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Abstract

Background—Fusions are increasingly pursued as oncology therapeutic targets. This study 

evaluated differences in outcomes for fusion vs. non-fusion targets.

Methods—Outcome was compared for patients with fusions versus other alterations for Food 

and Drug Administration (FDA)-approved single-agents (from package inserts) and for patients 

treated at the University of California San Diego.

Results—Twenty-eight FDA-approved drugs (N = 6,189 patients) were included in the analysis. 

Median response rate was 68% vs. 50% for fusions vs. non-fusion matches (odds ratio of 1.67 

(p<0.0001)); solid tumor therapies had an odds ratio of 2.07 (p<0.0001) and hematologic 

therapies, an odds ratio of 3.35 (p<0.0001) for fusion vs. non-fusion targets. The UCSD analysis 

included 79 patients with fusions treated of 2,455 screened. Patients matched to fusions had longer 

median [95% confidence interval] PFS (11.6 (4.0 – 35.4) months) as compared to those unmatched 

to fusions (4.9 (3.5–8.8) months) (p=0.034). Patients with fusions matched to other alterations 

present in the tumor had median PFS indistinguishable from those patients with fusions given 

unmatched therapy (4.0 versus 5.0 months (p = 0.75)).

Conclusions—Significantly higher response rates and longer PFS were seen by targeting 

fusions vs. non-fusions. Our observations suggest that fusions are important targets and that 

additional studies are needed to confirm that optimized therapy may require targeting fusions even 

in the presence of other alterations.

Precis

Higher response rates and longer progression free survivals were seen by targeting fusions vs. non-

fusions. Fusions are important drivers and optimized therapy may require targeting fusions even in 

the presence of other alterations.
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INTRODUCTION

With the advent of next generation sequencing (NGS) and molecular profiling, new 

information about molecular pathways and targets is being unveiled in oncology. Targeted 

therapies have been developed to interfere with specific aberrant targets that are involved in 

the growth, progression, and spread of cancer 1. Potential targets include proteins that are 

either more abundant in cancer cells or are mutated to drive cancer progression. The 

majority of targeted therapies are antibodies that impact extracellular and cell-surface 

proteins or small molecule inhibitors that can also suppress protein pathways inside the cell. 

Several targeted therapies have been Food and Drug Administration (FDA) approved as 

single agents to be given in the presence of a specific molecular alteration (usually a 

mutation, amplification or fusion) and clinical trial designs have evolved to allow for 

selection of patients with specific molecular alterations 2.

Fusions are increasingly being pursued as therapeutic targets 3, 4. They arise as a result of 

genomic rearrangements that include chromosomal inversion, interstitial deletions, 

duplications, and translocations. The fusion gene leads to a fusion protein that is often a 

strong oncogenic driver. Some fusions result in a constitutively active tyrosine kinase 

enzyme. Examples include BCR-ABL, which was the first fusion identified and has led to 

dramatic improvements in outcomes for chronic myelogenous leukemia (CML) 5–7. Other 

well-studied genes involved in fusions include ROS1 8, ALK 9, PML-RARA 10, and NTRK 
11, 12, each of which has a unique mechanism of action and has resulted in breakthrough 

drugs for the affected cancer. Beyond fusions, other drugs target mutations (e.g., KIT 13, 

BRAF 14, EGFR 15) or amplifications (e.g. ERBB2 16). In some cases, targeting fusions 

appears to result in remarkably high response rates. Perhaps one of the most striking 

examples is the NTRK fusion-targeting drug larotrectinib, with response rates of 

approximately 75% 11.

In order to determine if there are overall differences in response rates when drugs were 

approved for targeting a fusion versus a mutation or amplification, we examined all drugs 

approved by the FDA as single agents for a specific genomic alteration. In addition, we 

analyzed a group of 2,455 patients at the University of California San Diego Moores Cancer 

Center for Personalized Cancer Therapy in order to determine progression-free survival 

(PFS) when patients with fusions accompanied by additional genomic alterations were 

matched to drugs based on the fusions or on the non-fusion alterations. Our results indicate 

that targeting fusions versus mutations or amplifications results in significantly better 

outcomes, suggesting that fusions may be important targets for optimized precision 

medicine therapeutic approaches.
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METHODS

FDA-single agent approved oncology targeted therapeutics

All FDA-approved oncology targeted therapeutics with an approval for a specific molecular 

alteration were included in the analysis. Drugs were identified though review of the FDA 

website 17 and a review article on FDA-approved cancer therapies 18 through 12/31/2018. 

Package inserts were reviewed to determine the molecular alteration that was approved for 

drug use. Only drugs that were approved as single agents and were approved for a specific 

genomic alteration—mutation, amplification or fusion–-were used in the analysis. Agents 

only approved as adjuvant therapy or maintenance were excluded. Response rates were 

determined from efficacy studies listed in the package inserts. For drugs with several 

efficacy studies listed in the package insert, the response rate was an average of the studies. 

For agents with more than one alteration as a target, each was listed separately for the 

analysis. For solid tumors and lymphoma, response rate included complete and partial 

responses. For acute myeloid leukemia (AML) therapeutics, response rate included complete 

response with combined full or partial hematologic recovery. For CML therapeutics, 

response rate was the complete cytogenetic response rate for chronic phase. Therapeutics 

were segregated by fusions (e.g., ALK, ROS1, NTRK) and non-fusions (other alterations). 

Response rates were summarized for all patients, solid tumors, and hematologic 

malignancies. The odds ratio for likelihood of response with fusion as compared to non-

fusion was calculated and compared using the chi square test of association.

UCSD patient population

Patients with FoundationOne reports who were enrolled in the University of California San 

Diego Study of Personalized Cancer Therapy to Determine Response and Toxicity (UCSD-

PREDICT ), which encompasses an institutional review board (IRB)-approved observational 

cohort study at UCSD were screened for the study (August 2012-September 2018). 

FoundationOne testing evaluated between 182 and 406 genes. The current study was 

performed in accordance with the UCSD IRB guidelines for data analysis and for any 

investigational treatments for which patients gave consent. Patients with at least one fusion 

mutation who were either treated exclusively at UC San Diego or who had sufficient 

information in the electronic medical record to evaluate progression-free survival (PFS) were 

included in the analysis. Patients with hematologic malignancies were excluded. PFS was 

calculated from the start date of therapy to the date of progression. Date of progression was 

determined from review of imaging (progression by RECIST criteria) or date of clinical 

progression as documented in physician notes. Patients were censored if the regimen was 

changed due to toxicity at the start date of the new therapy, for death prior to progression, or 

at the date of last follow-up for those lost to follow-up.

The log-rank test was used to compare PFS for therapy matched to a fusion alteration vs. 

other therapies and for pairwise comparisons of: therapy matched to a fusion alteration, 

therapy matched to a non-fusion alteration, and unmatched therapies. All statistical 

comparisons were completed using SAS v. 9.4 and p-values of less than or equal to 0.05 

were considered significant.
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RESULTS

FDA-approved cancer monotherapy

A total of 28 FDA approved single-agent oncology targeted therapeutics were included in 

the analysis with response rates available for 6,189 patients. Of the 28 drugs used the in the 

analysis, 11 were approved for fusion targets and 16 were approved for non-fusion targets. 

Imatinib had two separate FDA-approved indications: targeting the BCR-ABL fusion in 

CML and KIT a non-fusion for GIST. The fusions included ALK, ROS1, NTRK, PML-

RARA, and BCR-ABL. Non-fusion targets included EGFR, BRAF, KIT, BRCA, HER2, 

FLT3, IDH1, IDH2.

Response rates ranged 53%−79% for solid tumor fusions, 14%−75% for solid tumor non-

fusions, 31%−84% for hematology fusions, and 21%−55% for hematology non-fusions. The 

median response rate was 68% vs. 50% for fusions (N = 2,654 patients) vs. non-fusions (N = 

3,535 patients) with an odds ratio of 1.67 (p<0.0001) (Tables 1 and 2). For solid tumor 

therapies, median response rate was 74% vs. 51% for fusions vs. non-fusions with an odds 

ratio of 2.07 (p<0.0001). For hematology therapies median response rate was 55% vs. 28% 

(fusions versus non-fusions) with an odds ratio of 3.35 (p<0.0001). Thus, overall fusion 

targets gave significantly higher response rates than non-fusion targets.

UCSD patient population

A total of 2,455 patients with next generation sequencing were screened for the study and 

109 tumors with genomic fusions were identified (4.4% of samples). The consort diagram is 

depicted in Figure 1. Of the 79 patients with fusions who were treated and met eligibility, 25 

received a therapy matched to a gene fusion, 12 received a therapy matched to another 

alteration, and 42 received unmatched treatment. Of these patients, 34 (43%) had fusions 

that were predicted to result in oncogenic tyrosine kinase activity. Patients treated with 

immunotherapy alone based on tumor mutational burden of PD-L1 immunohistochemistry 

were excluded from the analysis (N=4). A total of 26 patients did not have documented 

systemic treatment and were excluded from the analysis. Additional details on the patients 

and therapies administered are provided in Supplemental Tables 1A–C.

Kaplan Meir plots for PFS are shown for the 79 patients with fusions in Figure 2. Patients 

matched to fusions had longer median [95% confidence interval] PFS (11.6 (4.0 – 35.4) 

months) as compared to those unmatched to fusions (4.9 (3.5–8.8) months) (includes 

matched to other alterations or unmatched), which was significant by the log rank test 

(p=0.034). Pairwise comparisons revealed no significant differences in median PFS for any 

of the groups (matched to fusions, matched to other alterations, and unmatched). However, 

patients on therapies matched to fusions had PFS trending toward significance (median = 

11.6 versus 4 months) when compared to those patients with fusions who were matched to 

other alterations (p=0.098). Importantly amongst patients with fusions, those matched to 

another alteration had no difference in median PFS as compared to those that were 

unmatched (4.0 versus 5.0 months; p = 0.75).
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DISCUSSION

Metastatic cancers have complex molecular landscapes 19 with biological heterogeneity 

existing between histologies and individual patients 20–24. Thus, selecting therapies based on 

the molecular profile of an individual tumor is important for treating advanced cancer, and 

some (but not all) recent clinical trials of matching patients to therapies based on the 

molecular alterations found in their tumors have resulted in improved response rates and 

outcomes 25–27. Many malignancies will have several targetable mutations and identifying 

which are the most important for tumor growth is important for a precision medicine 

approach to cancer therapy.

The current study evaluates the importance of matching therapies to fusions. The analysis of 

FDA-approved single-agent targeted therapies (N = 6,189) found significantly higher 

response rates in patients matched to drugs based on their fusions as compared to non-fusion 

matches; these differences held for subset comparisons of hematologic and solid tumor 

therapeutics.

We also reviewed our UCSD patient population for patients with fusions and compared PFS 

of patients with fusions on therapies matched to fusions vs. those with fusions but matched 

to other alterations or unmatched. We found that, in patients with fusions, treatments 

regimens matched to fusions gave significantly improved PFS compared to those not 

matched to fusions (median = 11.6 versus 4.9 months; p=0.034). Furthermore, patients with 

fusions matched to other alterations had indistinguishable PFS as compared to those patients 

with fusions that were unmatched (median 4 versus 5 months; p = 0.75). On the other hand, 

patients with fusions matched to drugs based on the fusions showed a trend towards longer 

PFS than patients with fusions matched to other alterations (median = 11.6 versus 4 months; 

p=0.098). While the current data set is limited, this suggests that there may be a lack of 

benefit in matching patients to drugs on the basis of other alterations in the presence of a 

fusion. This observation merits investigation with a larger sample size.

A prior study evaluated 59 patients treated with matched targeted therapies for fusions in the 

phase 1 clinic at MD Anderson and found superior median PFS (7.1 months) and overall 

survival (OS) (19.6 months) as compared to patients historically matched to mutations (PFS 

= 5.2, OS = 13.4 months) or unmatched (PFS = 2.2, OS = 9 months) 28.

A prior study of 7000 tumors from The Cancer Genome Atlas project found the 3.0% of 

tumors contained a likely oncogenic kinase fusion. Thyroid cancer was found to have the 

highest frequency of fusions at 13%, while other tumors such as renal cell carcinoma had 

much lower frequencies 29. Other studies found <1% of fusions in the majority of cancers, 

but higher numbers of fusions in endocrine system tumors (35%), bone tumors (15%), soft 

tissue tumors (20%), and male genital organ tumors (80%) 30. Thus, fusions are not common 

events in most solid tumors; however they represent important therapeutic targets when they 

are identified. Many hematologic malignancies harbored higher frequencies of fusions; acute 

myelogenous leukemia (20% of patients); acute lymphoblastic leukemia (30%); B-cell 

neoplasms (30%); T-cell neoplasms (15%), and chronic myelogenous leukemia (100%) 30.
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Thus, fusions are present in a wide variety of solid tumors in addition to hematologic 

malignancies. Many fusions lead to a state of oncogenic addiction which makes them ideal 

targets for anticancer therapeutics. The discovery of BCR-ABL and a therapy targeted to this 

fusion transformed CML into a chronic condition 5–7. The NTRK inhibitor larotrectinib has 

an unprecedented 75% response rate for metastatic solid tumors 11. The presence of a fusion 

may provide additional targets to the fusion itself. Indeed, fusions have been suggested to be 

important for neoantigens which generate cytotoxic T-cell responses and can help mediate 

responses to immunotherapy 31.

The current study was limited by small sample size in the UCSD patient population, but we 

were still found a significant difference between therapies targeted to fusions and those not 

targeted to fusions. Differences in the specific fusions found between patients in the matched 

to other alterations vs. those matched to fusions may also have contributed to the difference 

seen between these groups. The analysis of FDA-approved single-agent targeted therapies 

had large numbers of patients but was limited to studies listed on the package inserts. 

Significant differences between fusion and non-fusion targets were found for all groups. The 

analysis only focused on FDA-approved fusion and non-fusion targeted therapeutics and 

thus only represents successful, effective therapies. While targeting these fusions led to 

remarkable clinical outcomes, drug development for other fusions has been challenging. 

Oxaliplatin and cisplatin were considered targeted therapies for ATM and BRCA alterations, 

however it is important to note that these agents work by inducing DNA damage and taking 

advantage of the defective DNA repair mechanisms in cancer cells rather than directly 

targeting DNA mutations themselves.

In conclusion, we demonstrated improved response rates and PFS in targeting fusions vs. 

non-fusions. In our patients, targeting non-fusions in patients with fusions gave results 

identical to those with unmatched therapies. However, this observation was made in a small 

heterogeneous group of patients and therefore needs to be confirmed in larger studies. When 

taking the FDA approval results in concert with the UCSD patient database, the observations 

suggest that targeting fusions is important for both hematologic and solid malignances when 

they are present.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Consort diagram for the study. Overall, genomic fusions were found in 4.4% of all samples 

(109/2,455).
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Figure 2. 
Kaplan Meir curves for progression-free survival. All patients harbored tumors bearing 

fusion mutations and received systemic therapies (N=79). A. Therapy matched to fusion 

alteration (N=25) vs. therapy unmatched to fusion alteration (N=54). B. Pairwise 

comparisons for patients on therapies matched to fusion alteration (N=25) vs. therapies 

matched to a non-fusion alteration (N=11) vs. unmatched therapies (N=42). One patient in 

the matched group had an unclear match and was excluded from the pairwise comparison 

analysis. *Upper limit of 95% confidence interval was not estimable.

Nikanjam et al. Page 11

Cancer. Author manuscript; available in PMC 2021 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Nikanjam et al. Page 12

Table 1:

Single agent targeted therapies approved for genomically altered cancers (mutation, amplification or fusion) 

and response rates*

Solid tumors: Fusion target

Drug Disease Indication Line of Therapy Aberrant gene Number of studies** Response Rate (%)**

Alectinib NSCLC 2+ ALK 1 79%

Brigatinib NSCLC 2+ ALK 1 53%

Ceritinib NSCLC 2+ ALK 1 73%

Crizotinib NSCLC 1 ALK/ROS1 2 56%

Entrectinib Solid tumors 1+ NTRK/ROS1/ALK 1 78%

Larotrectinib Solid tumors 1+ NTRK 1 75%

Solid tumor: Non-fusion target

Drug Disease Indication Line of Therapy Aberrant gene Number of studies** Response Rate (%)

Afatinib NSCLC 1+ EGFR 1 50%

Dabrafenib Melanoma 1+ BRAF 1 54%

Dacomitinib NSCLC 1+ EGFR 1 75%

Erlotinib NSCLC 1+ EGFR 1 65%

Gefitinib NSCLC 1 EGFR 1 70%

Imatinib GIST 1 KIT 1 51%

Olaparib Ovarian 4+ BRCA 1 34%

Osimertinib NSCLC 1+ EGFR 1 51%

Rucaparib Ovarian 3+ BRCA 1 54%

Talazoparib Breast 2+ BRCA 1 50%

TDM-1 Breast 2+ HER2 1 44%

Trastuzumab Breast 2+ HER2 1 14%

Vemurafenib Melanoma 1+ BRAF 1 48%

Hematologic malignancies: Fusion Target

Drug Disease Indication Line of Therapy Aberrant gene Number of studies** Response Rate (%)

All trans-retinoic acid APL 1+ PML-RARA 1 72%

Bosutinib CML 2+ BCR-ABL 2 31%

Dasatinib CML 1+ BCR-ABL 2 63%

Imatinib CML 1 BCR-ABL 1 73%

Nilotinib CML 1+ BCR-ABL 1 84%

Ponatinib CML 2+ BCR-ABL 1 46%

Hematologic malignancies: Target non-fusion

Drug Disease Indication Line of Therapy Aberrant gene Number of studies** Response Rate (%)

Enasidenib AML 2+ IDH2 1 23%

Gilteritinib AML 2+ FLT3 1 21%

Ivosidenib AML 2+ IDH1 1 33%
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Vemurafenib ECD 1+ BRAF 1 55%

*
Approved by the Food and Drug Administration (FDA)

**
Refers to number of studies provided in FDA package insert; Response rate is per package insert. If more than one study listed, the mean is given

Abbreviations: AML=acute myelogenous leukemia; CML=chronic myelogenous leukemia; ECD=Erdheim-Chester disease; NHL=non-Hodgkin’s 
lymphoma; NSCLC=non-small cell lung cancer
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