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Though recurrent fusion genes were initially identified in hematopoietic neoplasms, these 

genetic events were subsequently found in solid tumors, including sarcomas, carcinomas, 

brain tumors, and benign tumors [1]. Fusion genes can be formed by a variety of 

chromosomal breakage and rejoining events, including translocations, inversions, deletions, 

and duplications. The common feature of these events is the joining of two noncontiguous 

genetic loci, thereby juxtaposing regulatory and/or protein-coding elements from the two 

loci. In comparison to the wild-type genes, the resulting fusion genes express RNA and 

protein products with altered regulation and/or structure.

The relationship of fusion genes to histopathologic categories of solid tumors is complex. 

There are multiple examples of fusion genes that only occur in a single category and more 

over in most cases of that category [2]. However, other fusions are characteristic events in 

several different categories, such as ETV6-NTRK3, which is found in infantile 

fibrosarcoma, secretory breast carcinoma, mammary analogue secretory carcinoma, and 

acute myeloid leukemia [3]. Finally, there are fusions (such as those involving ALK or 

BRAF) that occur in small subsets of one or more tumor categories [4]. Some of these 

subsets correspond to biologically distinct, yet histologically inapparent categories, whereas 

other fusion subsets represent just one of several genetic strategies to deregulate growth 

signaling in the associated lineage.

There is also significant genetic heterogeneity associated with certain fusion genes [5]. 

Though some rearrangement breakpoints consistently involve single introns and produce an 

invariant RNA and protein product, breakpoints of other fusions rearrange one of multiple 

introns and result in a variable fusion product. In addition, functionally related genes can be 

used as alternative partners and result in variant fusions within a tumor category. For 

example, translocation breakpoints in Ewing’s sarcoma occur in EWSR1 introns 7 through 
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10 and FLI1 introns 3 through 8 to produce a variably sized EWSR1-FLI1 transcript and 

protein. Furthermore, EWSR1 can be replaced by the related RNA-binding protein FUS, and 

FLI1 can be replaced by four other ETS-family transcription factors in Ewing’s sarcoma-

associated fusions.

In tumors and nonneoplastic cells, RNA fusions may also be generated without DNA 

rearrangement [6]. Read-through fusion transcripts are formed by transcription and splicing 

of two adjacent genes. Furthermore, exons from two distinct primary transcripts can be 

joined in the process of trans-splicing. To further complicate matters, a few recurrent fusion 

transcripts associated with chromosomal translocations in solid tumors are also expressed by 

trans-splicing in related nonneoplastic cells.

To utilize these novel molecular markers in clinical practice, molecular diagnostic methods 

were developed to assay for these fusions in tissue samples. Two common approaches are 

fusion mRNA detection by reverse transcription (RT)-PCR and fusion gene detection by 

fluorescence in situ hybridization (FISH) [7]. Each assay only requires small amounts of 

tissue and can be applied to formalin-fixed paraffin-embedded samples. RT-PCR is 

distinguished by its higher analytical sensitivity, which makes this method useful in 

detecting submicroscopic disease. However, RT-PCR requires prior knowledge of both 

fusion partners and is less effective in situations with significant potential heterogeneity. In 

contrast, the FISH splitting assay has lower analytical sensitivity but detects rearrangement 

of one partner without knowledge of the second partner and thus is more applicable to 

settings with high potential heterogeneity.

As an alternative approach, immunohistochemistry (IHC) is a commonly available 

technology and permits direct visualization of the fusion protein in tumor cells [8]. The 

optimal IHC approach for fusion testing utilizes antibodies to N-terminal and C-terminal 

portions of a wild-type protein and thereby detects fusion proteins based on the finding that 

only part of the wild-type protein is expressed. However, most IHC approaches rely on one 

antibody, which does not distinguish between the fusion or wild-type protein, thereby 

lowering the diagnostic specificity of this assay. For those situations in which the wild-type 

protein is infrequently expressed, IHC provides a useful adjunct test.

In recent years, next-generation sequencing approaches were developed to simultaneously 

screen for many different fusions and ultimately to enable agnostic screening for any fusion 

[9]. Though exome sequencing is frequently used to detect small mutations, this technology 

is not generally useful for fusion detection, since most breakpoints occur within introns or 

other noncoding areas. In contrast, genome or transcriptome sequencing readily detects 

fusion genes. To avoid the high coverage and accompanying cost needed for global analyses, 

smaller focused sequencing panels were developed to detect varying numbers of fusion 

genes. As sequencing costs decrease in coming years, whole transcriptome or whole genome 

sequencing will become more feasible as routine clinical assays. Though these global 

strategies do not require any prior knowledge of which fusion should be assayed, these 

approaches will detect all fusions within the sample, regardless of functional or clinical 

significance [10]. In particular, whole transcriptome sequencing detects all fusion mRNAs, 

including read-through or trans-spliced transcripts. Whole genome sequencing identifies all 
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rearranged fragments, which can be numerous in tumors with genomic instability and often 

have no functional consequences. Clinical translation of these global approaches will require 

increased bioinformatic capabilities and improved methods with effective filters for 

nonfunctional and insignificant bystander events.

These molecular diagnostic assays are applicable to a number of clinical situations. As 

described earlier, some fusions have high diagnostic sensitivity and specificity. As an 

example, for the diagnostic quandary of the undifferentiated small round cell tumor, a panel 

of fusion assays can help to rule in or out specific tumor categories, such as Ewing’s 

sarcoma, rhabdomyosarcoma, and desmoplastic small round cell tumor, within the 

differential diagnosis [11]. In other cases in which the pathologist has narrowed the 

differential diagnosis to a probable category, the detection of a fusion gene lends increased 

confidence to the final diagnosis. For some tumors, it is probable that the finding of a 

characteristic fusion will become a requirement for entry onto related clinical trials.

The utility of fusion genes as markers in differential diagnosis must be qualified based on 

the association of some fusion genes with multiple distinct histopathologic entities. As 

described earlier, some fusions such as ETV6-NTRK3 fusion can occur and are oncogenic in 

mesenchymal, epithelial, and hematopoietic lineages [3]. Furthermore, the finding of the 

EWSR1-ATF1 and EWSR1-CREB1 fusions in multiple clinically distinct sarcoma 

categories emphasizes that neoplastic phenotype depends on the cell of origin as well as the 

genetic event [12]. Therefore, the finding of a characteristic fusion gene in a seemingly 

incompatible histopathologic picture may not provide a definitive diagnostic answer until the 

relative importance of the fusion gene and histopathologic pattern is unraveled [13].

Molecular detection of fusion genes is also useful in outcome prediction and risk 

assessment. Depending on the clinical scenario, a difference in outcome may be predicted by 

the presence or absence of a specific fusion, the presence of one of several variants of a 

fusion, or the presence of one of a heterogeneous group of unrelated fusions [14,15]. Based 

on these outcome associations, fusion status can be utilized with other clinical parameters to 

establish a risk classification system that assigns patients to different treatment regimens. In 

addition to identifying fusions in macroscopic tumors, assays such as RT-PCR can be 

applied to detect submicroscopic involvement in sites such as bone marrow and lymph nodes 

[16]. In this way, fusion analysis may be used to more accurately stage disease spread and 

potentially improve risk assessment and treatment planning. In addition, these PCR-based 

assays can also be used to for screen for evidence of fusion-associated cancers in body 

fluids, such as blood and urine, to help with initial diagnosis or to detect early relapse [17].

Finally, identification of a fusion in a tumor can indicate susceptibility to specific therapy. 

Some fusion proteins are direct therapeutic targets, such as EML4-ALK in lung 

adenocarcinoma, which is inhibited by crizotinib [18]. In other cases, the fusion gene 

product interacts with a targetable receptor; for example, in dermatofibrosarcoma 

protuberans, the COL1A1-PDGFB fusion protein is processed to give high levels of 

PDGFB, which then binds to and activates the PDGF receptor, a known target of imatinib 

[19]. In a third treatment scenario, since numerous fusion proteins impact directly or 

indirectly on transcription, an upregulated downstream product may be a target for inhibitory 
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therapy, as proposed for the MET protein, which is upregulated by fusion proteins in several 

sarcoma categories [20].

In summary, fusion genes in solid tumors constitute an expanding armamentarium of 

molecular markers. These markers provide clinically useful information that impacts on the 

diagnosis, prognosis, or therapy of the associated tumors. As the biological and clinical 

characteristics of each fusion are unique, there are few definitive rules for applying these 

fusions to patient care. The biological, genetic, and clinical information for each fusion and 

tumor category must be carefully assessed to develop appropriate approaches for using these 

molecular markers in patient management.

Acknowledgments

Funding

Research in FG Barr’s laboratory is supported by the Intramural Research Program of the National Cancer Institute 
and by the Joanna McAfee Childhood Cancer Foundation.

References

Papers of special note have been highlighted as either of interest (•) or of considerable 
interest (••) to readers.

1. Mertens F, Johansson B, Fioretos T, et al. The emerging complexity of gene fusions in cancer. Nat 
Rev Cancer. 2015;15:371–381.

•• This recent review provides a comprehensive overview of gene fusions in cancer.

[PubMed: 25998716] 

2. Graham RP, Jin L, Knutson DL, et al. DNAJB1-PRKACA is specific for fibrolamellar carcinoma. 
Mod Pathol. 2015;28:822–829. [PubMed: 25698061] 

3. Lannon CL, Sorensen PH. ETV6-NTRK3: a chimeric protein tyrosine kinase with transformation 
activity in multiple cell lineages. Semin Cancer Biol. 2005;15:21523.

4. Zheng D, Wang R, Zhang Y, et al. Prevalence and clinicopathological characteristics of ALK fusion 
subtypes in lung adenocarcinomas from Chinese populations. J Cancer Res Clin Oncol. 
2016;142:833–843. [PubMed: 26646246] 

5. Lawlor ER, Sorensen PH. Twenty years on: what do we really know about Ewing Sarcoma and what 
is the path forward? Crit Rev Oncog. 2015;20:155–171.

• This recent review provides a comprehensive overview of the genetics and biology of Ewing 

Sarcoma.

[PubMed: 26349414] 

6. Jividen K, Li H. Chimeric RNAs generated by intergenic splicing in normal and cancer cells. Genes 
Chromosomes Cancer. 2014;53:963–971.

• This review highlights intergenic splicing mechanisms for forming fusion transcripts.

[PubMed: 25131334] 

7. Zhang T, Lu Y, Ye Q, et al. An evaluation and recommendation of the optimal methodologies to 
detect RET gene rearrangements in papillary thyroid carcinoma. Genes Chromosomes Cancer. 
2015;54:168–176. [PubMed: 25407564] 

8. Swanson PE. Immunohistochemistry as a surrogate for molecular testing: a review. Appl 
Immunohistochem Mol Morphol. 2015;23:81–96. [PubMed: 25675083] 

9. Wang Q, Xia J, Jia P, et al. Application of next generation sequencing to human gene fusion 
detection: computational tools, features and perspectives. Brief Bioinform. 2013;14:506–519.

Barr Page 4

Expert Rev Mol Diagn. Author manuscript; available in PMC 2019 August 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



•• This article provides a useful overview of next generation sequencing approaches for detection gene 

fusions.

[PubMed: 22877769] 

10. Lorenz S, Baroy T, Sun J, et al. Unscrambling the genomic chaos of osteosarcoma reveals 
extensive transcript fusion, recurrent rearrangements and frequent novel TP53 aberrations. 
Oncotarget. 2016;7:5273–5288. [PubMed: 26672768] 

11. Marino-Enriquez A, Fletcher CD. Round cell sarcomas - biologically important refinements in 
subclassification. Int J Biochem Cell Biol. 2014;53:493–504. [PubMed: 24801613] 

12. Thway K, Fisher C Tumors with EWSR1-CREB1 and EWSR1-ATF1 fusions: the current status. 
Am J Surg Pathol. 2012;36:e1–e11.

• This article summarizes the spectrum of tumors associated with the EWSR1-ATF1 and EWSR1-

CREB1 fusions.

13. Wong WJ, Lauria A, Hornick JL, et al. Alternate PAX3-FOXO1 oncogenic fusion in biphenotypic 
sinonasal sarcoma. Genes Chromosomes Cancer. 2016;55:25–29. [PubMed: 26355893] 

14. Lee CH, Nucci MR. Endometrial stromal sarcoma-the new genetic paradigm. Histopathology. 
2015;67:1–19. [PubMed: 25355621] 

15. Nakada S, Minato HNojima T. Clinicopathological differences between variants of the NAB2-
STAT6 fusion gene in solitary fibrous tumors of the meninges and extra-central nervous system. 
Brain Tumor Pathol. 2016;33:169–174. [PubMed: 27271270] 

16. Willeke F, Sturm JW. Minimal residual disease in soft-tissue sarcomas. Semin Surg Oncol. 
2001;20:294–303. [PubMed: 11747271] 

17. Sanguedolce F, Cormio A, Brunelli M, et al. Urine TMPRSS2: ERG fusion transcript as a 
biomarker for prostate cancer: literature review. Clin Genitourin Cancer. 2016;14:117–121. 
[PubMed: 26774207] 

18. Loong HH, Mok K, Leung LK, et al. Crizotinib in the management of advancedstage non-small-
cell lung cancer. Future Oncol. 2015;11:735–745. [PubMed: 25757678] 

19. Malhotra BSchuetze SM. Dermatofibrosarcoma protruberans treatment with platelet-derived 
growth factor receptor inhibitor: a review of clinical trial results. Curr Opin Oncol. 2012;24:419–
424.

• This review summarizes the clinical experience with imatinib for treatment of unresectable or 

metastatic dermatofibrosarcoma protuberans.

[PubMed: 22510939] 

20. Davis IJ, McFadden AW, Zhang Y, et al. Identification of the receptor tyrosine kinase c-Met and its 
ligand, hepatocyte growth factor, as therapeutic targets in clear cell sarcoma. Cancer Res. 
2010;70:639–645. [PubMed: 20068147] 

Barr Page 5

Expert Rev Mol Diagn. Author manuscript; available in PMC 2019 August 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	References

