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ABSTRACT
Purpose: We present seven cases of advanced cancer patients who initially 

underwent tumor testing utilizing smaller, panel-based tests, followed by a variety 
of therapeutic treatments which ultimately resulted in progression of their disease. 
These cases demonstrate the value of utilizing WES/RNA seq and characterization 
following disease progression in these patients and the determination of clinically 
targetable alterations as well as acquired resistance mutations. 

Materials and Methods: All patients are part of an IRB approved observational 
study. WES and RNA sequencing were performed, using GEM ExTra® on tumor and 
blood samples obtained during routine clinical care. To accurately determine somatic 
versus germline alterations the test was performed with paired normal testing from 
peripheral blood. 

Results: The presented cases demonstrate the clinical impact of actionable 
findings uncovered using GEM ExTra® in patients with advanced disease who failed 
many rounds of treatment. Unique alterations were identified resulting in newly 
identified potential targeted therapies, mechanisms of resistance, and variation in 
the genomic characterization of the primary versus the metastatic tumor. 

Conclusions: Taken together our results demonstrate that GEM ExTra® maximizes 
detection of actionable mutations, thus allowing for appropriate treatment selection 
for patients harboring both common and rare genomic alterations.

INTRODUCTION

Tumor molecular profiling is increasingly standard 
practice for patients with advanced cancer [1]. The Cancer 
Genome Atlas (TCGA) and other large genetic profiling 
studies have identified common and rare genomic 
alterations, many of which have therapeutic implications 
[2, 3]. Alterations in the genome can predict both the 
therapy to which the tumor(s) may or may not respond 
and the aggressiveness of the disease. These components 

guide physicians and patients to appropriate treatment 
options. With the advent of comprehensive genomic 
testing, it stands to replace a paradigm of prescribing 
standard chemotherapy agents based upon the tumor of 
origin, histology, and stage of disease. 

The field of precision medicine is continuously 
evolving to identify new actionable biomarkers by 
next generation sequencing (NGS) technologies that 
interrogate both DNA and RNA [4]. Clinical development 
studies employing precision medicine have been shown 
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to improve overall and progression free survival as well 
as the tumor response rate compared with non-matched 
therapy [5–10]. Despite the availability of advanced 
technologies and an increasing understanding of the 
importance of genomic testing, gaps still exist in efficient 
patient care and access to these comprehensive tests. In 
a survey of Targeted Agent and Profiling Utilization 
Registry (TAPUR), physicians identified barriers to 
genomic testing which included access to tumor tissue 
specimens, insurance coverage, and concern that results 
would be non-actionable. Additional analytic aspects 
include long turnaround times, creating concern around 
timely treatment decisions, lack of education on the myriad 
of tests/labs to consider, and skepticism regarding test 
accuracy [11]. Further, studies have found that physicians 
may not be comfortable interpreting sequencing results or 
directing patient treatment based on genomic data [12, 13].

As newly available targeted treatment options 
become available and as clinical guidelines for actionable 
biomarkers are continually expanding, the need for routine 
use of comprehensive genomic testing for all patients 
has become paramount [14–17]. Therefore, panel-based 
tests that are considered current today may miss critical 
information and future actionable targets that are not 
included in the panel. Studies have shown that fusions 
and transcript variants detected by RNA transcriptome 
sequencing are frequently missed in tests using whole 
exome sequencing (WES) alone as well as in panel-
based tests [18]. Cancers driven by gene fusions and 
translocations account for 20% of cancer mortality globally, 
and many of these are actionable [18]. Maximizing the 
detection of alterations enhances the utility of precision 
medicine for various solid and hematologic cancers.

We present seven patients with advanced 
cancers who had undergone panel-based testing and 
progressed on their original treatments. Upon subsequent 
progression, the metastatic lesions were sequenced using 
comprehensive WES, RNA sequencing, with tumor-
normal pairing to detect both common and rare somatic 
alterations. GEM ExTra® identified a variety of alterations 
resulting collectively in newly identified potential targeted 
therapies, mechanisms of resistance, and variation in 
the genomic characterization of the primary versus the 
metastatic tumor. 

MATERIALS AND METHODS

This observational study enrolled participants 
with varying stages of cancer progression. The goal of 
this ongoing translational research is to improve patient 
diagnosis, prognosis, and predictive therapy, through the 
study of genomic characterization of tumors by comparing 
different genomic testing modalities. The study, protocol 
# HRI-0029 is an IRB approved clinical study, WIRB # 
20182804, and all patients signed informed consent to 
participate. 

Next generation RNA/DNA sequencing

Genomic sequencing was performed using the GEM 
ExTra® assay (Ashion Analytics, Phoenix, Arizona, USA) 
in a College of American Pathologists (CAP)-accredited, 
Clinical Laboratory Improvement Amendments (CLIA)-
certified laboratory. WES and RNA sequencing were 
performed on tumor samples obtained as part of routine 
clinical care with paired normal sequencing performed on 
peripheral blood to accurately identify somatic variants 
and to reduce false positives. Whole exome sequencing 
(WES) is the process of sequencing all the protein- coding 
regions, or exons, in a genome. WES was performed 
in order to identify hotspots as well as rare alterations. 
Details of the test methodology have been previously 
published [19]. 

The GEM ExTra® test reports on somatic 
mutations, copy number alterations, transcript variants, 
and fusions. All actionable events are matched with 
FDA approved targeted agents as well as investigational 
compounds available through clinical trials. The test 
also detects tumor mutational burden (TMB) and 
microsatellite instability (MSI) to predict clinical benefit 
of immunotherapy [20]. The test has been validated to 
detect point mutations at greater than equal to 5% mutant 
allele frequency (MAF) (MAF greater than equal to 
1% at hot spots) with an overall sensitivity of > 98%, 
specificity of > 99% and PPV of 100% for the detection 
of select single nucleotide variants (SNVs), insertion/
deletion (Indels), copy number variations (CNVs), and 
fusions [21]. Turnaround time is within 14 calendar days 
from sample receipt. Clinically relevant alterations were 
defined as those that could be targeted using either an 
FDA approved drug currently on the market for any 
cancer type or investigational compound available 
through clinical trials.

RESULTS

Of the 7 cancer patients included in this study, 2 
were pancreatic cancer, 4 were Colorectal Cancer (CRC) 
and one patient had Gastrointestinal stromal tumor 
(GIST). The most frequent sources of tissue for NGS 
were obtained from metastatic sites. All 7 patients had 
undergone NGS sequencing previously and were heavily 
pretreated. Demographic information and details of the 
test findings are included in Tables 1 and 2. 

CASE REPORTS

Case #1 

A 51-year-old female was diagnosed in 2017 
with malignant neoplasm of the head of the pancreas, 
with multiple metastatic liver lesions as well as a 
retroperitoneal mass. A biopsy of the retroperitoneal 
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mass was sent for fixed genomic panel-based testing 
at diagnosis (Caris, Irving, TX USA). Her tumor was 
initially characterized as KRAS WT with several 
different variants of unknown significance (VUS). 
The genomic profile of the tumor was atypical as 
no KRAS mutation was detected [22]. The patient 
was treated with FOLFIRINOX and a year later, a 
liver metastasis was biopsied and sent for the same 
genomic panel testing. The tumor had two pathogenic 
mutations, CREBBP (E1058fs) and PBRM1 (Y417fs), 
and several other VUS. The patient was treated with 
several rounds of standard of Care (SOC) treatments, 
including chemotherapy plus a checkpoint inhibitor and 
the patient was stable on this treatment for one year. 
Upon disease progression, the patient was enrolled 
in this observational study and a liver metastasis was 
sequenced using a more comprehensive WES/RNA test, 
GEM ExTra®. A previously unidentified VTCN1/NRG1 
fusion was detected which is a known driver fusion event 
in pancreatic cancer that lacks KRAS driver mutations 
[23]. Based on this finding the patient was treated with 
afatinib, a pan-HER tyrosine kinase inhibitor with 

efficacy in patients exhibiting a tumor with an NRG1 
fusion [23, 24]. The patient has experienced stable 
disease at 4 months on this treatment at the time this 
report was generated. Detection of this rare actionable 
fusion using WES/RNA sequencing test provided new 
treatment opportunities for this aggressive disease with 
limited treatment options. (Figure 1) [25].

Case #2 

A 52-year-old female was diagnosed with GIST 
in 2011. She underwent surgery and was treated with 
imatinib until 2017. Subsequent tumor sequencing, using 
a panel-based test upon disease progression, demonstrated 
her known KIT exon 11 mutation (unknown). She was 
then treated in a clinical trial with ripretinib starting 
in 2017, followed by sunitinib in 2020. Upon disease 
progression, the sample was sequenced with GEM 
ExTra® which identified CDKN2A and CDKN2B 
deletions, KIT (M552_K558del), KIT (N822K), KIT 
(Q575_Y578delinsH), KIT (Y823D). KIT (Y823D) 
and KIT (N822K) are two known secondary mutations 

Table 1: Patient demographics and genomic data 
Case 
Number

Gender Age 
(years)

Diagnosis Panel Testing Result GEM ExTra® Results

1 Female 51 Metastatic malignant 
neoplasm of head of pancreas

biopsy #1: No Actionable 
Mutations
biopsy #2: CREBBP 
(E1058fs), PBRM1 (Y417fs)

VTCN1/NRG1 fusion, 
TERT (c.-124C>T)

2 Female 53 Metastatic gastrointestinal 
stromal tissue 

KIT exon 11 mutation CDKN2A and 
CDKN2B Deletions, 
KIT (M552_K558del), 
KIT (N822K),
KIT (Q575_
Y578delinsH), KIT 
(Y823D)

3 Female 53 Metastatic malignant tumor 
of sigmoid colon 

FGFR1 (H810Y), PIK3CA 
(F934S), TP53 (S127F)

KRAS (G12D)
TP53 (S127F)

4 Female 48 Metastatic malignant 
neoplasm of sigmoid colon 

KRAS WT CTNNB1 (S23_
D32delinsN)
KRAS (A146T)

5 Female 67 Metastatic adenocarcinoma of 
rectal sigmoid colon 

KRAS WT, EGFR-WT APC (Q1291*)
CDKN2A (D84N)
TP53 (V143M)
MET amplification

6 Male 66 Metastatic malignant tumor 
of colon

KRAS WT, NRAS WT, 
BRAF WT

APC (Q1290*)
FGFR1 Amplification
TP53 (R282W)
MAP2K1 (K57T)

7 Male 54 Metastatic adenocarcinoma of 
pancreas 

ATM (Y370fs) BRCA1 
(V1804D), FGFR1 exon18 
non-fusion rearrangement

ATM (Y370fs), FGFR1 
amplification, FGFR1/
G3BP2 fusion
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associated with imatinib and sunitinib resistance and 
were found to be present on different alleles of KIT [26, 
27]. Both secondary mutations were found within the 
activation loop of KIT on exon 17, demonstrating that 
imatinib and sunitinib may be resistant. Biallelic primary 
mutations have been previously characterized in GIST 
as having greater malignant potential, while biallelic 
secondary mutations have yet to be characterized [26, 27]. 
Our data highlights the heterogeneity of KIT secondary 
mutations as the main mechanism of tumor progression 
to KIT inhibitors in imatinib-resistant GIST patients. 
The GEM ExTra® results suggests that multi-tyrosine 
kinase inhibitors including: regorafenib, ripretinib, and 
pazopanib, amongst others, may be best for the patient 
(Table 2) [28]. 

Case #3

A 53-year-old female was diagnosed in 2017 with 
stage 4 primary neoplasm of the sigmoid colon which had 
metastasized to the liver. Following diagnosis, the patient 
was treated with FOLFIRI and bevacizumab. In 2018 she 
underwent sigmoidoscopy and sigmoid resection, followed 
by genomic panel testing (NeoGenomics, Fort Myers, FL, 
USA). The following was identified: FGFR1 (H810Y), 
PIK3CA (F934S), TP53 (S127F) none of which are 
targetable. To explore additional treatment opportunities, a 
GEM ExTra® test was ordered in 2019 using a new frozen 
tissue sample from the original liver metastasis. The report 
identified KRAS (G12D), TP53 (S127F), and SMAD4 
(C363Y) mutations. Presence of KRAS mutation in this 

Table 2: GEM ExTra® report results
Case 

Number
Tumor Genomic 

Alterations
Clinically Actionable

Associated Therapies Clinical Trials
1 VTCN1/NRG1 (fusion) erlotinib, afatinib, pertuzumab, trastuzumab Yes
2 CDKN2A (deletion) abemaciclib, palbociclib, ribociclib Yes

CDKN2B (deletion) None identified Yes
KIT (M552_K558del) pazopanib, regorafenib, ripretinib, dasatinib, midostaurin, 

nilotinib, ponatinib, sorafenib
Yes

KIT (N822K) regorafenib, ripretinib, avapritinib, midostaurin, nilotinib, 
ponatinib, sorafenib

Predicted non-beneficial drugs: imatinib, sunitinib

Yes

KIT (Q575_
Y578delinsH)

pazopanib, regorafenib, ripretinib; dasatinib, midostaurin, 
nilotinib, ponatinib, sorafenib

Yes

KIT (Y823D) regorafenib, ripretinib avapritinib, nilotinib, ponatinib, 
sorafenib

Predicted non-beneficial drugs: imatinib, sunitinib

Yes

3 KRAS (G12D) Predicted non-beneficial drugs: cetuximab, panitumumab Yes

TP53 (S127F) None identified Yes

4 CTNNB1 (S23_
D32delinsN)

None identified Yes

KRAS (A146T) Predicted non-beneficial drugs: cetuximab, panitumumab Yes
5 APC (Q1291*) None identified Yes

CDKN2A (D84N) None identified Yes
MET Amplification cabozantinib, crizotinib

Predicted non-beneficial drugs: cetuximab, panitumumab
Yes

TP53 (V143M) None identified Yes
6 APC (Q1291*) None identified Yes

FGFR1 Amplification regorafenib, lenvatinib, pazopanib, ponatinib Yes
MAP2K1 (K57T) binimetinib, cobimetinib, trametinib Yes
TP53 (R282W) None identified Yes

7 ATM (Y370fs) niraparib, olaparib, rucaparib, talazoparib Yes
FGFR1 Amplification lenvatinib, pazopanib, ponatinib, regorafenib Yes
FGFR1/G3BP2 Fusion lenvatinib, pazopanib, ponatinib, regorafenib Yes
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sample which was not detected by previous panel testing 
predicted resistance to the anti-EGFR monoclonal antibodies, 
cetuximab and panitumumab as per NCCN guidelines. 

Case #4 

A 48-year-old female was diagnosed with malignant 
neoplasm of the sigmoid colon in 2015. She underwent 
bowel resection and left adrenal biopsy in 2015. In 
2016 she had laparoscopic adrenalectomy and began 
antineoplastic chemotherapy. From prior panel-based 
genomic testing she was identified as KRAS wild-type 
(WT) and was treated with cetuximab to which she did 
not respond. In 2020, GEM ExTra® was performed on 
progression from an abdominal lesion and a rare activating 
KRAS (A146T) mutation was identified which leads to 
cetuximab resistance. Even though the exact panel used 
for KRAS identification is unknown, it can be inferred 
from the type of KRAS mutation and the allele frequency 
of 64%, that this mutation is most likely a truncal event 

which may have been missed by earlier testing, resulting 
in lack of response to cetuximab. Systematic review and 
meta-analysis of randomized, controlled trials (RCTs) 
evaluating anti-EGFR mAbs have reported tumors with 
rare RAS mutations outside of codons 12 and 13, and 
thus including codon 146 in genomic panels may also be 
predictive of resistance. The KRAS (A146T) mutation is 
likely an intrinsic resistance mutation which may have 
been detected in the original sample if exon 4 was tested 
[28].

Case #5 

A 67-year-old female was diagnosed with 
metastatic adenocarcinoma of rectal sigmoid colon in 
2015. She underwent bowel resection and was treated 
with FOLFOX from 2015 to 2016, bevacizumab in 
2016 to 2017, FOLFIRI with Ramucirumab in 2017, and 
FOLFIRI in the remainder of 2017. A biopsy of a new 
metastatic lesion from 2017 was sequenced using panel-

Figure 1: IGV graph. CASE#1 VTCN1/NRG1 fusion description and medical history of patient. (A) Integrated Genomics Viewer 
(IGV) snapshot displaying aligned supporting RNA paired end reads of the VTCN1/NRG1 fusion. (B) Treatment and sequencing history 
timeline. (C) Schematic drawing of the VTCN1/NRG1 fusion with expected functional domains.
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based testing (Caris, Irving, TX, USA) and no actionable 
alterations were identified. The patient was treated with 
cetuximab + FOLFIRI based on this result and remained 
progression-free for about 2 years. CT scans showed 
progressive disease and a metastatic sample from the 
hip was sequenced using GEM ExTra® testing which 
detected a high-level focal amplification of MET. While 
subtle increases in c-Met copy number can be detected 
in localized CRCs, gene amplification seems to be 
largely restricted to stage IV primary cancers and liver 
metastases [29]. MET overexpression/amplification has 
been associated with resistance to anti-epidermal growth 
factor receptor (EGFR) therapies in patients with KRAS 
wildtype metastatic colorectal cancer (mCRC) [30]. Thus, 
combining tivantinib, an inhibitor of the MET receptor 
tyrosine kinase, and cetuximab may be effective in patients 
with EGFR-resistant MET-high mCRC, [30] hence, it was 
determined that this patient could potentially benefit from 
such combination therapy. 

Case #6 

A 66-year-old male was diagnosed in 2017 with 
metastatic colon cancer and was treated with FOLFOX 
and bevacizumab in 2017, and 5-FU in 2017 to 2018. 
He also had stereotactic radiosurgery (SRS) for the liver 
lesion in 2018. Subsequent treatments included FOLFIRI 
and bevacizumab in 2018, irinotecan and cetuximab 
in 2018, and regorafenib 2018 to 2019. A biopsy of the 
original tumor was sent for panel-based genomic testing 
in 2019 which identified the tumor as KRAS WT, NRAS 
WT, BRAF WT (Caris, Irving, TX, USA). The patient was 
treated with LONSURF (Trifluridine + Tipiracil) from 
2019 to 2020 and was subsequently enrolled in a clinical 
trial. Upon disease progression, the liver metastatic lesion 
was sent for GEM ExTra® testing in 2020 which reported 
a rare activating MAP2K1 (K57T) mutation, which is a 
known mechanism of resistance to cetuximab [31]. Based 
on this information, the patient was treated with standard of 
care treatment with FOLFOX and Avastin (bevacizumab) 
and has since seen decreased lung and liver lesions. 

Case #7 

A 54-year-old male was diagnosed with 
adenocarcinoma of the pancreas and secondary neoplasm 
of the lung and liver in 2017. He was treated with 
FOLFIRINOX and had testing with FoundationOne® 
CDx (Foundation Medicine, Cambridge, MA, USA) 
which identified ATM (Y370fs), BRCA1 (V1804D), and 
FGFR1 exon 18 non-fusion rearrangement. Additional 
germline testing from Invitae was performed to categorize 
the identified ATM and BRCA1 mutations as somatic 
or germline. Invitae reported no pathogenic or VUS 
mutations. Based on the findings of the Foundation 
Report, the patient was treated with a poly adenosine 

diphosphate-ribose polymerase (PARP) inhibitor and 
progressed rapidly. This germline BRCA1 (V1804D) 
mutation has been shown using in-silico and in-vitro 
models to be neutral [32, 33].

In 2019 a metastatic sample from the liver was sent 
for GEM ExTra® testing which identified ATM (Y370fs), 
FGFR1 amplification, and an FGFR1/G3BP2 fusion 
in the metastatic tumor sample. Utilizing GEM ExTra® 
Tumor and normal WES sequencing the aligned reads 
were examined to see if the BRCA1 mutation was lost 
via clonal evolution. Surprisingly the BRCA1 (V1804D) 
was detected in both the normal and tumor samples. 
Manual investigation revealed that the BRCA1 mutation 
was benign and hence was not part of the GEM ExTra® 
report as per reporting policy. The patient most likely 
did not respond to PARP inhibitor due to the BRCA1 
mutation being benign. These findings show paired tumor/
normal analysis eliminates reporting on benign and non-
pathogenic germline variants.

DISCUSSION

NGS provides comprehensive data to inform 
potential targeted therapy, immunotherapy, and clinical 
trial options that otherwise may not be identified by 
other diagnostic technologies [34]. However, there are 
significant differences found between panel-based and 
comprehensive genomic profiling tests. In this study, 
we utilized previously developed robust comprehensive 
genomic platforms to interrogate the cancer genome, 
with the goal to determine whether the management of 
advanced, metastatic, refractory, or relapsed cancers can 
be considerably altered on the basis of the comprehensive 
assay design. Our assay, GEM ExTra®, used a combination 
of WES for both the tumor and matched normal tissue, and 
whole transcriptome sequencing for tumor profiling. We 
defined actionable events as reportable somatic alterations 
that can be targeted with the use of an existing FDA 
approved drug or an investigational compound in clinical 
trial.  The list of clinically actionable genomic targets 
is increasing and thus facilitating patients to have more 
options for FDA approved therapies as well as clinical 
trials [35]. Recent tissue agnostic drug approvals have 
expanded the repertoire of available treatments which 
provides further evidence for the use of WES/RNA tumor-
normal tests on all cancer patients with metastatic disease 
[36]. Therapies, such as larotrectinib and entrectinib, have 
been approved for patients with tumors that have NTRK 
gene fusions. Further, pembrolizumab has been approved 
for any solid tumor with a mismatch repair gene defect or 
a TMB greater than equal to 10 mut/Mb. These drugs were 
approved based on the tumor biomarker, instead of tumor 
origin in the body and can be picked up by comprehensive 
NGS profiling that captures WES and RNA seq. In this 
study, we report on seven unique cases of patients with 
advanced cancer with the goal to highlight the importance 
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of using WES/RNA sequencing with tumor-normal 
subtraction for detection of fusions, rare variants, and 
potential acquired resistance. This is especially true for 
the clinical presentation of a patient suspected of having 
tumors, both primary and metastatic, with rare alterations 
or patients that present after progressing through multiple 
rounds of approved treatments as a means of identifying 
acquired resistance mutations [37]. 

Overall, we found that all 7 patients had at least 
one alteration that was previously described as a known 
oncogenic driver. Furthermore, we found additional 
actionable alterations that are known to be acquired as a 
secondary resistance mechanism to approved therapies. 
These data emphasize that tumor heterogeneity, and 
continual evolution of the genomic landscape contributes 
to disease progression. Our data highlights that molecular 
profiling of tumor tissue obtained from a single lesion 
may not always be representative of the systemic disease. 
Further, our data sheds light on the fact that under the 
pressure of targeted treatments, tumor molecular profile 
constantly evolves, developing resistant clones and new 
molecular alterations driving disease progression. Finally, 
our data highlights the importance of comprehensive 
tumor profiling and data interpretation. The 7 patients 
described in this paper can be grouped into two major 
categories: Secondary Acquired Mutations (Case #2, Case 
#3, Case #5, Case #6) and Missed Opportunities (Case#1, 
Case #4, Case #7). 

Secondary Acquired Mutations

Case #2, diagnosed as GIST, exemplifies how 
secondary mutations arise. Treatment of GIST with 
pharmacological targeting of KIT dramatically changed 
the clinical outcome of this disease, however resistance 
occurs through secondary KIT mutations that cause 
resistance to front line imatinib. The use of tyrosine 
kinase inhibitors like sunitinib and regorafenib as second- 
and third-line therapies, respectively, after failure on 
imatinib, has demonstrated limited, although significant, 
clinical benefit in phase III clinical trials. This is most 
likely due to the heterogeneity of secondary mutations in 
imatinib-resistant GISTs. Hence, it is crucial to sequence 
the metastatic lesion and understand the biology of the 
secondary mutations. Secondary KIT mutations are known 
to arise most commonly in exons 13/14 (the cytoplasmic 
ATP-binding domain, ABD) or exons 17/18 (the activation 
loop, AL), whereas primary KIT mutations predominantly 
affect the juxta membrane domain encoded by exon 11. 
Among the approved agents in GIST, sunitinib showed 
marked activity against KIT exon 11 mutations coupled 
with a secondary mutation in exon 13, whereas regorafenib 
was only active against KIT exon 11 mutations coupled 
with secondary mutations in exon 17 or exon 18. Both 
drugs have been shown to be active against KIT exon 
11 mutations coupled with an exon 14 mutation [38]. In 

Case #2 both secondary mutations were found within the 
activation loop of KIT on exon 17 demonstrating that 
regorafenib, ripretinib, pazopanib, ponatinib, sorafenib, 
avapritinib, nilotinib or midostaurin might be the 
beneficial for the patient. Interestingly both resistance 
mutations were found on separate alleles of KIT. Biallelic 
primary mutations have been previous characterized in 
GIST as having greater malignant potential while biallelic 
secondary mutations have yet to be characterized [26, 27]. 

Our data highlights the heterogeneity of KIT secondary 
mutations as the main mechanism of tumor progression 
in response to KIT inhibitors, in imatinib-resistant GIST 
patients. 

The importance of sequencing metastatic lesions 
can also be seen in cases 3, 5, and 6. All of these patients 
had progressed on their current treatment and NGS was 
employed with the hope to elucidate potentially beneficial 
therapies and determine secondary acquired resistance 
mutation. For case #3, the KRAS (G12D) mutation was 
identified as an alteration that predicts for lack of clinical 
benefit from cetuximab and thus upon identification 
with GEM ExTra® revealed new options for the patient 
to participate in several different clinical trials with 
MEK inhibitors targeting this mutation. The use of MEK 
inhibitors is predicted to be beneficial in tumors with 
KRAS mutations [39]. However, clinical studies have 
suggested limited efficacy of MEK inhibitors in KRAS-
mutated tumors. Hence, combinations of MEK inhibitors 
with other targeted therapies have been suggested to 
address the limited efficacy observed in these tumors [40–
42]. In case #5 and case #6, two CRC patients progressed 
on standard of care regimens including cetuximab 
treatment which was based on wildtype KRAS status 
determined upon initial sequencing. The metastatic lesions 
were found to harbor MET amplification and MAP2K1 
(K57T) mutation respectively. Clinical studies have 
identified that CRC patients who develop liver metastases 
harboring MPA2K1 (K57T) were insensitive to Erbitux 
(cetuximab) treatment. Furthermore, a combination of 
Vectibix (panitumumab) and Mekinist (trametinib) caused 
tumor regression in a colorectal cancer patient harboring 
MAP2K1 (K57T) [31]. Identification of the secondary 
resistance mutation in this case enabled optimization of 
next course treatment regimen with FOLFOX and Avastin 
which caused decreased lung and liver lesions. Similarly, 
MET overexpression/amplification has been associated 
with resistance to anti-epidermal growth factor receptor 
monoclonal antibody therapies in metastatic CRC [30] and 
clinical trials are ongoing with certain MET inhibitors in 
metastatic CRC patients (NCT04963283, NCT03592641). 

Missed Opportunities

Case #7 is a prime example of the importance 
of clinical curation in NGS analysis. This patient was 
sequenced at FoundationOne using tumor only and 



Oncotarget1843www.oncotarget.com

called a BRCA1 (V1804D) mutation, among others. This 
germline BRCA1 mutation lies within the BRCT domain 
2 of BRCA1 and has been reported to be neutral using in-
silico and in-vitro models [32, 33, 43]. However, there is 
limited data suggesting that BRCA1 (V1804D) mutation 
has the potential to be transcriptionally deleterious 
[44, 45]. The variant reporting by FoundationOne resulted 
in the decision to treat the patient with olaparib, and not 
surprisingly the patient did not respond. This highlights 
the need for tumor/normal pairing and importance of 
proper interpretation of NGS findings. The comprehensive 
GEM ExTra® report filtered out the BRCA1 (V1804D) 
and instead found FGFR1 amplification and an FGFR1 
fusion which may have been driving the tumor and are 
targetable by several FGFR inhibitors.

Case #1 shows the importance of utilizing a 
comprehensive NGS assay for precision oncology. The 
patient was sequenced several times by CARIS and 
failed to identify any known drivers of pancreatic cancer. 
Over 90% of pancreatic cancers are known to harbor 
activating KRAS mutations and the other 10% have 
oncogenic fusions, BRAF mutations, Receptor Tyrosine 
Kinase (RTK) mutations/amplifications, or AKT/mTOR 
activation [46]. Sequencing of a new metastatic lesion 
using GEM ExTra® revealed a VTCN1/NRG1 oncogenic 
fusion that is most likely the driver event of the pancreatic 
cancer. In PDAC, pancreatic ductal adenocarcinoma, 
over-expression of VTCN1 has been implicated in lymph 
node metastasis and unfavorable prognosis [47]. The 
fusion partners VTCN1 and NRG1 have been previously 
characterized in literature but the exact translocation 
breakpoint is novel to this patient [48]. This driver fusion 
was missed earlier most likely due to the fixed panel-based 
testing that is designed around known fusion breakpoints. 
A recent study used TCGA data to identify fusions and 
found 4,344 recurrent fusions with 70% of those fusions 
defined as novel [49]. The diverse landscape of fusion 
biology shows that a comprehensive RNA approach like 
that found in GEM ExTra® is more applicable to detect 
rare and novel fusions than fixed fusion panels. In recent 
studies of ERBB2 inhibitor, afatinib monotherapy resulted 
in rapid and partial response in PDAC patients with NRG1 
fusion [23, 24]. Two other PDAC patients with NRG1 
fusions also demonstrated partial remission and stable 
disease upon erlotinib/pertuzumab or erlotinib/trastuzumab 
combination therapy [50]. Finally, Case #4, the exact panel 
used to classify KRAS status was not able to be elucidated 
from the electronic medical record.  Though, it is possible 
the previous panel-based sequencing only included 
the more common codon 12 and codon 13 to establish 
mutation status and therefore may have incorrectly 
classified the patient’s tumor as KRAS WT instead of 
as a KRAS (A146T) mutation positive. This mutation is 
present on exon 4 and according to NCCN Guidelines for 
CRC, patients with any known KRAS or NRAS mutation 
in exon 2, 3, 4 should not be treated with EGFR targeted 

monoclonal antibodies (cetuximab and panitumumab) 
(NCCN Guidelines, 2021). Based on current evidence, the 
KRAS (A146T) mutation is likely an intrinsic resistance 
mutation and may have been detected in the original 
sample if exon 4 was tested [21]. Earlier identification 
of this KRAS (A146T) mutation could have avoided the 
use of cetuximab and the associated toxicity the patient 
endured with no anticipated benefit. The KRAS (A146T) 
mutation is also potentially associated with better patient 
survival than KRAS WT or KRAS G12/13 mutations, 
and based on some published cases, the patient may have 
benefitted from early aggressive surgical treatment [22]. 

The distinguishing features compared to fixed 
panel tests, is that GEM ExTra® employs WES and RNA 
seq which allows a complete picture of the molecular 
alterations in a single tissue sample which avoids reflex 
testing as well as reduces the possibility of missing an 
actionable alteration. In patients where all treatments 
have failed following serial testing, utilizing the most 
comprehensive test provides more chances to identify 
rare alterations and potentially beneficial clinical trials, 
which we clearly demonstrated in these case studies. The 
described GEM ExTra® test provides physicians with a 
comprehensive, yet an easily interpretable report of the 
tumor specific genomic data along with associated FDA 
approved drugs and clinical trial options. 

Paired tumor-normal sequencing has many 
advantages to tumor only sequencing by accurately 
reporting on true somatic mutations and identifying 
potential clonal hematopoietic related mutations [50]. 
Further, tumor only sequencing approaches have been 
reported to overestimate tumor mutation burden (TMB) 
compared with germline subtraction methods. This in turn 
can result in the inappropriate categorization of tumor 
specimens into TMB high or low and negatively affect 
patient outcomes to immunotherapy [51]. 

There are several limitations to our study.  In 
some of the cases the tissue source for panel-based test 
and WES/RNA seq was not done using the same tumor 
sample which may have contributed to different genomic 
alterations found as a result of intralesional heterogeneity. 
Further, in a real-world setting, performing comprehensive 
WES and RNA seq in every single tissue sample may be 
confounded by availability of adequate material [52]. 

Our data emphasizes that tumor heterogeneity, and 
continual evolution of the genomic landscape contributes 
to disease progression. Therefore, our study joins other 
recently reported studies [53, 54]. that suggests including 
a test that interrogates tumor/normal WES as well as 
the transcriptome can provide a more comprehensive 
assessment of a patients’ tumors identifying treatment 
options unrecognized in somatic only panel testing.  In 
summary, early identification of all actionable alterations 
in advanced cancers and upon disease progression leads to 
improved targeted treatment selection, patient outcomes 
and healthcare efficiencies.
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