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Background: Frequency of clinically relevant mutations in solid tumors by targeted and whole-exome sequencing 

is ∼30%. Transcriptome analysis complements detection of actionable gene fusions in advanced cancer patients. 

Goal of this study was to determine the added value of anchored multiplex PCR (AMP)-based next-generation 

sequencing (NGS) assay to identify further potential drug targets, when coupled with whole-exome sequencing 

(WES). 

Methods: Selected series of fifty-six samples from 55 patients enrolled in our precision medicine study were 

interrogated by WES and AMP-based NGS. RNA-seq was performed in 19 cases. Clinically relevant and actionable 

alterations detected by three methods were integrated and analyzed. 

Results: AMP-based NGS detected 48 fusions in 31 samples (55.4%); 31.25% (15/48) were classified as targetable 

based on published literature. WES revealed 29 samples (51.8%) harbored targetable alterations. TMB-high and 

MSI-high status were observed in 12.7% and 1.8% of cases. RNA-seq from 19 samples identified 8 targetable 

fusions (42.1%), also captured by AMP-based NGS. When number of actionable fusions detected by AMP-based 

NGS were added to WES targetable alterations, 66.1% of samples had potential drug targets. When both WES 

and RNA-seq were analyzed, 57.8% of samples had targetable alterations. 

Conclusions: This study highlights importance of an integrative genomic approach for precision oncology, in- 

cluding use of different NGS platforms with complementary features. Integrating RNA data (whole transcriptome 

or AMP-based NGS) significantly enhances detection of potential targets in cancer patients. In absence of fresh 

frozen tissue, AMP-based NGS is a robust method to detect actionable fusions using low-input RNA from archival 

tissue. 
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Next generation sequencing (NGS) has revolutionized the field of

olecular cancer diagnostics, playing a pivotal role in detecting known
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nd novel targetable genomic alterations in patients with cancer [1–3] .

n the era of precision oncology, ongoing efforts are focused on detect-

ng therapeutic targets through various assays analyzing the genome

nd transcriptome. NGS-based clinical trials have reported clinically
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elevant alterations in ∼30% of patients with advanced cancer, but only

 subset who receive targeted treatment show an objective benefit in

verall survival [4 , 5] . 

In order to expand the landscape of therapeutic targets in difficult

umors, transcriptomic and epigenomic analysis becomes necessary. Yet,

t is technically challenging if fresh frozen tissue is unavailable [6 , 7] .

here are recent efforts to analyze whole transcriptomes from formalin-

xed paraffin-embedded (FFPE) tissue with encouraging results, but it

ay take some time for these assays to become clinically available [7 , 8] .

argeted NGS-based platforms that utilize FFPE can detect targetable

usions but knowledge of both fusion partners is required, and they do

ot detect novel fusion partners [9 , 10] . 

Gene fusions have been recognized as oncogenic drivers, in addition

o their role as diagnostic markers in certain tumor types [11] . These

usions result in altered function of involved genes either by amplify-

ng the oncogenic partner or inactivating the tumor suppressor [12] .

dentification of potential actionable fusions complements the targets

etected by whole exome analysis, as fusions and oncogenic driver mu-

ations are typically mutually exclusive [12] . For instance, in non-small

ell lung cancers harboring EML4-ALK fusion, EGFR mutation will rarely

e detected, and both of these molecular alterations have FDA-approved

rugs [13–15] . In a recent study, it was determined by RNA-seq from

resh frozen tumor samples that 37% of 500 advanced metastatic pan-

ancer patients harbored a putative driver fusion, or an inactivating fu-

ion in a tumor suppressor gene [16] . 

Our clinical whole-exome sequencing (WES) assay (EXaCT-1), a test

pproved by the Department of Health at New York State (NYS-DOH

D#43032), detects somatic mutations, indels and copy number alter-

tions (CNA), as well as tumor mutational burden (TMB) and microsatel-

ite instability (MSI) but not gene fusions [3] . In our prior pan-cancer

tudy, fresh frozen tissue was available in less than a third of cohort for

ranscriptomic analysis [2] . Often, the tissue received for pathological

iagnosis of metastatic biopsies is small, which makes tissue triaging for

ncillary/molecular studies very challenging at times. 

With the goal of increasing the detection rate of actionable al-

erations, we expanded the genomic characterization of tumors from

atients enrolled in our WES-based precision medicine study [2 , 17] ,

sing the anchored multiplex PCR (AMP)-based NGS assay (Archer R ○

usionPlex R ○ Solid Tumor Kit) for fusion detection. This assay requires

ery low input RNA – as low as 20 ng, from FFPE (archival) material. In

 subset of cases, RNA-seq data from fresh frozen tissue was available.

e then compared the results to assess the projected benefit of detecting

argetable alterations using these assays alone and in combination. 

aterials and methods 

tudy samples and patient characteristics 

Study samples were obtained from cancer patients who were

rospectively enrolled in our Institutional Review Board (IRB)-approved

recision Medicine Study (IRB# 1305013903). Tumor DNA for WES

as obtained from fresh frozen or formalin-fixed paraffin embedded

FFPE) tissue. Germline DNA was obtained from blood samples (buffy

oat mononuclear cells), buccal swabs, or benign tissue as described

reviously [2] . Hematoxylin and eosin (H&E) stained slides from each

ase were reviewed by board certified pathologists (JMM, BR, RR, DP,

K). All the samples submitted for either frozen or FFPE were macro-

issected after H&E stained slides were reviewed by the pathologists

nd annotated for tumor rich areas. Fifty-six (56) tumor samples with

ufficient FFPE material available for RNA extraction were selected. Se-

ection was based on WES results, i.e. cases with and without clinically

ctionable (Tier1) variants were chosen (see below). This was done to

ave a sufficient number of samples to compare with the AMP-based

GS assay. 

Briefly, the study cohort included 56 tumor samples from 55 cancer

atients and diagnoses from 14 different tumor types. The most common
rimary tumor sites from these samples were prostate (12), brain (12),

ladder (8), colorectal (4), pancreas (4), stomach (3), breast (3), and the

emaining 10 samples from other primary sites. A single patient with

ladder urothelial carcinoma had 2 samples from different metastatic

ites ( Fig. 1 ). Age at diagnosis ranged from 4 weeks to 89 years with a

edian of 63 years. Thirty-two patients were male and 23 were female,

ith a M:F sex ratio of 1.39. The clinical characteristics of the patients

re detailed in Supplementary Table 1 . 

NA extraction from FFPE tissue 

To perform AMP-based targeted NGS, RNA was extracted from FFPE

sing Promega Maxwell R ○ RSC RNA FFPE Kit (Promega Corporation,

adison, WI, USA). RNA integrity was verified using the Agilent Bioan-

lyzer 2100 (Agilent Technologies). All samples passed quality control

QC) and were above the 20% cut-off for DV200 (% of RNA fragments

 200 nucleotides), which ranged from 32% to 91%, with a mean value

f 63%. The RNA integrity number (RIN) of FFPE samples ranged from

.0 to 6.9 with a mean value of 2.3 (Supplementary Figure 1) . 

NA extraction from fresh frozen tissue 

RNA was extracted from fresh frozen material to perform whole tran-

criptome analysis (RNA-seq) using Promega Maxwell 16 MDx instru-

ent, (Maxwell 16 LEV simplyRNA Tissue Kit). RNA-seq requires 100

o 1000 ng of total RNA input. All fresh frozen samples passed QC with

V200 ranging from 32% to 90%, with a mean value of 59%. The RNA

ntegrity number (RIN) of fresh frozen samples ranged from 1.0 to 7.8

ith a mean value of 3.0 ( Supplementary Table 1 ). 

MP-based targeted NGS (FFPE tissue) 

The AMP-based NGS panel (Archer R ○ FusionPlex R ○ Solid Tumor Kit)

argets 54 cancer-related genes (Supplementary Table 2). It is an An-

hored Multiplex PCR (AMP TM )-based technique, which detects fusions

ssociated with the genes in the panel, without prior knowledge of fu-

ion partners or breakpoints [18] . Input of 20–250 ng total RNA was

everse transcribed to cDNA using random primers. Double-stranded

DNA was processed with end repair and dA tailing, followed by ligation

ith a half-functional Archer MBC (molecular barcode) adapter to both

nds of the cDNA molecules. Ligated fragments were amplified with 15

ycles of the first round of PCR (PCR1) using FusionPlex gene-specific

anel primers (GSP1 pool) that contain a primer complementary to a

ortion of the universal ligated adapter. PCR1 amplicons were amplified

ith a second round of 20 cycles of PCR2 using a combination of GSP2

ool of nested gene-specific panel primers (3 ′ downstream of GSP1),

hich are tagged with the second adapter sequence specific for Illumina

nd a second nested primer against the ligated universal adapter. After

 final cleanup using AMPure beads (Agencourt Bioscience), the final li-

raries were quantified using KAPA Universal Library Quantification Kit

Roche, CA), and sequenced on the Illumina NextSeq Mid Output Kit to

btain approximately 4 million reads per sample (2 ×151 cycles) with

0% PhiX control spike-in. Sequencing data generated was processed

hrough the ArcherDx Analysis software package (v5.1.8, ArcherDx) for

usion detection. Workflow for Archer R ○ FusionPlex R ○ Solid Tumor fusion

ssay is detailed in Supplementary Figure 2. Fusions were reported if

hey were within ± 15 base pairs of the exon boundaries of two genes,

ad a minimum of 5 supporting reads, and had breakpoints further than

00 kb apart with the exception of clinically significant genes with avail-

ble specific inhibitors and in-frame fusion [18] . 

NA-Seq (Frozen tissue) 

Libraries were prepared for RNA sequencing using TruSeq RNA

ibrary Preparation Kit v2 or riboZero as previously described

19] . The normalized cDNA libraries were pooled and sequenced
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Fig. 1. Tumor types and corresponding biopsy sites of study cohort. 56 tumor samples from 55 patients and 14 different tumor origins underwent gene fusion assay in 

addition to whole-exome sequencing. Tumor types are listed on the left and the diagram illustrates anatomic sites (bold) and tumor origin (light gray). 
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n Illumina HiSeq2500 sequencer with pair-end 75 cycles. Paired-

nd sequencing was then performed on the Illumina HiSeq 2500

ystem. Samples run on the Illumina platform generated an aver-

ge of 45 million reads per sample. All reads were independently

ligned with STAR_2.4.0f for sequence alignment against the human

enome build hg19, downloaded via the UCSC genome browser

 http://hgdownload.soe.ucsc.edu/goldenPath/hg19/bigZips/ ]x, and

AMTOOLS v0.1.19 for sorting and indexing reads [20 , 21] . For fusion

nalysis, we used STAR-fusion (STAR-Fusion_v0.5.1) and FusionSeq

22 , 23] . Fusions with significant support of junction reads and spanning

airs were selected and manually reviewed. Oncofuse [24] was also

sed to estimate their oncogenic potential by looking at the protein

omains lost or retained after fusion event. AGFusion was used to

nnotate and visualize the protein domain architecture [25] . We used

linker software to visualize selected fusions and its supporting reads,

nd circos plot for showing the detected fusions [26 , 27] . 

hole exome sequencing and data analysis 

Whole Exome Sequencing (WES) (EXaCT-1 test) was performed on

ach patient’s tumor/matched germline DNA pair using previously de-

cribed protocols [2 , 3 , 17] . Out of 56 samples, WES was performed on

vailable fresh frozen tumor tissue in 19 samples and for the remaining

7 samples we used clinical FFPE (archival) tissue. In these 37 sam-

les, RNA was extracted from the same FFPE block and used for AMP-

ased NGS. In the 19 samples where frozen tissue was used for WES,

he corresponding clinical FFPE blocks were used for RNA extraction.

he EXaCT-1 test allows for assessment of > 21,000 genes through the

evelopment and implementation of novel computational approaches

or simultaneous detection of somatic point/indel mutations and copy-

umber alterations (CNAs). This test uses the Agilent HaloPlex capture

latform (Agilent Technologies, Santa Clara, CA, USA) on the Illumina
iSeq 2500 system for sequencing. Tumor mutational burden (TMB)

28] and microsatellite-instability (MSI) [29] were calculated based on

n established in-house bioinformatics pipeline, described in detail pre-

iously [28 , 30] . Cutoff values for TMB-high ( > 10 mut/MB), and MSI

MSISensor score > 6) were applied. 

WES alterations were categorized based on their actionability and

linical or biologic relevance into a 3-tier system as described in one of

ur previous WES-based studies [2] . Briefly, Tier1 includes variants with

trong evidence of clinical utility (i.e. FDA-approved therapy or well-

owered studies with consensus from experts), Tier 2 includes variants

ith potential clinical relevance, and Tier 3 include variants of undeter-

ined clinical significance. (Supplementary Table 3, 4). 

We defined copy number gain when genomic alteration leads to in-

reased copies in tumor relative to the control sample (log2 copy number

atio between 0.5 and 1.0), copy number loss when genomic alteration

eads to decreased copies in tumor relative to the control sample (log2

opy number ratio between − 0.5 and − 1.0), amplification as high copy

umber gain (log2 copy number ratio > = 1.0) and deletion when ex-

ensive copy number loss, which corresponds to homozygous deletions

log2 copy number ratio < = − 1.0). 

luorescence in situ hybridization (FISH) 

Break-apart assays (performed at the FISH core facility at the Eng-

ander Institute for Precision Medicine of Weill Cornell Medicine) : Dual

olor FISH probes were designed against loci of interest using BAC

lones ( https://bacpacresources.org ) and labeled with fluorophores (5-

luorescein dUTP for green and 5-TAMRA dUTP for orange) by Enzo

ife Sciences. FGFR3 break apart was designed using BAC clone RP11–

62P20 (orange) and RP11-20I20 (green). NTKR1 break apart was de-

igned using RP11-66D17 (green) and RP11-110J1 (orange). A break

part was determined as one individual green signal, one individual

http://hgdownload.soe.ucsc.edu/goldenPath/hg19/bigZips/
https://bacpacresources.org
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ed signal per nucleus. The unrearranged allele was determined by one

ndividual yellow signal (green and red overlapping signals). Prior to

se, all clones were validated on metaphase spreads. A minimum of 100

uclei were observed per case using a fluorescence microscope (Olym-

us BX51; Olympus Optical, Tokyo, Japan). Cytovision and Fiji software

ere used for imaging. 

Fusion assays (performed at the Molecular Cytogenetics core facility

t Memorial Sloan Kettering Cancer Center): FGFR3 fusions were de-

igned using either RP5–1091E12 or RP11-339F13 (red). FGFR3 fu-

ion partners included GNAS (green RP5-907D15 or RP4-543J19) and

NKRD30BL (green RP11-1L22). A three-color FISH probe was used for

he NTRK1-TPM3 fusion. This included NTKR1 red (RP11-1059C21 or

P11-1038N13), NTRK1 orange (RP11-66D17 or RP11-284F21), and

PM3 green (RP11-1115K24 or RP11-1043P24). The fusion was mea-

ured as one orange spectrum signal (overlapping red and green signals),

nd individual unfused separate red and green signals per nucleus. 

esults 

lterations detected by whole exome sequencing (WES) 

All samples underwent matched tumor/normal WES. Mean coverage

as 95x. Mean tumor purity estimated by CLONET [31] for all patient

amples was 72% (range: 20–100%). In cases where CLONET data was

navailable, the pathologist assessment of tumor content was incorpo-

ated. By WES, 29/56 tumor samples (51.8%) had alterations, which

ere classified as targetable (Tier1, see Methods). Of these, 13/29 pa-

ient samples harbored somatic mutations in either BRCA2, PIK3CA,

OTCH2, FGFR4, IDH1, ERBB4 and MET genes, or copy number al-

erations in EGFR or ERBB2 genes. Twelve had copy number loss in

DKN2A and CDKN2B genes, 7 tumors had high tumor mutational bur-

en and 1 out of 7 samples with TMB-high showed MSI (Supplementary

able 1 ). Among them, 5 tumors (8.9%, 5/56) had no targetable fusions

n AMP-based NGS. The remaining 2 patients had fusions in NTRK3,

TRK1 and EGFR genes. When WES data was combined with AMP-

ased NGS results, the proportion of patient samples with targetable

lterations increased from 51.8% (29/56) to 66.1% (37/56) ( Fig. 2 ). In-

erestingly, 4 of these 29 patient samples (13.8%) whose tumors had

ctionable alterations by WES, also demonstrated targetable fusions on

MP-based NGS, e.g. WCM1230, a case of colon cancer with TPM3-

TRK1 fusion, MSI-High (MSISensor Score 9.14), and TMB-High ( Sup-

lementary Table 1 ). Among tumors with no targets detected by WES,

/29 (24.1%) harbored targetable fusions, detected by AMP-based NGS.

ene fusions and novel gene partners detected by AMP-based targeted NGS 

The AMP-based NGS assay detected 48 fusions in 31/56 tumors

55.4%): 18 samples showed a single fusion event, 10 showed 2 dis-

inct fusions, while the remaining 3 tumors showed 3 separate fusions.

8 out of the 48 fusions (37.5%) contained intronic regions. The total

umber of supporting reads for the detected fusions ranged from 5 to

254 (mean = 98 reads; median = 10 reads). A TPM3-NTRK1 fusion de-

ected in a case of colon cancer showed the highest read count of 2254

nd skewed the aforementioned results. 

The detected fusions comprised 36 distinct types, of which 83.3%

30/36) were present in single cases, and the other 16.7% (6/36) were

etected in multiple samples ( Table 1 and Fig. 2 ). 

Twenty eight out of 36 (77.8%) gene fusion partners were novel at

he time of this publication - 3 online fusion databases were interro-

ated (Quiver-Archer, TCGA and Cosmic). Examples of known gene fu-

ions detected include TMPRSS2-ERG ( n = 6; all prostate) [32] , NCOA4-

ET ( n = 1; unknown primary) [33] , TPM3-NTRK1 ( n = 1; colorectal)

34] , and FGFR3-TACC3 ( n = 2; bladder) [35] ( Fig. 3 ), and examples

f novel gene partners include PKN1-RAF1 ( n = 3; colon, brain, breast);

IAA2022-MAST2 ( n = 2; bladder, prostate); TFE3-SYNE1 ( n = 2; stom-

ch, breast), FGFR3-MSI2 ( n = 1; prostate), GNAS-EGFR ( n = 1; pancreas)
nd ETV4-ETV1 ( n = 3; prostate, brain, ovary). Two of the three ETV4-

TV1 fusion positive tumors had RNA-seq data. Expression of ETV1 gene

n 2 ETV1 fusion-positive tumors was significantly higher when com-

ared with 17 ETV1 -fusion negative tumors ( Fig. 4 and Supplemen-

ary Table 5 ). Of the detected three ETV4-ETV1 fusions, two of them in

CM331 and WCM1004 were out-of-frame, and one in WCM1401 was

n-frame ( Supplementary Table 7 ). 

Visualization of selected known fusions and novel gene partners that

ere generated from RNA-seq are illustrated in Fig. 4 , which shows

ead coverage tracks, gene boundary tracks, protein domain tracks, tran-

cript tracks and a sashimi plot that indicates the fusion breakpoints. The

reakpoints are also highlighted by the vertical lines. 

Fifteen fusions detected in 15/56 samples (26.8%) from 12 patients

ere deemed targetable either by FDA-approved specific inhibitors or

y their use in clinical trials, or by drugs that have proven therapeu-

ic benefit in preclinical studies ( Table 2 ). Nine out of these 15 fusions

60.0%) demonstrated novel gene partners while the other 6 (40.0%)

ave been previously reported. Of the 15 cases with targetable fusions,

 cases harbored FGFR fusions (3 bladder and 1 prostate) and 2 had RET

usions (thyroid carcinoma, and carcinoma of unknown primary). 

Next, we performed FISH to validate a subset of fusions detected

y AMP-based NGS. In WCM1230, a colon adenocarcinoma harboring

PM3-NTRK1 , we observed fused signals of 5 ′ NTRK1 and 3 ′ TPM3

 Fig. 3 B), and also NTRK1 separate red and green signals by FISH break-

part assay (not shown). A break-apart FISH assay for FGFR3 was also

sed to confirm gene rearrangement in two samples with FGFR3 fusions

etected by AMP-based NGS: WCM882 (prostate adenocarcinoma) that

arbors a novel FGFR3-MSI2 fusion partner ( Fig. 3 C) and WCM1283

bladder urothelial carcinoma) that harbors known FGFR3-TACC3 fu-

ion ( Supplementary Figure 3A ). In both cases, break-apart signals

f FGFR3 allele were observed. Although we tried to validate a novel

NAS-EGFR fusion detected in WCM1364 (neuroendocrine tumor of

ancreas), a fused signal of probes recognizing GNAS and EGFR was

ot observed ( Supplementary Figure 3B ). 

ene fusions and novel gene partners detected by RNA-seq 

Whole-transcriptome data from frozen tissue was available in 19 of

6 study samples. Gene fusions were detected in 16/19 (84.2%) samples,

3 of which harbored fusion events that were also detected by AMP-

ased NGS, and 8 are considered as potential targets. Details of those

atched gene fusions and gene breakpoints are provided in Supple-

entary Table 6. Overall, RNA-seq had lower supporting reads (mean

2, median 4) when compared to AMP-based NGS (mean 97, median

0). When RNA-seq results were combined with AMP-based NGS, 52.6%

10/19) of patient samples showed druggable fusions. When all 3 assays

WES, AMP-based NGS and RNA-seq) were combined, 68.4% (13/19) of

atient samples had targetable molecular alterations. No reciprocal gene

usions were found in any of the samples, neither in AMP-based NGS nor

n RNA-seq data. 

iscussion 

The advent of next-generation sequencing (NGS) has revolutionized

he field of precision oncology and novel molecular alterations driving

ncogenic transformation continue to be discovered. These oncogenic

rivers can be single nucleotide variations, copy number changes or

ene fusions, and may potentially be targeted by selective inhibitors,

orming the basis of recent precision medicine-based clinical trials

36–40] . The aim of our study was to determine the increase of molec-

lar targets and added potential benefit when whole-exome sequenc-

ng (WES) of solid tumors [2 , 3] is combined with gene fusion detection

hrough an Anchored Multiplex PCR assay (Archer R ○ FusionPlex R ○ Solid

umor Kit). Both assays use archival FFPE tissue in contrast to whole

ranscriptome analysis (RNA-seq), which requires fresh frozen tissue for
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Fig. 2. Integrative genomic landscape of whole- 

exome sequencing and actionable gene fusion de- 

tection. (A) CoMut plot representation of in- 

dividual Tier1 mutations, copy number alter- 

ations by WES and fusions by AMP-based NGS 

in 56 tumor samples in the study cohort of 

55 patients. Top: primary site, metastatic sites, 

gender and TMB/MSI profile. Left: individual 

gene alterations detected by WES and AMP- 

based assay. Bottom: Detection of targetable al- 

teration by individual assays alone and in com- 

bination. (B) Percentage of molecular targets 

identified by individual NGS assays, alone and 

in combination. A significant increase in ac- 

tionable genomic alterations is seen when re- 

sults from both WES and AMP-based NGS are 

integrated. 
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Fig. 3. Selected known fusions detected in cancer patients enrolled in the Englander Institute for Precision Medicine. (A) Selected examples of known fusions detected by 

using AMP-based NGS are illustrated. Genes in red color are covered by the Archer R ○ FusionPlex R ○ Solid Tumor panel, and genes in black color were partners detected 

by the assay. The column on the left shows the protein domain structure of putative fusions and the vertical black line is the detected fusion breakpoint. The column 

on the right shows the exon structure of the same fusions. (B) Fluorescence in situ hybridization (FISH) fusion assay for TPM3-NTRK1 is positive in a case of colon 

cancer. In each nucleus the FISH assay demonstrates a yellow signal (superimposed red-green fused allele) and separate red and green signals (unfused allele) in 

represented nuclei. (C) FISH break-apart assay for FGFR3 is positive in a case of prostate adenocarcinoma. An FGFR3-MSI2 gene fusion was detected by Archer R ○

FusionPlex R ○ Solid Tumor. This FISH assay demonstrates a yellow signal (nontranslocated allele) and separate red (5 ′ ) and green (3 ′ ) signals in the translocated allele 

of FGFR3 in the representative nucleus (see also Table 1 and Supplementary Tables). 
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Table 1 

Fusions detected by AMP-based NGS assay the in study cohort. 

Fusion partners Novelty n = 48 Primary tumor sites 

1 TMPRSS2-ERG Partners Reported 6 Prostate 

2 ET V4-ET V1 Novel gene partner 3 Prostate Brain Ovary 

3 PKN1-RAF1 Novel gene partner 3 Colorectal Brain Breast 

4 FGFR3-TACC3 Partners Reported 2 Bladder 

5 KIAA2022-MAST2 Novel gene partner 2 Prostate Bladder 

6 TFE3-SYNE1 Novel gene partner 2 Stomach Breast 

7 ABCA13-NONE-FGFR2 Novel gene partner 1 Bladder 

8 BRD4-ARHGDIB Novel gene partner 1 Pancreas 

9 CCDC6-RET Partners Reported 1 Thyroid 

10 CCDC82-MAML2 Partners Reported 1 Bladder 

11 CTNNBL1-MAST2 Novel gene partner 1 Soft Tissue 

12 EGFR-ANKRD30BL-EGFR Novel gene partner 1 Brain 

13 EIF4H-ETV1 Novel gene partner 1 Prostate 

14 ELF5-NOTCH2 Novel gene partner 1 Brain 

15 ETV6-C4orf21 Novel gene partner 1 Bladder 

16 EWSR1-PCGF3 Novel gene partner 1 Soft Tissue 

17 EWSR1-PRKCSH Novel gene partner 1 Pancreas 

18 FGFR3-MSI2 Novel gene partner 1 Prostate 

19 GNAS-EGFR Novel gene partner 1 Pancreas 

20 INSR-PDE3A Novel gene partner 1 Bladder 

21 LAPTM5-PDGFRB Novel gene partner 1 Kidney 

22 LOC101929724-NTRK3 Novel gene partner 1 Brain 

23 MAST2-ETV4 Novel gene partner 1 Brain 

24 MKRN2-PPARG Novel gene partner 1 Bladder 

25 NCOA4-RET Partners Reported 1 Unknown 

26 PIK3R3-MAST2 Novel gene partner 1 Ovary 

27 PKN2-NOTCH2 Novel gene partner 1 Breast 

28 RNF157-AS1-TFEB Novel gene partner 1 Pancreas 

29 SLC45A3-ERG Partners Reported 1 Prostate 

30 SLC45A3-ETV1 Partners Reported 1 Prostate 

31 SYN2-PPARG Novel gene partner 1 Brain 

32 TFE3-DMD Novel gene partner 1 Breast 

33 TFE3-DNAH14 Novel gene partner 1 Brain 

34 TPM3-NTRK1 Partners Reported 1 Colorectal 

35 TYW1-TFE3 Novel gene partner 1 Pancreas 

36 ZNF254-RELA Novel gene partner 1 Peritoneum 

Table 2 

Targetable fusions detected by AMP-based NGS assay in the study cohort. 

PATIENT CASE ID FUSION Novel Partners/Reported ∗ READS TUMOR TYPE PRIMARY SITE TUMOR SITE 

1 WCM1230 TPM3-NTRK1 Reported before 2254 Medullary carcinoma Colon Colon 

WCM1230 PKN1-RAF1 Novel gene partner 7 Medullary carcinoma Colon Colon 

2 WCM1283 INSR-PDE3A Novel gene partner 6 Urothelial carcinoma Bladder Bladder 

WCM1283 FGFR3-TACC3 Reported before 8 Urothelial carcinoma Bladder Bladder 

3 WCM1304 FGFR3-TACC3 Reported before 27 Urothelial carcinoma Bladder Bladder 

4 WCM1408 SYN2-PPARG Novel gene partner 16 Teratoma Brain Brain 

5 WCM1437 PKN1-RAF1 Novel gene partner 9 Glioblastoma Brain Brain 

6 WCM1442 LAPTM5-PDGFRB Novel gene partner 6 Renal cell carcinoma Kidney Lung 

7 WCM1532 PKN1-RAF1 Novel gene partner 6 Invasive ductal carcinoma Breast Lymph node 

8 WCM271 CCDC6-RET Reported before 56 Papillary carcinoma Thyroid Skull 

9 WCM331 PIK3R3-MAST2 Novel gene partner 57 Serous carcinoma Ovary Diaphragm 

10 WCM511 MKRN2-PPARG Reported before 29 Urothelial carcinoma Bladder Bladder 

WCM511 ABCA13-FGFR2 Novel gene partner 10 Urothelial carcinoma Bladder Bladder 

11 WCM575 NCOA4-RET Reported before 169 Metastatic poorly differentiated carcinoma Unknown Brain 

12 WCM882 FGFR3-MSI2 Novel gene partner 17 Adenocarcinoma Prostate Prostate 

∗ Checked with TCGA, Quiver-Archer and Cosmic databases, date 1.2.2019. 
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onfident gene fusion detection. To put this in perspective, in our previ-

us pan-cancer WES-based precision medicine study [2] , 31% of cases

ad available fresh frozen tissue for transcriptomic studies. It becomes

hallenging to perform gene fusion assays when the latter is unavailable

r when tissue is limited, e.g. small biopsy tumor tissue that is used for

tandard-of-care histopathology diagnosis and analysis. Hence, a robust

GS assay that uses small RNA input from FFPE enhances the ability

o detect potentially targetable fusions. Further, the RNA input require-

ent for AMP-based NGS assays is as low as 20 ng from FFPE material,

hich is significantly lower than 100–1000 ng RNA from fresh frozen

issue required for RNA-seq. Previous studies have demonstrated that
MP-based NGS assays can detect novel fusions or novel fusion part-

ers [41–46] . 

Past NGS-based clinical trials have reported clinically significant

olecular events in approximately a third of patients [4 , 5] . For the pur-

ose of our study, the group with targetable alterations by WES was

nriched, and Tier1 alterations [2] were present in 51.8% of patients

see Materials and Methods). We observed a significant increase in de-

ection of potential targets, from 51.8% to 66.1% when WES results

ere integrated with the AMP-based NGS fusion assay. This significant

oost of possible druggable targets may have a significant clinical im-

act in the treatment of brain cancer and advanced solid tumors. Gene



Integration of AMP-based NGS and WES Translational Oncology 14 (2021) 100944 

Fig. 4. Schematic representation of one known fusion and two novel fusion partners. Coverage tracks with annotated breakpoints, genes partners, protein domains, gene 

transcripts and split reads involving (A) PIK3R3-MAST2, (B) NCOA4-RET and (C) EIF4H-ETV1 . To further support the latter, (D) RNA-seq expression was compared 

between 2 ETV1 fusion-positive and 17 non- ETV1 fused samples ( p = 0.012) (see also Supplementary Table 5). 
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D  

t  
usions detected by Archer R ○ FusionPlex R ○ Solid Tumor Kit were also

dentified by RNA-seq in 75% (12/16) of cases. Whole transcriptome

nalysis from fresh frozen tissue was available in 19 patients and, when

oupled with WES, it also showed a significant increase in likely tar-

etable alterations from 36.8% (7/19) to 63.1% (12/19), comparable

o the increment of molecular targets above. The low RNA input and

ossibility of utilization of FFPE tissue establishes an AMP-based NGS

est as an excellent alternative for identifying clinically relevant gene

usions in solid tumor specimens [47 , 48] . Moreover, detection of novel

ene fusions or novel fusion partners that may translate into drug tar-

ets is an advantage of this technology and targeted AMP-based NGS

as already been implemented in clinical molecular laboratories [49] .

hole-transcriptome analysis (RNA-seq) on FFPE material is an area

f active research that has reported encouraging results [50] , however

urther studies and validation are needed to be incorporated clinically. 

A study of gene fusion analysis on 81 bone and soft tissue tumors,

sing a similar AMP-based NGS assay showed a concordance rate of

0% in fusion detection when results were compared with conventional

ethods such as fluorescence in situ hybridization (FISH) and RT-PCR

51] . In our study, the high sensitivity of AMP-based NGS to detect

ene fusions (with very low number of reads) explains discrepant re-

ults when compared with RNA-seq. The AMP-based assay is a targeted

anel that incorporates a pre-amplification step to enhance the initial

ignal, thus generating a higher number of fusion reads (compared to

NA-seq), making it feasible to work with minimal RNA input [41 , 52] .

Archer R ○ FusionPlex has been recently validated for accuracy, pre-

ision, specificity and sensitivity against four orthogonal assays using

wo different methodologies on 109 clinical samples, in Sussman et al.

53] . In our study, among the 19 cases with both RNA-seq and AMP-
ased NGS data, only a single fusion PLEC-NOTCH1 (case WCM1073;

ligodendroglioma) found by RNA-seq with 3 reads was not detected

y AMP-based NGS. In comparison, RNA-seq did not reveal several fu-

ions detected by AMP-based NGS ( Supplementary Table 5 ). 

Developments in massive parallel sequencing technology have led to

 significant increase in the detection of gene fusions, which has raised

oncerns about their biological meaningfulness. Recently, it has been

hown that the majority of fusions detected through NGS are passen-

er fusions and purely random events [54] . In an attempt to overcome

his issue we used Oncofuse [24] and AGFusion [25] , both bioinfor-

atics pipelines to decipher the oncogenic potential of fusions and to

isualize the protein domains. We concluded that new gene partners (de-

ected by Archer R ○ FusionPlex R ○) that fuse with targetable genes result

n a chimeric targetable protein. 

After integration of WES targetable alterations with actionable fu-

ions detected by AMP-based NGS, the frequency of drug targets in our

tudy increased to 66.1%. However, we enriched our study set with

ases harboring Tier1 potentially targetable alterations by WES, includ-

ng detection of MSI-H and tumors with high TMB. Molecular data from

48 solid cancer patients from the MOSCATO 01 trial identified action-

ble alterations in 49% of patient samples when multiple assays were

ntegrated, including targeted sequencing, array comparative genomic

ybridization (aCGH), WES, RNA-seq, immunohistochemistry and FISH

5] . Thirty-three percent of patients who received matched targeted

reatment obtained a progression-free survival rate above the predefined

hreshold. Another clinical trial on metastatic breast cancer found that

6% of patients had at least one actionable alteration when targeted

NA sequencing was integrated with aCGH [4] . Nine percent of matched

arget-treated patients in their cohort had an objective response, and
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1% had stable disease. In their study, the authors advocate for the use

f combined therapies targeting different drivers because this approach

otentially delays drug resistance. On the other hand, there have been

onflicting studies where researchers have found no significant differ-

nce in terms of survival in patients treated with targeted agents and

ave discouraged the off-label use of molecularly target agents [55] .

ompared to the aforementioned studies, the percentage of molecular

argets (49.1%) detected in our cohort selection exclusively on WES is

igher. Explanations would include that most of the above-mentioned

tudies used targeted DNA sequencing panels for mutation and copy

umber detection instead of WES, lacking TMB/MSI data as potential

argetable biomarkers in their cohorts, and that in our study we selected

ore Tier1 cases. In our cohort, seven patient samples (12.7%, 7/56)

ad high TMB/MSI-H by WES alone, which are potential targets for im-

unotherapy. Of these seven patient samples, five had no targetable

lterations by AMP-based NGS. 

Of particular clinical relevance, we found 30 novel gene partners,

 of which assemble with known drug targets including RAF1, FGFR2,

GFR3, EGFR, NTRK3 , and RET ( Fig. 3 and Table 1 ). 

Three ETV4-ETV1 fusions were detected (prostate, brain, ovary);

wo were out-of-frame and one was in-frame. Archer demonstrated that

TV4 fused with ETV1 as the 5 ′ partner in all ETV4-ETV1 fusions de-

ected in our cohort, while ETV4 is reportedly the 3 ′ partner when that

uses with TMPRSS2 in prostate cancers that harbor such fusion event.

hile TMPRSS2 fusions with ETS transcriptional factors, including ERG,

TV1 and ETV4 gene, are well-studied oncogenic alterations defining

 distinct subsets of prostate cancers [56] , biological consequences of

TV4-ETV1 fusion events are unclear. Further functional studies would

e warranted in order to clarify the potential oncogenic role of ETV4-

TV1 fusions. 

In the FGFR3-TACC3 in-frame fusion detected in 2 bladder cancer

amples, the coiled-coil domain of TACC3 causes constitutive phospho-

ylation of key activating FGFR3 tyrosine residues without the need for

igand binding, leading to tyrosine kinase domain dimerization, auto-

hosphorylation and increased and altered levels of FGFR3 activation,

usion protein phosphorylation, downstream signaling, cellular transfor-

ation, proliferation, and viability [57] . On the other hand, ABCA13-

GFR2 and FGFR3-MSI2 fusions were predicted to be out-of-frame, and

heir functional consequences are unknown. Although these FGFR2 and

GFR3 fusions with novel gene partners could still be explored as po-

ential biomarkers, further investigation would be required. 

One limitation of our retrospective study is the lack of data regard-

ng targeted treatment and patient response. At the time of tumor tissue

ollection, most of the patients received standard-of-care treatment ( e.g.

urgery, chemotherapy). Alternative options (i.e. NGS-based) were only

onsidered in a few patients. One patient with papillary thyroid carci-

oma and multiple metastases (brain, lung, bone, spleen, lymph nodes)

case WCM271) did receive the tyrosine kinase inhibitor cabozantinib

ased on the detection of CCDC6-RET. After 15 months of treatment the

atient died of disease. Another patient with metastatic urothelial carci-

oma of the ureter (WCM1304) with an FGFR3-TACC3 fusion received

he FGFR3 inhibitor Ertafitinib (JNJ42756493), which was well toler-

ted. Fusion of FGFR genes cause receptor dimerization and subsequent

igand-independent constitutive kinase activity which are highly sensi-

ive to FGFR selective inhibitors [58 , 59] . However, patient had disease

rogression and the therapy was changed after 3 months of treatment

o which he had a complete response. Another patient with localized

edullary carcinoma of the colon (pathologic stage pT2 pN1b) that har-

ors TPM3-NTRK1 fusion (case WCM1230) underwent surgery only and

as not required additional/targeted therapy. No local recurrence or dis-

ant metastases have yet been detected after surgical removal. Available

reatment data to date is provided in Supplementary Table 1 . As part of

he IRB-approved precision medicine clinical study, new molecular tar-

ets detected by the Archer R ○ FusionPlex R ○ Solid Tumor assay or RNA-seq

re communicated to clinicians and treatment decisions are discussed at

egular precision medicine tumor boards. 
Another factor to consider is the molecular complexity of certain tu-

ors, which may affect downstream fusion detection and interpretation.

ne such example is tumors that show bi-allelic inactivation of genes,

pecifically CDK12 mutant tumors have been strongly linked to struc-

ural variants. Such tumors show high fusion burden or large number of

usions which are generated by tandem duplications and have the poten-

ial to be therapeutically targeted [60 , 61] . One additional consideration

s that we have used selected genes included in Archer R ○ FusionPlex R ○

olid Tumor assay. Although it covers most common targetable and

ncogenic fusions described in solid cancers, the possibility exists that

umor samples in our study cohort may harbor rare unexpected fusion

vents that are not covered by the gene panel. 

In summary, we demonstrate in this pilot study that integration of

ES with AMP-based NGS fusion assays increases the detection of tar-

etable genomic alterations in cancer patients, which offers additional

herapeutic options to treating oncologists. In the absence of avail-

ble fresh frozen tissue for whole transcriptome tumor analysis, FFPE

rchival material can be utilized effectively since the AMP-based NGS

echnology is highly sensitive, requires minimal RNA input, and is able

o detect novel gene fusions and gene partners of potential clinical rel-

vance. 
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