tissue decalcification. Fusion FISH assays confirmed telomeric CIC and 

centromeric DUX4 (4q35) fusions in 2 cases (cases# 11, 12), while no association between 

CIC and DUX4 (both 4q35 and 10q26 loci) was found in cases #13, 14. As expected, case 

#10 showing a CIC fusion to an un-annotated chromosome 17 region was negative for 

t(4;19)—CIC-DUX4 fusion FISH assay, while the t(10;19) fusion was not evaluable due to a 

centromeric DUX4 (10q26.3) deletion noted by FISH. The 2 remaining cases with CIC-
DUX4 reads and CIC rearrangements by FISH could not be evaluated further by fusion 

FISH assays due to a telomeric deletion of CIC (case #6) or low percentage (10%–20%) of 

CIC-rearranged tumor cells (case #3). The remaining 6 cases negative for CIC abnormalities 

by FISH displayed CIC-DUX4 or DUX4-CIC reads by RNAseq manual inspection.

3.4 | The morphologic spectrum and ETV4 immunoreactivity of SBRCTs with ETV1/4/5 up-
regulation is similar to CIC-DUX4 fusion positive sarcoma

Histologically, the tumors were mostly composed of small blue round cells with mild 

variation in nuclear size and shape (Figure 3A). Three cases (case #1, 6, 13) showed a 

mixture of spindle and round cells (Figure 3B), while 2 cases (case # 5, 9) had plump 

epithelioid cells with palely eosinophilic cytoplasm (Figure 3C). Necrosis was present in 8 

cases, either as spotty areas or confluent geographic necrosis. Small to moderate amount of 

myxoid stroma was frequently observed (n = 9), either separating tumor cells or admixed 

with necrotic debris (n = 5), and/or forming microcystic spaces (n = 4) (Figure 3D,E). The 

tumor cells showed vesicular chromatin and prominent nucleoli in the majority of cases, 

while an evenly distributed chromatin pattern with inconspicuous nucleoli was seen in areas 

(n = 2) or as the predominant cytologic feature in one case. Immunohistochemically, ETV4 

stain was positive in 7 of 11 cases tested, with moderate to strong intensity and diffuse to 

patchy staining (Figure 3F). Among the 7 positive cases, 3 had CIC-DUX4 reads by 

RNAseq data, while remaining had CIC rearrangement by FISH but no confirmatory fusion/

chimeric reads. The 4 cases negative for ETV4 immmunostaining had either CIC-DUX4 
reads (n = 2), DUX4-CIC reads (n = 1), or CIC-DUX4 fusion confirmed by FISH (n = 1). 

The mRNA expression levels of ETV1, ETV4, and ETV5 in these 4 cases were markedly 

up-regulated compared with other tumor types (Figure 1A, asterisks). Further WT1 stains in 

these 4 cases were unsuccessful, which raised the possibility of tissue failure in these 

samples. CD99 staining results available in 11 cases showed positivity with variable extent 

and intensity.

4 | DISCUSSION

In this study, we report a series of 14 undifferentiated round cell sarcomas that remained 

unclassified by RNAseq fusion discovery algorithms but surprisingly showed a distinct 

transcriptional ETV1/4/5 upregulation, similar to the reported mRNA signature of CIC-
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DUX4 sarcomas. Upon further investigation, most cases showed some evidence of CIC-
DUX4 fusions by manual inspection of RNAseq data or CIC rearrangements by FISH. 

DUX4 gene is located within the D4Z4 macrosatellite repeat region (11–100 copies of the 

repeat units) of the chromosomes 4 and 10 subtelomeric regions.25 As the fusion discovery 

algorithms involve filtering out artifacts and noises, including repetitive sequences,26 the 

false-negative RNAseq results are most likely related to the repetitive nature of DUX4 
sequence mapping to multiple regions on 4q35.2 and 10q26.3, thus being discarded through 

the filtering process. The failure of algorithmic analysis to detect CIC-DUX4 fusions has 

also been reported by Panagopoulos et al.27 who applied 3 different programs than ours 

(FusionMap, FusionFinder, and ChimeraScan). CIC-DUX4 was not included among their 

fusion candidates from a SBRCT arising in the thoracic wall of a 40 year-old female, despite 

the fact that conventional cytogenetics and metaphase FISH showed a t(4;19) (q35;q13). 

However, using a basic “grep” command searching the fastq sequence data, fusion 

sequences of CIC-DUX4 were identified. In fact, no CIC-DUX4 fusions have been so far 

identified by fusion discovery programs either from our own RNAseq database or reported 

in the literature. All documented cases of CIC-DUX4 fusion positive sarcomas were 

confirmed mostly by conventional cytogenetics, FISH, and/or RT-PCR methods. In contrast, 

rare cases of CIC-FOXO4 fusions in SBRCT and CIC-LEUTX fusion in angiosarcoma were 

detected by RNAseq algorithmic analysis,24,28,29 suggesting that the 3′ fusion partner, 

DUX4, is the explanation of this pitfall, as discussed above. This hypothesis is further 

supported by a recently identified group of DUX4-rearranged B-cell precursor acute 

lymphoblastic leukemia, which harbors IGH-DUX4 or less often ERG-DUX4 fusions 

through insertion of part of DUX4 into the 5′ partner gene.30 The fusions of IGH/ERG-
DUX4 were detected in only 7 out of 28 positive cases through their standard RNAseq 

bioinformatics pipeline and required guided analysis to investigate the regions of interest in 

the remaining cases.

Furthermore, although FISH is commonly used as the diagnostic tool for CIC-rearranged 

tumors, our results highlighted the less than perfect sensitivity of FISH assay, as 6 of our 

cases with CIC-DUX4/DUX4-CIC fusion RNAseq reads by manual inspection were 

negative for CIC rearrangement by FISH. The negative FISH results are most likely related 

to the subtle, cryptic rearrangements below the FISH resolution. This potential pitfall of 

cryptic and unbalanced CIC rearrangements has been speculated in some unclassified 

SBRCTs co-expressing WT1 and ETV4 by immunohistochemistry which were negative for 

CIC abnormalities by FISH using the conventional BAC probe design.4

In contrast to the inconsistent evidence for a CIC-DUX4 fusion by either RNAseq or FISH 

methods, all cases showed high level of ETV1/4/5 up-regulation. Unsupervised hierarchical 

clustering also showed that the majority of these samples grouped into a distinct cluster, 

separate from Ewing sarcoma and BCOR-ITD round cell sarcoma, supporting a common 

transcriptional profile. Our data strongly suggest that the downstream overexpression of 

ETV1/4/5 genes has a high sensitivity in the genomic classification of CIC-DUX4 tumors, 

compared with FISH and/or RNAseq fusion discovery algorithms. Immunohistochemical 

staining for ETV4, previously reported to have high sensitivity in other study cohorts,4,5 was 

positive in only 64% (7/11) of our cases, which might be related to older or decalcified 

archival material studied.
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An unusual feature of SBRCTs with CIC-DUX4 fusions is the consistent exonic DNA 

breakpoint for CIC, compared with the prevalent intronic DNA break seen in most other 

translocation-associated sarcomas. Likewise, all CIC-FOXO4 and CIC-LEUTX fusions 

reported to date have exonic DNA breakpoints.24,28,29 Another intriguing finding is that in 2 

of our cases, the CIC-DUX4 fusion resulted in a stop codon right after the fusion junction 

(case #6, #7). Thus the putative chimeric amino acid sequence consists only of a prematurely 

truncated CIC protein without a subsequent DUX4 protein. A similar truncation of predicted 

fusion protein was previously described in 10 CIC-DUX4 sarcoma cases.1,3,31,32 Gambarotti 

et al described 2 CIC-DUX4 fusion variants with immediate stop codons after the fusion 

junction.3 Our case #6 had an identical fusion breakpoint to their case #1 reported, while our 

case #7 was similar to their case #4, except for one nucleotide difference at the fusion 

junction (Supporting Information Table 2). The latter fusion variant was also previously 

reported by our group (case #9).1 Our findings demonstrate that cases with this fusion 

variant showed similar morphology and downstream effect of PEA3 family up-regulation 

akin to other CIC-DUX4 fusions variants. The functionality of this truncation type CIC-
DUX4 fusion awaits to be investigated. One hypothesis is that truncation of CIC is sufficient 

to induce tumorigenesis. Another possibility is that this truncation fusion variant coexists 

with other in-frame fusion transcripts of CIC-DUX4. The latter may be supported by the fact 

that the case previously reported by our group indeed had different fusion variants identified 

by 3′ rapid amplification of cDNA ends (RACE).1 All the other 9 cases reported with this 

fusion variant were identified by RT-PCR using the same primers.3,31,32 Two of the cases 

showed overlapping CIC and DUX4 sequences after the presumed CIC breakpoints, which 

could also be explained by the presence of multiple fusion variants.31,32

CIC encodes a transcriptional repressor that normally inhibits ETV1/4/5 expressions and 

regulates receptor tyrosine kinase signaling pathways.33,34 CIC siRNA knockdown in human 

melanoma cell line (SKMEL13), carrying BRAF V600E mutation, led to elevated mRNA 

levels of ETV1/4/5.33 High ETV1/4/5 expression is also seen in oligodendroglioma with 

concurrent 1p19q deletion and inactivating mutations of CIC (19q13.2), resulting in biallelic 

disruption of CIC gene and loss of CIC protein expression by IHC, presumably due to 

enhanced degradation of mutant CIC protein.35,36 In CIC-DUX4 sarcomas, the ETV1/4/5 
up-regulation may suggest similar CIC loss-of-function abnormalities, however, the 

increased CIC protein expression by western blot is intriguing in the absence of CIC mRNA 

up-regulation and might simply represent accumulation of the truncated or non-functional 

CIC protein, lacking the repressor domain at its C-terminus.8,24,34 Similar ETV1/4/5 up-

regulation is also present in other CIC related fusions, such as CIC-LEUTX positive 

angiosarcoma and CIC-NUTM1-positive central nervous system primitive neuroectodermal 

tumor (PNET).24,37 The variable CIC gene partners reinforce the hypothesis that the 

downstream upregulation of ETV1/4/5 expression is mainly a result of CIC truncation 

through translocation rather than induced by the encoded sequence of the fused partner.

The exact role in tumorigenesis of DUX4 dysregulation in the setting of CIC-DUX4 fusion 

remains poorly defined. DUX4 is normally expressed in testis and epigenetically silenced 

through CpG methylation in differentiated somatic cells.38 Aberrant expression of DUX4 in 

primary human myoblasts activates genes associated with stem cell development.39 

Recently, CIC-DUX4 sarcoma has been shown to have strong DUX4 immunoexpression, 
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while other round cell sarcomas (i.e., Ewing sarcoma, alveolar/embryonal 

rhabdomyosarcoma, synovial sarcoma, desmoplastic small round cell tumor) did not.40 

Unfortunately, our data cannot support this finding, since the DUX4 mRNA expression level 

cannot be evaluated in our samples due to failure of DUX4 sequence mapping.

In this study, 7 of 14 SBRCTs showed CIC-DUX4 fusion junction reads or chimeric reads 

upon manual inspection of RNAseq data. In 2 additional cases, only the reciprocal DUX4-
CIC reads but not CIC-DUX4 were found, suggesting that in some cases, the CIC-DUX4 
transcripts may not be readily amplified through the sequencing process. In fact, in some 

cases with CIC-DUX4 reads present, the number of wild-type CIC reads outnumbered that 

of CIC-DUX4 reads. The fact that CIC-DUX4 fusion transcripts are not necessarily highly 

expressed, at least in some cases, might explain why some cases showed CIC break-apart by 

FISH but no evidence of CIC alteration by manual inspection of CIC reads. The remaining 5 

cases lacked CIC-DUX4/DUX4-CIC reads, despite the fact that high level of ETV1/4/5 
expression and CIC break-apart by FISH were identified. Two of the cases (case #11,12) 

were also positive for CIC-DUX4 FISH fusion assay (both fused to 4q35 DUX4). There was 

no significant difference regarding ETV1/4/5, WT1, and CIC mRNA expression levels noted 

among cases with CIC-DUX4 reads, DUX4-CIC reads, or no fusion reads.

The sensitivity of RT-PCR in diagnosing CIC-DUX4 tumors remains to be studied and 

compared with other methodology. In this study, we only validated CIC-DUX4 and DUX4-
CIC fusion transcripts by RT-PCR in one case each with available materials. The primers 

used in each sample were designed based on the known breakpoints from RNAseq manual 

inspection. Without the known breakpoints, multiple combinations of primers may be 

needed to cover possible breakpoints reported in CIC (scattered in exon 19 and 20) and 

DUX4 (exon 1, intron 1, or exon 2), especially when dealing with FFPE tissues. Gambarotti 

et al. reported 7 CIC-DUX4 SBRCTs identified by RT-PCR using RNA from frozen 

tissues.3 The 7 samples all fell into one of the two fusion variants having different, though 

close, CIC breakpoints and the same DUX4 breakpoint, in contrast to the more diversely 

distributed breakpoints found in this study. Although the primers used in their study covered 

all the breakpoints we found, fusion transcripts with larger amplicons and high GC content 

may be difficult to amplify, as evidenced by another CIC-DUX4 SBRCT case report.27

Since the entire study cohort showed high ETV1/4/5 expression, we further evaluated the 

expression of downstream targets of ETV1/4/5.10–19 Among them only SPRED2, NOTCH1, 

and CCND2 were up-regulated compared with other soft tissue tumors studied on the same 

RNAseq platform. SPRED2 is a negative regulator of Ras/Raf-1/ERK signaling pathway and 

is also up-regulated in GIST, another tumor with high ETV1 expression. NOTCH1 and 

CCND2 were reported as downstream targets of ETV4.12,14 NOTCH1 signaling pathway 

plays an important role in embryonic development, whereas CCND2 encodes cyclin D2 that 

controls cell cycle progression from G1 to S phase. Both genes have been implicated in the 

tumorigenesis of many human cancers.41–44

In conclusion, our study demonstrates that a significant number of SBRCT that remain 

unclassified by whole transcriptome sequencing show a CIC-DUX4 sarcoma type gene 

signature, with high levels of ETV1/4/5. Our subsequent analysis showed that most of these 
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cases have CIC-DUX4 or DUX4-CIC reads by RNAseq manual inspection, CIC gene 

rearrangements by FISH, and/or ETV4 immunoexpression in keeping with their 

classification as CIC-fusion positive SBRCTs. Our results further highlight the limitations of 

the RNAseq algorithm analysis for fusion gene discovery, which consistently fail to detect 

CIC-DUX4 fusions, most likely related to the DUX4 multi-mapping repetitive sequence. 

Thus, ETV1/4/5 transcriptional up-regulation shows a very robust sensitivity in diagnosing 

CIC-DUX4 sarcomas compared with RNAseq fusion discovery and FISH.
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FIGURE 1. 
(A) High level of ETV1, ETV4, ETV5, and WT1 mRNA overexpression identified in the 

study cohort (red), compared with the non-CIC SBRCT group (Ewing sarcoma, SBRCT 

with BCOR ITD, YWHAE-NUTM2B, or BCOR-CCNB3; dark blue), Ewing sarcoma cell 

lines (light blue), GIST (green) and other soft tissue tumors (gray) studied on the same 

RNAseq platform. Similarly, 2 angiosarcomas with CIC rearrangements (purple) showed 

moderate increased expression, especially for ETV4. GIST had upregulation restricted to 

ETV1. Asterisks indicate the 4 cases negative for ETV4 immunostaining, which showed 

upregulated mRNA expressions of ETV4, as well as ETV1 and ETV5, compared with other 

tumor types. (B) By unsupervised hierarchical clustering, the study cohort (red) and the 2 

angiosarcomas with CIC rearrangements (purple) grouped together in keeping with a closely 

related transcriptional profile, separate from other SBRCTs with BCOR ITD, YWHAE-
NUTM2B, or BCOR-CCNB3, Ewing sarcomas (dark blue), Ewing sarcomas cell lines (light 

blue), and GIST (green). [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2. 
Schematic breakpoint diagrams in various CIC-DUX4 and DUX4-CIC fusion transcripts 

(A,B), and projected chimeric proteins related to the protein domains of CIC (C). (A) The 

CIC breakpoint was located in the last CIC exon (exon 20) in all cases evaluable, either from 

the CIC-DUX4 reads (black) and DUX4-CIC reads (red) identified by RNAseq manual 

inspection or by the RNAseq algorithm in the angiosarcoma with CIC-LEUTX fusion 

(purple). (#, cases with stop codon after the fusion junction, as previously reported1,3,31). 

The DUX4 breakpoints were distributed in exon 1, intron 1, and exon 2. Cases #1 & 3 (not 

shown) had only chimeric reads, thus the exact breakpoints could not be established. (B) 
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CIC-DUX4 and DUX4-CIC fusion transcripts confirmed by RT-PCR in cases #2 and #8, 

respectively. Case #8 showed a DUX4 break within intron 1, which was fused to CIC exon 

20 (3′ UTR region), with an additional T to A nucleotide change in CIC (#). The DUX4 
sequence contains the nucleotide G (marked), confirming its origin from chromosome 10. 

As both breakpoints occurred in non-coding region, there is no predicted amino acid 

sequence. (C) Wild-type CIC protein domains, including ATXN1 binding domain (ATXN1-

BD), high mobility group (HMG) box for DNA binding, C2 for MAPK binding, nuclear 

localization signal (NLS) domain, and C1 domain with repressor activity, are shown on the 

top.33,34 CIC exon 20 encodes the C1 domain with repressor activity. Truncated CIC 

proteins lacking encoding DUX4 sequence were predicted for cases #6 and 7 with a stop 

codon (*) right after the fusion junction. The narrow red bar following the truncated CIC in 

case #7 indicates an amino acid (Alanine) derived from the fusion junction before the stop 

codon. Wedge-shaped bars represent cases with only CIC-DUX4 chimeric reads available; 

thus the projected protein length is approximated. Case #4 had an extra amino acid (Glycine) 

(red bar) due to 3 nucleotides (GGG) insertion at the fusion junction. Case #10 showed CIC 
fused to an un-annotated region on chromosome 17 (genomic position: 41419677) (purple 

bar labeled with b). [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3. 
Histologic findings of SBRCTs with PEA3 gene signature. (A) Most cases were composed 

of sheets of small blue round cells with vesicular chromatin, prominent nucleoli, and mild 

variation in nuclear size and shape. Uncommon findings included a spindle cell component 

(B) and epithelioid cells with abundant cytoplasm (C). Small to moderate amount of myxoid 

material was frequently observed, either among tumor cells or forming microcystic spaces 

(D), or admixed with necrotic debris (E). Immunohistochemical stains for ETV4 were 

positive in 7 of 11 cases (F). [Color figure can be viewed at wileyonlinelibrary.com]
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