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Foreword

When the International Association for the Study for Lung Cancer (IASLC) was founded 50 
years ago, the vision was to create an organization to bring together people focused on under-
standing and treating lung cancer. IASLC has grown into a strong global multidisciplinary 
organization that facilitates collaborations between members and provides opportunities to 
advance the field. One of the strongest and most active committees of IASLC is the pathology 
committee, known for its incredible work in establishing the staging criteria for lung cancer 
and other thoracic malignancies and for publishing standards on key pathologic topics such 
as comprehensive testing guidelines for ALK positivity in the setting of lung cancer and 
comparing modalities to standardize PD-L1 testing. More recently, the 2020 IASLC Atlas of 
Diagnostic Immunohistochemistry summarized state-of-the-art developments in immuno-
histochemistry (IHC). This new atlas expands into the area of molecular diagnostics with a 
truly international editorial board of globally recognized experts who have guided the work 
of an incredible author list.

As IASLC has grown over the years to include prominent voices from the patient advo-
cate community, it is fitting that this atlas starts with a chapter on perspectives from the 
patient advocates, helping us to remember how knowledge in this atlas directly provides 
benefit to patients living with lung cancer.

At the heart, this book is a practical guide for physicians working in the world of lung 
cancer. One cannot discuss the evaluation of pathologic specimens without a review of best 
techniques for specimen acquisition, and thus the second chapter is of wide utility with 
perspectives from pulmonologists, surgeons, interventional radiologists, and pathologists. 
This atlas also provides a significant chapter on liquid biopsy, which is increasingly critical 
in optimal management of patients with non-small cell lung carcinoma (NSCLC), particu-
larly when tissue is scarce and difficult to obtain. The authors explore global perspectives on 
molecular testing with reference back to other published guidelines. The majority of the atlas 
is broken down by particular genes of interest including EGFR, ALK, ROS1, KRAS, and oth-
ers and emerging targets such as NRG1. The authors end with a focus on molecular-testing 
algorithms and future perspectives.

This IASLC Atlas of Molecular Testing in NSCLC is an incredible reference, putting the 
latest developments in molecular testing at the fingertips of readers. Optimal therapy of lung 
cancer requires up-to-date knowledge of the latest advances in the molecular underpinnings 
of lung cancer, as well as how to understand those alterations and their clinical relevance 
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so that information can be used to provide the best possible care for patients. This atlas is 
a concise and practical guide for all pathologists, pulmonologists, surgeons, interventional 
radiologists, medical oncologists, allied health professionals, advocates, and others working 
to provide optimal care for patients living with lung cancer.
 
—Heather Wakelee, MD, FASCO, President IASLC
Division of Oncology
Department of Medicine
Stanford Cancer Institute
Stanford University School of Medicine
Stanford, California, United States
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1Introduction
By Lynette M. Sholl, Wendy A. Cooper, Keith M. Kerr, Daniel SW Tan,  
Ming-Sound Tsao, and James Chih-Hsin Yang

Over the past 2 decades, biomarker testing for lung cancer patients has gone from nonex-
istent and of limited clinical relevance to widespread and essential for routine oncologic 
management. What has prompted this evolution from one-size-fits-all chemotherapy to 
highly tailored precision therapy? A number of insights and technical advances have fueled 
this progress, starting with the recognition that some cancers harbor alterations leading to 
uncontrolled signaling through protein kinases. What followed was the revolutionary and 
initially controversial concept of targeting tyrosine kinases with small-molecule tyrosine 
kinase inhibitors (TKIs) to halt the growth and proliferation of neoplastic cells.

The first TKI therapy in clinical use was the ABL inhibitor imatinib in patients with 
chronic myeloid leukemia (CML), a relatively genomically homogenous neoplasm driven 
by the BCR::ABL1 fusion event. This first targeted therapy was a spectacular success, with 
many patients achieving rapid symptomatic relief and long-term remission (and possibly 
even cure) with minimal drug toxicity. From here, the race was on to identify other examples 
of tumors with kinase dependencies and the therapies that could specifically interfere with 
these key kinase signaling pathways.

One factor driving the astonishing success of imatinib in patients with CML was the 
robust understanding of the structure and function of ABL, as well as the role of the onco-
genic fusion event that drove its activity in the neoplastic cells. Importantly, imatinib did not 
work in just any patient with leukemia, but only in those patients whose tumors harbored 
an ABL fusion or some other kinase-driven oncogenic event with sensitivity to this partic-
ular inhibitor. Thus, the field of rational, or biomarker-driven, cancer care was born. This 
demanded not only an accurate histopathologic diagnosis, but precise genomic characteri-
zation, thus pushing molecular diagnosis from its initial focus on diagnostic biomarkers to a 
growing focus on predictive testing to direct treatment decisions.

With these principles in mind, this atlas reflects 2 decades of extraordinary progress 
in lung cancer biomarker and drug discovery, beginning with the recognition that EGFR 
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kinase domain mutations predict responsiveness to EGFR TKIs. Today, literally dozens of 
rational therapies targeting mostly tyrosine kinases and mitogenic pathway members are 
available for lung cancer patients whose tumors harbor certain well-defined oncogenic alter-
ations (Figure 1-1; Table 1-1). This diversification of personalized, targeted treatment has 
been accompanied by demonstrable improvement in outcomes for patients receiving the 
appropriate drugs. The development of these targeted therapies was made possible in large 
part by the tremendous advances in tumor genome characterization resulting from mas-
sively parallel sequencing technologies. These technologies of scale—borrowing from the 
principles of semiconductor evolution—have driven down the cost of genomic sequencing 
by several orders of magnitude since the 1990s and permitted institutional, national, and 
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a Dates of discovery are not shown on the timeline; KRAS mutations first observed in NSCLC in 1984; BRAF mutations in 2002.
b Indicates approval in the second-line setting only.
For clinical trials supporting the first- (or second-) line regulatory approval, see references.1-8
Biomarker discovery reports are listed in the references.9-17

Figure 1-1. The timeline of biomarker-dependent US Food and Drug Administration (FDA) drug approvals in the 
first-line setting for patients with advanced NSCLC. Abbreviations: NSCLC = non-small cell lung carcinoma; TKD = 
tyrosine kinase domain.

Table 1-1. Biomarker-Driven Therapies Significantly Improve Survival of Advanced NSCLC Patients

Target Drug approval by FDA Line of therapy Median OS (m)

No biomarker Chemotherapy18 1L 8-10

EGFR (1G)19,20 Erlotinib, gefitinib 1L 21.6-35.5a

EGFR (2G)21,22 Afatinib, dacomitinib 1L 31.4-34.1

EGFR (3G)20 Osimertinib 1L 38.6

ALK fusion23-26 Crizotinib, ceritinib, alectinib, brigatinib,b lorlatinibb 1L >51

ROS1 fusion23,27 Crizotinib, entrectinibc ≥1L 51.4; 47.8b

BRAF V600E28 Dabrafenib + trametinib 1L 17.3

TRK fusion29,30 Larotrectinib, entrectinib ≥2L 40.7; NE

RET fusion31,32 Selpercatinib, pralsetinib 1L b

PD1/PD-L133 Nivolumab, pembrolizumab, atezolizumab 1L 26.3d

Abbreviations: 1L = first line; 2L = second line; FDA = US Food and Drug Administration; NSCLC = non-small cell lung 
carcinoma; OS = overall survival; TKI = tyrosine kinase inhibitor.
aPatients may have received third-generation EGFR TKI upon progression.
bImmature OS data.
cEntrectinib analysis performed on ROS1 TKI-naïve cohort.
dPembrolizumab with PD-L1 ≥50%.
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multinational efforts such as The Cancer Genome Atlas to systematically define the genomic 
and transcriptomic alterations underlying most common tumor types. At the same time, 
commercialization of both focused and comprehensive sequencing technologies has made 
tumor genomic profiling relatively accessible to cancer patients in most developed countries.

Challenges remain, however, in providing timely, accurate, and clinically relevant bio-
marker testing for patients with lung cancer. The sheer diversity of mechanisms by which a 
tumor can hijack mitogenic pathways to drive growth and proliferation requires that labora-
tories develop and validate a host of strategies targeting DNA, RNA, and/or protein to ensure 
complete biomarker testing.

This diversity is exemplified by genes that undergo rearrangement (ALK, ROS1, RET, 
NTRK1-3, NRG1, and others) or acquire intragenic “fusions” driven by aberrant splicing 
(MET). At the DNA level, rearrangements typically result from breakages in the intronic 
DNA. These “breakpoints” are unpredictable and occur across a broad region of the genome, 
confounding detection in the DNA. In contrast, the oncogenic products of these rearrange-
ments give rise to highly reproducible fusion transcripts, facilitating their detection from 
tumor RNA. While the diversity of mutagenesis may be more limited in those genes prone to 
single nucleotide variants or small insertion deletions (EGFR, KRAS, BRAF, ERBB2), novel or 
rare mechanisms of oncogenic activation continue to be discovered, requiring expert molec-
ular genetic annotation. The “real-time” discovery that comes with routine sequencing of 
patient samples requires an integrated strategy for reporting that today often takes the form 
of multidisciplinary meetings, where the pathologist, oncologist, proceduralist, and entire 
patient care team can leverage biomarker data to guide management (see Figure 2-2).

Despite evidence that treatment with most targeted therapies leads to the best clini-
cal outcomes when given in the first line, many patients still receive chemotherapy and/
or immunotherapy before targeted therapy, even with approvals for use of the latter in the 
first-line setting. The failure to employ targeted therapies can be attributed in part to lack 
of biomarker testing and/or delays in receipt of timely biomarker results. Biomarker testing 
from tissue is frequently complicated by limited tissue quality or quantity; while this chal-
lenge can be overcome in part by active communication between proceduralist and pathol-
ogist during tissue acquisition, this requires a measure of coordination and expertise that is 
not available in all environments.

The increasing reliability and sensitivity of circulating tumor DNA testing derived from 
patient plasma has both improved access to and decreased time to biomarker results. This test-
ing is not available in all regions of the world, however, and can be difficult to access because 
of economic constraints even when technically available. Furthermore, this approach does 
not, alone, reliably cover all of the required biomarkers and has sensitivity that is limited by 
the extent of tumor DNA shed into the circulation. This points to the critical role of advocacy 
to demand better access to reliable testing and targeted therapies across the globe.

Last but not least, in this IASLC Atlas of Molecular Testing for Targeted Therapy in Lung 
Cancer, we have used the terms “molecular,” “biomarker,” “molecular biomarker,” and “pre-
dictive biomarker” somewhat interchangeably in the context of targeted therapy in lung can-
cer. Despite the fact that each of these terms may have more specific and slightly different 
meanings, and notwithstanding a recent proposal to harmonize the terminologies to “bio-
marker testing,”34 they are frequently used in a synonymous fashion. The term “mutation 
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testing” has more specific meaning than biomarker/molecular testing, as it tends to be used 
for tests at the gene level, while biomarkers or molecules may include genes and/or proteins. 
Ideally, a consensus will be reached in the future on terms that are ubiquitously accepted and 
understood by all stakeholders who may benefit from this atlas.

It is our hope that this atlas, authored by international experts in lung cancer diagnostics 
and treatment, will help a broad audience understand the foundations of molecular abnor-
malities in lung cancer that help direct targeted therapy used in patients with non-small cell 
lung carcinoma today.
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2Clinical Relevance of Biomarker Testing 
in Lung Cancer
By Benjamin J. Solomon, Paul J. Hesketh, Lyudmila Bazhenova,  
Shani Shilo, and Lecia V. Sequist

Concept of Personalized Therapy for Lung Cancer
Why is accurate, timely, and complete biomarker testing so critical for the optimal care 
of patients with non-squamous non-small cell lung carcinoma (NSCLC)? In short, this is 
because evidence-based recommendations for treatment at nearly every stage and situation 
in this disease rely heavily on tumor biomarker knowledge to prioritize and personalize the 
myriad treatments available to improve outcomes for patients with NSCLC. Over the last 15 
years, the paradigm of testing an NSCLC for driver mutations at the time of initial diagnosis 
has evolved from an experimental to a standard requirement for patients with metastatic 
disease and is becoming standard care for all disease stages. Simultaneously, the number 
of genes that must be tested to optimize treatment recommendations has expanded from 
mutations in a single gene to a large and ever-expanding list, and multiple platforms and 
technologies have been developed for testing both tumor tissue and plasma for circulating 
tumor DNA (ctDNA).

Since the early 2000s, the identification of oncogenic genomic alterations in NSCLC and 
the development of targeted therapies designed to block the oncogenic driver has enabled indi-
vidualized treatment and transformed outcomes. Although their frequency varies between 
Asian and Western populations, potentially actionable molecular targets can be identified in 
most lung adenocarcinomas (Figure 2-1). Effective therapies now exist to treat tumors with 
specific mutations in EGFR, MET, BRAF, ERBB2 (HER2), and KRAS as well as oncogenic 
fusions involving ALK, ROS1, RET, and NTRK1-3 (Figure 2-2; Table 2-1). Comprehensive 
mutational testing and biomarker-directed therapy have enabled delivery of personalized 
medicine for NSCLC and improvements in clinical outcome.
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Development of Targeted Therapy for NSCLC: Historical Perspective
The first breakthrough was the discovery of EGFR mutations in lung cancer in 2004. At 
that time, testing of novel EGFR-blocking tyrosine kinase inhibitors (TKIs) revealed that 
although most lung cancer patients did not benefit from this therapy, a few had dramatic 
benefit with rapid and durable responses.2-5 Further study of the tumors from the extraordi-
nary responders uncovered mutations in the EGFR tyrosine kinase domain that conferred an 
“oncogene-addicted” biology in which the survival of the cancer was uniquely dependent on 
signaling from the EGFR pathway and could therefore be uniquely corrupted by therapeutic 
inhibition of this pathway.6,7 The IPASS study demonstrated that the best outcomes resulted 
from selecting patients based on detection of EGFR mutations in their tumors, rather than 
on the basis of clinical characteristics, and starting therapy with EGFR TKIs in the first-line 
setting (Table 2-1).8,9 These findings have been subsequently confirmed in multiple other 
studies.10-13

These studies demonstrated improvements in response rate and progression-free sur-
vival, as well as survival improvement compared to historical controls.14 Overall survival 
advantage has been more challenging to demonstrate in frontline trials of gefitinib or erlotinib 
versus chemotherapy in EGFR-mutated NSCLC, likely due to crossover.15 Second-generation 
compounds have been developed including afatinib16 and dacominitib17 that show improved 
efficacy and survival advantage over first-generation TKIs in some populations, albeit with 
additional toxicity. The third-generation TKI osimertinib has demonstrated increased 
efficacy, including improved survival with reduced toxicity compared to first-generation 
TKIs,20,21 establishing a new standard of care for first-line treatment of newly diagnosed 
patients with EGFR mutations. Most recently, osimertinib became the first targeted therapy 

NTRK rearrangement (0.23%)
RET rearrangement (1.7%)

BRAF V600E mutation (2.1%)

HER2 exon 20 insertion mutation (2.3%)

ROS1 rearrangement (2.6%)

MET exon 14 mutation (3%)
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Figure 2-1. Frequency of oncogenic drivers in NSCLC (Source: Tan and Tan 2022,1 copyright © 2022, by the 
American Society of Clinical Oncology. Published by Wolters Kluwer. All rights reserved.)
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approved by the US Food and Drug Administration (FDA) in the adjuvant setting given its 
demonstrated improvement in disease-free survival.43

This concept of tumor-informed therapy received further validation in NSCLC drug 
development and clinical practice after the second oncogenic driver—ALK gene fusion—was 
described in lung cancer in 2007.44 Serendipitously, a phase 1 first-in-human trial of crizo-
tinib, a novel multikinase TKI that was developed to inhibit MET but known also to inhibit 
ALK and ROS1 had just begun.45 The trial design rapidly pivoted focus from MET to iden-
tifying and enrolling patients whose tumors harbored ALK rearrangements by fluorescence 
in situ hybridization (FISH), and this trial and subsequent phase 3 trials showed significant 
efficacy and improvements in outcomes compared to standard chemotherapy.22,45,46 Within 
4 years, crizotinib received FDA approval as the first drug to be studied and approved in a 
genotype-specific manner. The rapid and successful development of crizotinib set the stan-
dard for targeted drug development that continues today.

Newer-generation ALK TKIs have been developed including ceritinib, alectinib, briga-
tinib, ensartinib, and lorlatinib with increased efficacy and better central nervous system 
(CNS) penetration.23,24,26,27,47 Four of these newer-generation compounds (alectinib, briga-
tinib, ensartinib, and lorlatinib) have shown improved efficacy over crizotinib in phase 3 
clinical trials, raising the bar for first-line therapy for ALK-rearranged NSCLC. These tar-
geted therapies have improved outcomes compared with historical controls48 and resulted in 
unprecedented survival rates with median survival in excess of 5 years.25

Subsequently, there has been rapid development of kinase inhibitors directed at BRAF 
V600E mutations,38 MET exon 14 skipping mutations,36,37 as well as ROS1,28,29 RET,30,31 and 
NTRK1-332,33 gene rearrangements. Approvals for these therapies have largely been based 
on results of single-arm phase 1 or 2 trials, demonstrating high response rates in tumors 
with the specific oncogenic target, without accompanying phase 3 trials, largely because of 
the limitations of conducting large randomized clinical trials in rare populations with these 
uncommon targets. Utilization of novel targeting strategies, such as bispecific antibodies 
and antibody drug conjugates, has extended the spectrum of actionable oncogenes to include 
EGFR exon 20 mutations41,42 and HER2 mutation.34 And though mutations in the KRAS 
guanosine-triphosphate hydrolase (GTPase) have been historically challenging to target,49 
the KRAS G12C inhibitor, sotorasib, was approved by FDA in May 2021,39 and subsequently, 
adagrasib was approved in this indication in December 2022 on the basis of response rates in 
previously treated NSCLC patients.40

Resistance to Targeted Therapy
Acquired resistance will ultimately develop and limit the efficacy of targeted therapies. 
Common themes in targeted therapy resistance are on-target aberrations in the inhibited 
pathway and off-target resistance via acquisition of bypass tracks or histologic transforma-
tion to small cell or squamous cell carcinoma. Postprogression biopsies can help understand 
mechanisms of resistance and guide postprogression therapy in some instances. Mechanisms 
of resistance in the context of different oncogenic drivers is discussed in greater detail in the 
gene-specific chapters in this atlas.
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Outcomes of Biomarker-Directed Therapy in Lung Cancer Patients
The availability and utilization of targeted therapies has improved outcomes for patients with 
advanced NSCLC. Reductions in US population-level mortality and improvements in sur-
vival after NSCLC diagnosis between 2013 and 2016 coincided with approvals for EGFR and 
ALK TKIs.50 Large-scale regional and national molecular testing programs in the United 
States51 and Europe52,53 demonstrated the feasibility of testing for multiple molecular driv-
ers in large populations and the value of directing patients identified as having molecular 
alterations to the appropriate targeted therapy. The US Lung Cancer Mutation Consortium 
analyzed tumors from 733 patients for 10 genes and was able to identify a potentially targe-
table driver mutation in 64% of cases. Outcomes were improved for patients with an onco-
genic driver who received a targeted agent (n = 260, median survival 3.5 years) compared 
to patients with a driver who did not receive targeted therapy (n = 318, median survival 
2.4 years).51 A French nationwide program identified molecular alterations in about half of 
17,664 NSCLC patients tested over a 1-year period with a 6-gene panel,52 and improvements 
in outcomes were noted, including response rates, progression-free survival, and overall sur-
vival in patients found to have actionable genomic alterations. Similarly, a German study 
involving 5145 patients demonstrated genotyping of tumors was feasible and associated 
with improved survival outcomes for patients with EGFR mutations or ALK rearrangements 
who received the appropriate targeted therapy.53 A real-world analysis of 4064 US NSCLC 
patients using the Flatiron electronic database linked with standard-of-care genomic profil-
ing found that patients whose tumors harbored a driver alteration and were treated with an 
appropriate targeted therapy (n = 575) had improved overall survival compared to those who 
did not have a driver alteration (n = 560) (median, 18.6 months vs 11.4 months; P < 0.001).54

Barriers to Biomarker Testing
Several barriers to clinically appropriate biomarker testing have been identified.55-59 
Although the relative impact of each barrier varies by geographic locale (developed vs 
developing countries or rural vs metropolitan) and care setting (community vs academic), 
there has been a remarkable consistency across settings in the key factors. One of the most 
comprehensive surveys assessing barriers to testing in a global setting was conducted by 
the International Association for the Study of Lung Cancer.59 Five factors were identified 
common to all locales. Most frequent in every geographic region was cost. Tissue quality 
(sample inadequacy, suboptimal handling) was also a major limiting factor. Additional fac-
tors included access to testing (single gene vs single broader panel), prolonged turnaround 
times, and awareness (familiarity with guidelines and difficulties in interpretation of results). 
In addition, in developing and middle-income countries, lack of access to various targeted 
agents provides an important disincentive to pursue biomarker testing.60

Potential solutions to address these issues include the use of reflex testing protocols; 
optimizing the interaction between providers obtaining the tumor samples, pathologists, 
and medical oncologists; case review by multidisciplinary tumor boards; and improving 
turnaround times by the increasing utilization of plasma-based ctDNA testing. Given the 
rapid evolution of multiple new potentially treatable molecular targets, enhanced provider 
education efforts, particularly directed at community and non-thoracic-focused providers, 
could potentially optimize molecular testing efforts.56 A survey conducted by the American 
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Society of Clinical Oncology showed that generalists ordered biomarker testing significantly 
more frequently for their patients with squamous NSCLC compared to thoracic specialists 
despite the relative dearth of targetable oncogenes in this tumor type. Further, they were 
less likely to defer treatment with nontargeted therapies while waiting for biomarker results 
when compared to specialist oncologists despite the demonstrated benefits of using targeted 
therapies in the first-line setting.56

Impact of Not Testing
The value of performing timely and precise biomarker testing to guide treatment decisions in 
advanced NSCLC is well recognized. The 5-year survival rates for patients receiving targeted 
or immunotherapies range between 15% and 50% depending on the biomarker, compared 
to a historical rate of approximately 6% with cytotoxic chemotherapy.62 Recently, 2 studies 
have reinforced the impact of adherence to biomarker testing guidelines on outcomes in 
NSCLC.62,63 John et al retrospectively studied a cohort of 28,784 patients with advanced 
NSCLC drawn from 280 US cancer clinics.62 Two-thirds of these patients had National 
Comprehensive Cancer Network (NCCN)-recommended biomarker testing (adherent 
group). Improved clinical outcomes, including lower risk of mortality and longer median 
survival was observed in the adherent group compared to the patients’ not undergoing 
biomarker testing (nonadherent group). The impact of a molecular tumor board (MTB) in 
helping to overcome the many barriers to obtaining and applying appropriate biomarker 
testing was demonstrated in a study conducted at the University of Kentucky,63 where cases 
reviewed by the MTB had better survival outcomes than propensity-matched controls with-
out MTB review (hazard ratio [HR], 8.61; P < 0.0001).

While the role of biomarker testing in earlier stages of disease has been less well defined, 
the approval of adjuvant osimertinib in resected EGFR mutation-positive NSCLC43 and the 
efficacy of neoadjuvant and adjuvant immune-oncology drugs in patients whose tumors are 
negative for EGFR and ALK has established the essential role of biomarker testing in this 
setting as well.

Patient Advocate’s Perspective
The new era of personalized medicine has provided renewed hope and optimism to lung 
cancer patients and their family caregivers. Biomarker testing is crucial for determining the 
optimal personalized treatment to achieve the best possible outcomes. From the patient or 
care provider point of view, there are several important considerations.

Access, Cost, and Equity
Although, in many countries, biomarker testing is routine and covered by the health sys-
tems upon diagnosis, this is not universally the case. There are significant differences 
between Western/Northern and Eastern Europe, for example, as described in the Lung 
Cancer Europe (LuCE) position paper64 and major disparities within countries according 
to race.65 Moreover, repeated biomarker testing to examine mechanisms of acquired resis-
tance to targeted therapy may not be reimbursed by health systems, forcing patients to incur 
out-of-pocket expenses to access subsequent targeted options.
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Education and Hope
The impact of identifying an actionable driver mutation may be tremendous—sometimes 
this literally represents the difference between life and death. However, many lung cancers 
do not carry an oncogenic driver, and for some, the genetic alterations found on testing do 
not yet have corresponding available targeted therapies. It is critical that patients and their 
families receive counseling at the time of molecular testing that covers the range of possi-
ble results, the significance of potential findings and the limitations of testing. Managing 
patients’ and families’ expectations is crucial. In addition, interpretation of molecular pathol-
ogy reports can be challenging, and support should be readily available. Understandable 
educational material available online or in paper format from patient advocacy, professional, 
and educational organizations plays an important role, especially in helping those who may 
not have been offered molecular testing by their provider to advocate for the necessary tests. 
Furthermore, there are digital social communities where patients and families share experi-
ences and learn from each other, providing support and hope. Medical providers can help by 
directing newly diagnosed lung cancer patients toward these resources.

Conclusion
Current diagnosis and treatment of NSCLC relies heavily on timely, well-integrated, and 
thorough tumor biomarker testing as well as appropriate utilization of available therapies. 
This atlas is a comprehensive reference to enable readers to provide the optimal personalized 
therapeutic approaches for patients with lung cancer.
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3Specimen Acquisition and 
Pre-Analytical Considerations

Patients with lung cancer can present in a variety of ways and may have early or advanced-stage 
disease involving different sites. Regardless of their presentation, optimal treatment requires 
tissue acquisition for diagnosis and, in many instances, molecular characterization to direct 
optimal therapy. This chapter reviews the complementary roles of pulmonary physicians, 
radiologists, and surgeons in tissue acquisition and the pre-analytic variables that impact 
optimal pathologic assessment and molecular characterization of a patient’s tumor.

Pulmonologist’s Perspective
By Emily Stone and Kwun M. Fong
The time when pulmonologists only needed to obtain diagnostic specimens to confirm 
malignancy and distinguish small cell lung carcinoma (SCLC) from non-small cell lung car-
cinoma (NSCLC) is long gone. Procuring adequate diagnostic tissue for molecular character-
ization in the safest possible way is now a priority, particularly for NSCLC.1 Every sampling 
procedure should maximize yield, as tissue truly remains the issue for both histopathologic 
diagnosis and ancillary molecular characterization notwithstanding the utility of liquid 
biopsy in some settings.2-8

Optimal tissue acquisition is a crucial pre-analytic factor for biomarker analysis whether 
single gene testing, small panel, or comprehensive next-generation sequencing (NGS) 
genomic profiling is utilized.9-11 Best practice aims to obtain sufficient tissue for relevant 
histopathologic and molecular testing in the safest, most effective, and affordable way, noting 
global barriers for biomarker testing.12-14

This can be challenging in lung cancer, particularly with smaller and/or inaccessible 
lesions; with patient comorbidities, such as severe lung disease; or in the setting of advanced- 
stage presentation contraindicating surgical resection specimens, which provide more tissue 
than minimally invasive bronchoscopic biopsies, needle aspiration, and core biopsies.15



22 IASLC ATLAS OF MOLECULAR TESTING FOR TARGETED THERAPY IN LUNG CANCER

Flexible Bronchoscopy
Conventional flexible bronchoscopy has a high diagnostic yield for central lesions and a low 
yield for smaller, peripheral lesions. Newer technologies, including navigation bronchos-
copy, endobronchial ultrasound (EBUS), and ultrathin and robotic bronchoscopy, enhance 
bronchoscopic reach together with modern sampling tools, for example, flexible and core 
needles, along with tunneling tools that are changing this paradigm.16-22 The traditional use 
of bronchoscopy for central lesions and transthoracic approaches for peripheral lesions is 
being challenged as these advanced bronchoscopy techniques improve diagnostic yield for 
central and peripheral lesions with the additional ability to sample nodes in the same proce-
dure with lower risk of pneumothorax (Table 3-1).23

For endobronchial and transbronchial approaches, 5 endobronchial/transbronchial for-
ceps biopsies have been recommended with an additional 5 forceps biopsies or 2 cryobiopsies 
considered to maximize tissue acquisition, with the latter reported to have a higher diagnos-
tic yield but with a higher complication risk, particularly bleeding.11,24

Lesions visible either bronchoscopically or imaging-wise (EBUS, fluoroscopy, cone beam 
computed tomography [CT]) can also be sampled with a conical bristle-brush of the lesion; 
smeared onto a slide for cytology and shaken vigorously in saline to dislodge cells that are 
pelleted by centrifugation into a cell block.25 One study suggested brushings showed simi-
lar adequacy to biopsies for immunohistochemistry (PD-L1, ALK, ROS1) and NGS (EGFR, 
KRAS, BRAF).26

Bronchial washes provide cytology specimens and cell blocks, albeit any shed tumor 
cells are diluted by other cell types and debris. Washes can be used to detect somatic muta-
tions, aberrant methylation, and PD-L1 staining but are relatively untargeted and limited by 
a low proportion of tumor cells in many instances. More targeted bronchoalveolar lavage 
requires a guide sheath navigated through the bronchoscope to the lesion.27-29

Transbronchial needle aspiration (TBNA) can be performed without EBUS. Modern 
EBUS-guided TBNA significantly improves the diagnostic yield for sampling of central 
lesions and mediastinal and hilar lymph nodes, and radial EBUS is increasingly imple-
mented for sampling peripheral lesions.14,25,30,31 TBNA samples can be smeared on a slide 
and made into a cell block suitable for histopathologic and molecular analyses.32 Larger 

Table 3-1. Commonly Used Bronchoscopic Approaches and Sampling Tools for Lung Cancer Tissue Acquisition

Tumor characteristics Modality Sampling tool

Central or endobronchial tumor Bronchoscopy Endobronchial biopsy

Cryobiopsy

Brushing

Washes/bronchoalveolar lavage

Peripheral tumor Ultrathin bronchos-
copy

Radial EBUS

Transbronchial biopsy

Transbronchial cryobiopsy

TBNA

Transbronchial brushing

Washes/(targeted) bronchoalveolar 
lavage

Mediastinal tumor or extrinsic tumor/lymph node 
adjacent to airway

Linear EBUS TBNA

Abbreviations: EBUS = endobronchial ultrasound; TBNA = transbronchial needle aspiration.
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19-gauge TBNA needles may procure “cores,” although they often consist of clotted blood 
with entrapped tissue fragments.33 Careful coordinated multidisciplinary stewardship of all 
of the precious samples is vital for optimal diagnosis and molecular profiling.34

Rapid onsite evaluation (ROSE) is recommended to ensure that TBNAs and other EBUS 
samples are adequate for molecular testing. ROSE, however, requires additional resources 
of a cytopathologist/technologist in the procedural room to confirm the presence of tumor 
cells and sampling adequacy/yield.33,35-37 When undertaking EBUS TBNA without ROSE, a 
minimum of 3 and up to 5 passes has been suggested.11

Navigation Bronchoscopy
Technological advances have led to novel ways to guide the bronchoscope to the target. 
Navigation systems, which include virtual bronchoscopic navigation (VBN) or electromag-
netic navigation (EMN), use 3-dimensional fly-through images of the anatomic bronchial 
route to the target and are mainly for peripheral lung lesions.18,19,25,38-40

Ultrathin Bronchoscopy
Ultrathin bronchoscopes can reach more distal airways (fifth- vs fourth-generation airway) 
than conventional bronchoscopes. They provide a greater diagnostic yield for peripheral 
lesions because of a disproportionately large working channel of 1.7 mm, allowing a small 
radial EBUS probe and multi-tool sampling.25,41,42

Robotic Bronchoscopy
Another innovation is robotic bronchoscopy for both tissue acquisition and potential ther-
apy. Two commercial systems are currently available. Advantages include navigation, ability 
to hold position, improved articulation, and maneuverability; however, high cost may be a 
barrier to its widespread adoption.21,43,44

Sample Preservation and Transfer
Bronchoscopic specimens are typically collected in normal saline or formalin for interde-
partmental transfer, consistently practiced globally. Nonetheless, alternatives are emerging 
to overcome the negative impact of formalin fixation on nucleic acid quality, for example, 
non-cross-linking fixatives.45 As RNA-based testing is increasingly used, RNA-preserving 
reagents may help address the challenge of RNA degradation.46

Conclusion
Personalized medicine critically relies on tumor tissue acquisition of sufficient quantity and 
quality for molecular testing, which is particularly challenging in lung cancer where diagnostic 
samples are mostly small. For ancillary testing, procuring biopsies or cell blocks where possible 
will increase the chance of sufficient tumor cells. Pulmonologists need to optimize current tech-
niques and learn new bronchoscopy skills to ensure that samples provide the requisite quality 
and quantity of tumor cells for histopathologic diagnoses and molecular testing.30,47 Informative 
multisociety and evidence-based guidance will need regular updates to address the rapidly evolv-
ing needs. Nonetheless, there is parallel progress in advanced bronchoscopy practice,48,49 such 
that the dilemma of testing “more with less” can evolve to testing “more with more.”50
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Interventional Radiologist’s Perspective
By Ritu R. Gill and Apoorva Gogna
Image-guided percutaneous transthoracic needle biopsy (TTNB) forms the standard of care 
in the diagnostic evaluation of lung nodules and masses, with a high diagnostic accuracy for 
both benign and malignant etiologies, with a pooled sensitivity and specificity of 0.95 and 
0.99, respectively.51,52 CT is the preferred image guidance method for image-guided biop-
sies and allows safe sampling of superficial and deep lesions while minimizing morbidity 
by limiting needle passage through aerated lung and helping to avoid vessels, fissures, and 
bullae.53 Ultrasound can be used for lesions without lung interface as well as chest wall- 
and pleural-based lesions.54,55 Fluoroscopy and intraoperative C-arm can also be used for 
image-guided biopsies56,57 but play a limited role in tissue procurement for diagnosis and 
molecular profiling. Both fine-needle aspiration (FNA) and core needle biopsy (CNB) are 
used to obtain specimens for diagnosis and molecular characterization.53,58 The accuracy for 
diagnosis and molecular profiling of lung cancer using image-guided biopsies ranges from 
75% to 92%.52,59-64 As many patients with lung cancer are not surgical candidates, it is import-
ant that sufficient material is obtained for both diagnostic purposes and molecular profiling.

Pre-Procedure Assessment
Patients referred for image-guided biopsy originate from many services including thoracic 
surgery, pulmonology, oncology, and general practice, including patients with indeterminate 
lesions and those with known lung cancer. Any request for a lung biopsy should prompt the 
radiologist to review the available imaging, usually a CT with contrast; plan the approach; 
and schedule the patient for the procedure. Fluorine-18-fluorodeoxyglucose positron emis-
sion tomography (18 FDG-PET) CT can be helpful in lesion selection especially in the event 
of a previous nondiagnostic biopsy but is not necessary prior to the procedure. The eligibility 
criteria for biopsy include a lesion preferably greater than 1 cm and a trajectory accessible 
by image guidance. Hypervascular lesions or presence of unavoidable vascular structures in 
the trajectory are a contraindication to image-guided biopsy (Figure 3-1). Centrally located 
lesions, uncorrectable coagulopathy, and presence of severe pulmonary hypertension are 
also exclusion criteria.

 
Figure 3-1. Large vessels within the lesion are a relative contraindication for biopsy.
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Biopsy Procedure
TTNB is usually an outpatient procedure, with most patients discharged within a few 
hours of the biopsy. The procedure may be performed under only local anesthetic or under 
intravenous conscious sedation, and appropriate arrangements are required (fasting, care 
postprocedure, etc).

The standard operating procedures of TTNBs include patient positioning in the supine, 
prone, or lateral decubitus position based on the preprocedural evaluation; placement of a 
superficial marking grid; and limited CT scan of the area of interest to plan the shortest biopsy 
route. Intravenous conscious sedation (IVCS), using titrated incremental doses of fentanyl 
and midazolam, is administered according to the physician and patient preference. After the 
chosen entry site is prepared and draped in a sterile fashion, local anesthesia is administered. 
The biopsy needle is then inserted into the target lesion using intermittent, operator-controlled 
CT fluoroscopy to confirm needle position before obtaining tissue samples.

The decision whether to perform FNA and/or CNB, the size of the CNB needle used, and 
whether to use a coaxial introducer system are determined by the performing radiologist 
based on individual patient and lesion factors (Figure 3-2), as well as the indication for biopsy 
(pathologic diagnosis vs genomics vs trial protocol). FNA samples are generally obtained 
with a 22- to 24-gauge 15/9-cm needle, and core needle specimens can be obtained with 
either an 18- or 20-gauge automated cutting biopsy needle with needle lengths ranging from 
6 to 20 cm and core lengths of 1 or 2 cm. The size and model of the CNB used can be chosen 
by the performing radiologist based on the individual case and physician preference. The 
presence of an onsite cytologist can help determine adequacy of the specimen using rapid 
onsite evaluation. Three or more fine needle passes typically yield enough tissue for diagno-
sis and molecular profiling. Similarly, at least 3 core biopsy specimens are generally recom-
mended to enable diagnosis and molecular profiling, although not all specimens will have 
sufficient material. Bone lesions require special consideration as described in the “Tissue 
and Cytology Samples—Pathologist’s Perspective” section. Other than steps required in the 
pathology laboratory, sampling of any soft tissue components and collection of washings 
from the bone sampling instruments is recommended (Figure 3-3).

Figure 3-2. Fine-needle aspiration biopsy is more suitable than core 
needle biopsy if the lesion is small and close to major vessels or cysts as 
seen in these computed tomography (CT) images.
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Immediately after the procedure, a chest radiograph or CT thorax is performed to assess 
for complications including pneumothorax and hemorrhage. Outpatients are then moni-
tored for at least 2 hours in an observation unit with a chest x-ray obtained before discharge 
to assess for delayed pneumothorax and/or hemorrhage. Inpatients are returned to the ward 
for monitoring, with a post-procedure x-ray to be obtained at 2 hours. Patients with signifi-
cant complications, for example, a pneumothorax requiring chest tube placement, are hos-
pitalized for further management and observation, as deemed clinically appropriate by the 
interventional team.

Biopsy Complications
Most frequently reported complications in TTNB are pneumothorax and hemorrhage, 
with reported pneumothorax and chest tube placement rates of 12% to 45% and 2% to 15%, 
respectively52,64,65 (Figure 3-4). Degree of emphysema, longer needle path, needle gauge, 
dwell times, and crossing a fissure increase the odds of pneumothorax by a factor of 3.7.66 
The reported rates of pulmonary hemorrhage post-TTNB vary from 8% to 65%,67 and severe 
cases of bleeding may require embolization or surgical intervention. Rare complications, 
such as air embolism and death, have been reported.68

Biopsies may be nondiagnostic, and all cases of insufficient specimens should be reviewed 
and rebiopsy considered only after re-review of images (Figure 3-5). The need for an alternate 

Figure 3-3. The left lateral chest wall lesion (yellow circle) is more suitable for genomic profiling than the left 
anterior rib metastases (red circle). Decalcification of bone metastases, if required, renders the tissue subop-
timal for genetic evaluation.
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strategy, additional imaging, or an alternative approach (such as transbronchial) should be 
considered on a case-by-case basis.

Conclusion
Image-guided biopsies are a safe and effective method for acquiring tissue for lung cancer 
diagnosis and molecular profiling with a low complication rate. CT guidance is the main-
stay for image-guided biopsies and for patients undergoing rebiopsy. A multidisciplinary 
approach is key to optimal patient management as lesions that are more appropriate for 
endobronchial or transbronchial biopsies should be referred to interventional pulmonology. 
Effective communication and labeling of specimens are also needed to ensure that clinically 
relevant information is relayed to the reporting pathologist to enable appropriate tissue man-
agement for diagnosis and molecular testing (Table 3-2).

(A) (B) (C)

Figure 3-4. (A) Computed tomography (CT)-guided transthoracic needle biopsy (B) complicated by left 
pneumothorax post biopsy. (C) Pigtail catheter placement to treat pneumothorax.

(A) (B) (C)

Figure 3-5. (A) Pre-procedure left upper lobe lesion for re-biopsy. (B) On the day of the procedure, a large 
pleural effusion obscures the lesion. (C) Following drainage of the effusion and submission for cytology, a 
core biopsy of the lesion is also taken to ensure adequate material for diagnosis and molecular profiling.

Table 3-2. Key Considerations in Radiologically Guided Specimen Acquisition

• Transthoracic needle biopsy (TTNB) is a safe and effective method of obtaining sufficient tissue for genomic 
profiling.

• Standardized institution-based protocols detailing the workflow from a review of the images to acquiring the 
specimen, clear labeling and transport to pathology, and closed-loop communication are vital in improving the 
procedure yield for molecular profiling.

• Core biopsies are generally preferred for molecular profiling; however, if only fine-needle aspiration (FNA) is possible, 
3 or more passes should be attempted.

• Malignant pleural fluid, if aspirated at the time of biopsy, should also be submitted for analyses.
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Thoracic Surgeon’s Perspective
By Jessica S. Donington and Paul E. Van Schil
Introduction
Ideally, biopsies are minimally invasive and, in a single procedure, establish diagnosis and 
stage, while providing adequate tissue for molecular analysis. For this reason, the lung is 
rarely the ideal biopsy site for locally advanced or metastatic NSCLC. Percutaneous and 
endoscopic needle biopsies are the most common source of diagnostic tissue in NSCLC, but 
not all lesions are amenable to these approaches. When a thoracic surgical biopsy is required, 
minimally invasive procedures are preferred, and thoracotomy for tissue acquisition is no 
longer appropriate in most circumstances. Thoracic surgery biopsies for NSCLC fall into 
3 broad categories: lymph node, pleural, and parenchymal biopsies. Tissue obtained from 
anatomic resections of early stage disease can also be used for molecular testing to direct 
adjuvant treatment or treatment upon disease progression.

Lymph Node Biopsies
Tissue acquisition from mediastinal or hilar nodes is typically performed by EBUS. This 
has largely replaced mediastinoscopy because of its minimally invasive features and ability 
to reach lymph nodes within the lung hilum.69 Mediastinoscopy still has some indications, 
primarily for diagnosing lymphoma and following a nondiagnostic EBUS. Biopsies obtained 
at mediastinoscopy are larger than those obtained at EBUS, and therefore adequacy of tissue 
for molecular analysis is rarely an issue, but communication with the pathologist is essential 
to assure tissue is reserved for molecular analysis in cases where frozen section is requested. 
Classically, mediastinoscopy can access lymph nodes at stations 4R, 4L, and 7, but hilar 
nodes and aortopulmonary (PA) window nodes are not routinely reached.

Isolated station 5 or 6 lymph node involvement from left upper lobe tumors is within 
the purview of the thoracic surgeon. EBUS biopsy at this location requires a needle tra-
versing the pulmonary artery, and while reported, has not been widely adopted. Similarly, 
mediastinoscopy can only reach these stations through an extended procedure described by 
Ginsberg et al in 1987, but never broadly adopted.70 Surgical access to the PA window can 
be via anterior mediastinotomy (Chamberlain) procedure or left minimally invasive surgery, 
using video-assisted thoracoscopic surgery (VATS) or robotic-assisted thoracoscopic surgery 
(RATS). The advantages of the Chamberlain procedure are that it does not require single 
lung ventilation and is typically performed without chest tube and as an outpatient proce-
dure. But the incision is painful and unsightly and visualization within the chest is limited. 
Chamberlain procedures have therefore largely been replaced by a left-sided VATS or RATS 
approach to PA window biopsies. These typically require single lung ventilation but can be 
performed as outpatient procedures and permit excellent intrapleural visualization and full 
assessment of the pleural space for disease spread.

Pleural Biopsy
Pleural dissemination is a pattern of spread in NSCLC, typically resulting in pleural effusion. 
Cytologic analysis provides a diagnosis in up to 60% of malignant effusions, but diagnos-
ing squamous cell cancers can be challenging by cytology alone.71 Direct visualization of 
the pleural space for diagnosis and biopsy is required in approximately 20% of malignant 
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effusions, and VATS has largely replaced closed pleural biopsy.72 Single-port procedures are 
recommended and can be performed under local or general anesthesia; lung isolation is not 
mandatory. Surface inspection is performed following the drainage of fluid and directed 
biopsies of parietal pleura performed. Frozen section may be appropriate to ensure diagnostic 
material, and visceral pleural biopsies are discouraged. Diagnostic accuracy from VATS pleu-
ral biopsy is above 90% and complications are rare.73 Palliative interventions, either pleurod-
esis or tunneled pleural catheter, should be performed simultaneously, but adequacy of biopsy 
for molecular analysis and appropriate tissue stewardship need to remain front of mind.

Parenchymal Biopsies
In NSCLC, tissue confirmation is typically required prior to treatment; an exception rep-
resents clinical stage IA disease. Some surgeons and patients prefer pathologic confirmation 
in advance of an anatomic resection, pretreatment biopsy may not be required especially in 
the context of a high risk for malignancy, low risk for mediastinal disease, and no indication 
for induction therapy. A surgical wedge biopsy can be the initial step of a planned anatomic 
resection, and frozen section is used to determine the need to proceed or not. Communication 
with pathologists is critical to ensure that they are aware that the resected specimen likely 
represents the full extent of the patient’s disease and to avoid sampling the entire lesion in fro-
zen section if possible. Surgical wedge biopsies are also frequently undertaken in the setting 
of oligometastatic or oligoprogressive disease for therapeutic and diagnostic benefit. 

Surgical lung biopsies for NSCLC, if performed as part of a larger planned resection or 
as a stand-alone procedure, should be performed by VATS or RATS whenever possible and 
should preserve parenchyma while assuring complete excision of the lesion without bisecting 
it. Localization of small, nonsolid, or deep nodules can be challenging during minimally 
invasive surgery. Technologies for nodule localization fall into 4 categories: (1) intraopera-
tive imaging adjuncts, such as thoracoscopic ultrasound; (2) physical markers, such as hook 
wires, microcoils, and fiducials; (3) parenchymal dyes and “tattoos” used with or without 
near-infrared (NIR) imaging;74 and (4) molecular targets.75 Ideally, localization and resec-
tion are performed under a single anesthetic. This is facilitated by thoracic hybrid operating 
rooms that include cone beam CT scanners, electromagnetic navigation, fluoroscopy, and 
RATS and/or VATS equipment included in a single operating theater.76

Conclusion
Procurement of tissue for molecular analysis will continue to increase in importance in the 
multimodality treatment of NSCLC. Surgeons rarely have significant issues with the acqui-
sition of adequately sized biopsies for molecular analysis but need to be cognizant of their 
central role in appropriate handling and communication of the biopsy specimens in the era 
of molecular oncology. This will be ever more so as more neoadjuvant and adjuvant targeted 
therapies become standards of care.

Tissue and Cytology Samples—Pathologist’s Perspective
By Mary Beth Beasley, Lukas Bubendorf, and Deepali Jain
Regardless of whether specimens have been obtained surgically, percutaneously, or endo-
scopically, pre-analytic variables have the potential to impact pathologic diagnosis and the  
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efficacy of molecular testing. Such factors include specimen volume as well as handling and 
processing factors (Table 3-3). Prolonged cold ischemia time may result in DNA and RNA deg-
radation, which may impact testing results. Optimally, cold ischemia time should be less than 
1 hour, but placement of the tissue in formalin should occur as quickly as possible. Specimens 
should be promptly fixed in 10% neutral buffered formalin, and mercury-containing or 
acidic fixatives should be avoided. Ideally, the recommended fixation time is 6 to 48 hours 
with an optimal range of 8 to 18 hours for larger surgical specimens.49,77 It is important to 
remember that tissue samples can only be fixed and processed once. These steps must be 
permissive of all the diagnostic techniques that the sample may require, including standard 
morphology, immunohistochemistry (IHC), and sequencing. While formalin fixation and 
paraffin embedding is used in laboratories worldwide as a standard method for preserving 
tissue for diagnosis, formalin does have the potential to modify nucleotides (C to T and 
G to A changes). Additionally, both underfixation and overfixation may compromise DNA 
and RNA quality, with overfixation additionally resulting in potential DNA fragmentation 
and sequence alteration. Overfixation, in particular, may additionally result in cross-linkage 

Table 3-3. Pre-Analytic Variables That Can Impact Molecular Testing of Lung Cancer Specimens

All specimens

Cold ischemia time

 – Less than 1 hour is optimal.

• Type of fixative

 – Preference is for 10% neutral buffered formalin.

 – Acidic or mercury-based fixatives and harsh decalcifying agents should be avoided.

 – Ethylenediaminetetraacetic acid (EDTA)-based decalcification protocols may be used if necessary.

• For adequacy of fixation, 6 to 48 hours is recommended.

• Selection of tissue block and sections

 – Select the maximal amount of tumor relative to background stromal and/or inflammatory cells.

 – Optimal selection is generally 20% or more of tumor cells.

 – Precautions should be taken when sectioning to avoid potential cross-contamination.

 – Tumor percentage may be enriched by macro- or microdissection or coring.

Cytology/small biopsy specimens

• Needle gauge

 – 14 to 20 gauge for core needle biopsies

 – 20 to 25 gauge for transthoracic fine-needle aspiration (FNA)

 – 19, 21, or 22 gauge for endobronchial ultrasound (EBUS) transbronchial FNAs

• Number of biopsies/passes

 – Aim to maximize amount of tissue obtained where possible.

 – Suggested recommendations

 - Minimum of 3 core needle biopsies

 - With EBUS transbronchial needle aspiration (TBNA), 3 to 5 passes

 - Multiple passes for transthoracic FNA with focus on material for cell block preparation

• Use of rapid onsite evaluation (ROSE) when possible

• Management of small specimens by the laboratory

 – Separating core and bronchial biopsy specimens into separate blocks when possible

 – Optimizing laboratory cutting protocols to minimize tissue waste

 – Limiting investigation at the initial diagnostic phase only to essential steps (judicious use of 
immunohistochemistry)
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between proteins and nucleic acids impeding analysis.77 While resection specimens are not 
immune to pre-analytical variables (see later text), the influence of most pre-analytic vari-
ables tends to impact cytology and small biopsy specimens to a greater extent.

Given that many patients with NSCLC are diagnosed by either a cytology specimen, 
such as FNA, or a small tissue biopsy, such as a bronchial or core biopsy, and such a sam-
ple may be the only material available for molecular testing, appropriate management of 
specimens is critical in attempting to maximize the amount of diagnostic, prognostic, and 
predictive information obtained.78 Most current NGS testing systems encompassing DNA 
and RNA sequencing typically require 100 to 200 ng of DNA or RNA for optimal results, 
although smaller quantities (down to 10-20 ng) may be sufficient for targeted NGS panels 
using amplicon-based methods, less comprehensive rapid multiplex reverse transcription 
polymerase chain reaction (RT-PCR)-based testing platforms or single gene analysis. As 
such, the success rate of both small biopsies and cytology specimens is generally high; how-
ever, careful handling can help ensure a greater chance of success.9

While the number of tumor cells is important, at least 200 as a general rule for DNA-based 
panels, more importantly, the sample must have sufficient proportion of tumor cells to pro-
vide an adequate amount of DNA and/or RNA that will not be diluted by that present in the 
nucleated cells in the remainder of the sample. Ideally, the tissue block or smear selected for 
genomic analysis should have the highest available percentage of tumor nucleated cells, opti-
mally greater than 20% of the total nucleated cells in a specimen. Macro- or microdissection 
of samples and coring of high–tumor cellularity area prior to nucleic acid extraction can help 
further increase the ratio of tumor cells to background nucleated cells in the sample (tumor 
enrichment).78,79 Although a tumor surface area of greater than 25 mm2 has been shown to 
improve molecular testing success rates,9 this amount of tumor cannot always be obtained in 
small biopsy specimens, even by increasing the number of sections used.

To overcome the risk of failure caused by an inadequate specimen, tissue sample size 
should be maximized when feasible, which involves input from the clinician performing the 
diagnostic procedure. A guideline document on the collection and handling of thoracic small 
biopsy and cytology specimens from the College of American Pathologists (see also the pre-
ceding section) recommends at least 3 core biopsies, if possible, using a 14- to 20-gauge needle, 
and multiple biopsies should be taken if possible during bronchoscopic biopsies.49 Similarly, for 
transthoracic FNA, multiple passes obtained using a 20- to 25-gauge needle is recommended. 
For EBUS TBNAs, it is recommended that a 19-, 21-, or 22-gauge needle be used to perform 3 
to 5 passes when feasible, particularly when onsite evaluation is not available.

The use of ROSE, although not available in all practice situations, can assist with ensur-
ing adequacy of material and triaging for ancillary testing. For all cytology specimens, 
an attempt should be made to collect adequate material for preparation of a cell block.49 
Formalin-fixed cell block material is the most common and widely used cytology prepa-
ration utilized for performance of molecular studies; however, smear slides or other meth-
ods, such as liquid-based cytology, may be used if appropriately validated.80,81 Although 
the preceding recommendations apply to needle aspiration specimens, pleural fluid cytology 
specimens or, less commonly, other specimens, such as bronchioloalveolar lavages/bronchial 
washings or brushings, can also be successfully utilized for genomic testing providing there 
is a sufficiently high proportion of tumor cells.82,83 Because cytology specimens, including 
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cell block preparations ultimately fixed in formalin, are often initially exposed to varying 
amounts of ethanol or other fixatives, rigorous validation should be performed prior to use 
for ancillary studies; however, most cytology preparations provide excellent results provided 
sufficient tumor material is present.

For core or bronchial biopsy specimens, touch imprint cytology may be used to evaluate 
for specimen adequacy; however, care should be taken as this process may compromise the 
tissue specimen.84 Separate core needle or bronchial biopsies should ideally be distributed 
over separate blocks, as opposed to submitting entirely in a single block, so that 1 block can 
be used for diagnostic stains and the remaining blocks(s) preserved for molecular testing. 
This approach, however, would require that all fragments contain tumor.

Tissue sectioning procedures should also be designed to minimize potential waste of 
tissue. Laboratories must devise their own optimal protocol based on available capabilities; 
however, a variety of approaches, from single-slide superficial cutting to a range of strategies 
involving precutting of multiple unstained slides, often with hematoxylin and eosin (H&E) 
evaluation of levels preceding and following those used for DNA and RNA extraction, have 
been suggested. Precautions to avoid cross contamination should be taken at all points of 
processing and cutting; this may involve using a dedicated microtome and a new, unused 
blade each time sections are cut for DNA/RNA extraction.

Additionally, while biopsy of a bone lesion provides an opportunity to potentially diag-
nose and stage a tumor simultaneously and may be the most accessible site of disease, careful 
consideration must be taken into account with the avoidance of decalcifying agents if possi-
ble.84 If decalcification cannot be avoided, an ethylenediaminetetraacetic acid (EDTA)-based 
protocol should be followed.9 Interventional radiologists taking biopsies from bone metasta-
ses should be advised to rinse the biopsy needle or collect extra FNA specimens in order to 
avoid delaying the diagnostic process by decalcification time and provide additional material 
for molecular testing.

Surgically resected specimens generally pose less of an issue in regard to tumor volume 
considerations; however, other issues may impact the results of molecular testing. Cold isch-
emia time may be influenced by transport time to the laboratory and time taken for any 
frozen section analysis and/or collection of tissue for biobanking and/or research purposes. 
Additionally, larger specimens may experience improper fixation as formalin poorly pene-
trates the visceral pleura. Resection specimens require inflation or injection with formalin 
or, in some instances, sectioning prior to immersion in formalin to ensure adequate fixa-
tion. Resection specimens following neoadjuvant therapy may require special handling to 
facilitate residual tumor assessment.85 Tumor heterogeneity is not generally an issue with 
genomic profiling of driver mutations, but, as was described with small biopsy specimens, 
the block selected for genetic testing should contain the highest ratio of tumor cells relative 
to background stromal or inflammatory cells.79

Conclusion
The way in which specimens are handled in the pathology laboratory is crucial in determin-
ing success, or failure, in any required molecular biomarker testing. Pre-analytical variables 
relating to tissue fixation and processing, while essential to permit microscopy, can harm 
DNA, RNA, and antigen/epitope integrity. Standardized procedures should be developed 
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to facilitate all steps of the diagnostic process. It is essential to get this right the first time as 
samples can only be fixed and processed once, and these samples are often very small and 
contain little tumor. Paraffin blocks should be cut as few times as possible; reflex cutting of 
blank sections and minimal use of IHC for diagnosis are recommended. DNA and RNA 
yield can be improved by microdissection. Cytology-type samples are perfectly adequate for 
molecular biomarker testing provided they are processed correctly and contain sufficient 
tumor. Although surgical resection specimens generally have abundant tumor, issues with 
cold ischemia and poor fixation should be anticipated and avoided.
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4Liquid Biopsy: Specimen Acquisition, 
Testing Strategies, and Clinical Roles

Specimen Handling, Processing, and Testing Strategies
By Fernando Lopez-Rios, Maria E. Arcila, and Christian Rolfo
Broadly defined, liquid biopsies encompass a wide range of components (circulating tumor 
cells, extracellular vesicles, cell-free nucleic acids, and various metabolites, among others). 
However, circulating tumor DNA (ctDNA) has attracted the most attention in the clinical 
space and is the main focus of this chapter. In contrast to other sources of tumor DNA, the 
biology and technical aspects of ctDNA are unique and more complex, with several con-
founding factors that remain responsible for the limitations on widespread implementation 
in routine clinical diagnostics.

Cell-free DNA (cfDNA) represents the sum of short fragments of DNA released from 
cells both in vivo and in vitro, including both tumor and normal-cell derived. Evidence 
demonstrates that pre-analytical variables across sample collection, processing, and storage 
may have profound and adverse effects on the total yield of cfDNA, degree of genomic DNA 
contamination, overall integrity of the sample, and nucleic acid fragment lengths. The type 
of collection tube, anticoagulants used, stabilization media, transport conditions, timing 
of the plasma separation from blood, tube agitation, centrifugation speeds and protocols, 
plasma storage/duration conditions, number of freeze-thaw cycles, cfDNA extraction, and 
nucleic acid quantification methods can all directly impact subsequent downstream analy-
sis.1-7 Highlights of the principal pre-analytic steps influencing performance are included in 
Figure 4-1.

In blood samples, immediate pre-analytical considerations focus on the stabilization of 
ctDNA and the prevention of contamination with genomic DNA from hematopoietic cells, 
which can render ctDNA nondetectable. In vivo, the half-life of ctDNA is generally estimated 
at around 2 hours. In the absence of active physiologic elimination systems, the in vitro 
half-life is longer, but its isolation may be compromised by contamination with genomic DNA 
released from white blood cells (WBCs) during the clotting process or by cellular lysis during 
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storage. Several stabilizing collection tube options are commercially available (eg, Streck, 
PAXgene [BD Biosciences], Norgen Biotek, Roche Diagnostics) and exhibit variable capac-
ities for preservation and stabilization of WBCs. In contrast to ethylenediaminetetraacetic 
acid (EDTA) collection tubes, these allow a wider processing window between blood draw 
and plasma separation and enable batching of samples collected at different times.1-7 A 2-step 
centrifugation protocol generally follows, consisting of an initial low-speed centrifugation 
step to separate the plasma and a subsequent high-speed cycle to eliminate any remaining 
cellular material.8

There is wide variability in the extraction methods and the amount of plasma used for 
ctDNA isolation.9 Common isolation methods and commercially available kits fall into 2 
main categories: silica membrane-based spin columns and magnetic bead-based isolation 
methods.10 The yield, integrity, and fragment size are affected by the method. Magnetic 
bead systems are reported to preferentially isolate shorter cfDNA fragments11 compared to 
membrane-based methods. Precipitation-based methods are associated with higher DNA 
integrity in several studies.12-14 cfDNA may be stored for several months at subzero tempera-
tures of −20°C or −80°C for later use. Significant lowering of cfDNA integrity is reported 
after 3 freeze-thaw cycles.1,15

Several methodologies for cfDNA analysis have been implemented in clinical practice 
and for research purposes, including polymerase chain reaction (PCR)-based assays and 
next-generation sequencing (NGS)-based technologies.16 PCR-based approaches intrinsi-
cally allow more restricted gene analyses (a single target or a few) but may deliver higher 
sensitivity for the target gene(s). NGS approaches can provide more comprehensive tumor 
genotyping, identifying not only somatic mutations, but also copy number alterations, as 
well as gene rearrangements.17 The growing demand for biomarkers to guide appropriate 

Blood collection
Collection tube
• No preservative: EDTA
• Preservative:  Streck, 
 PAXgene, Norgen, 
 Roche
 
Transport temperature  
• Room temperature   

Plasma preparation
EDTA: Centrifuge within
 2 hours
Streck: stable up to 7 days at 
 room temperature 
2-Step centrifugation
1. Slow spin: separate plasma 
  from bu�y coat
2. Fast spin: remove remaining 
  cellular material
  
Plasma may be stored frozen:
freeze-thaw cycles markedly 
decrease quality (3 cycles
maximum)

cfDNA isola�on
2 main categories
1.  Silica membrane-based 
   spin columns: isolation 
   of longer fragments  
2. Magnetic bead-based 
   isolation methods: 
   preferential isolation of 
   shorter fragments 

Storage
−20°C or −80°C
 
Freeze-thaw cycles 
markedly decrease 
cfDNA quality

Figure 4-1. Pre-analytical factors influencing cfDNA. Abbreviations: cfDNA = cell-free DNA; EDTA = ethylenediamine- 
tetraacetic acid.
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patient management and the challenge of limited tissue availability have led to a dramatic 
change in the potential uses of liquid biopsy in advanced non-small cell lung carcinoma 
(NSCLC), as outlined in the following “Clinical Application” section. This dramatic shift has 
been made possible thanks to major technologic advancements over the last few years, with 
several plasma NGS platforms now available in clinical practice whose utility are supported 
by robust clinical data.18-20 Currently, 2 commercially available cfDNA assays have gained 
US Food and Drug Administration (FDA) approval for tumor genotyping in advanced 
NSCLC, and several recently approved targeted therapies have liquid biopsy-based compan-
ion diagnostics tests.

Clonal hematopoiesis of indeterminate potential (CHIP) needs to be taken into consid-
eration when interpreting cfDNA results in clinical practice, particularly in patients who are 
more than 70 years old. CHIP can be defined as the somatic variations that hematopoietic 
stem cells acquire with age. For example, genes frequently involved include ASXL1, ATM, 
CBL, CHEK2, DNMT3A, JAK2, KMT2D (MLL2), KRAS, BRAF, NRAS, MPL, MYD88, 
SF3B1, TET2, TP53, and U2AF1. This source of noise can be filtered out by sequencing 
patient-matched peripheral blood mononuclear cells or mitigated by using dedicated bioin-
formatics algorithms.21

Liquid biopsy testing strategies in patients with treatment-naïve advanced NSCLC are 
reviewed in detail in the following “Clinical Application” section. Although tissue-based 
testing still remains the gold standard for tumor genotyping for many cancer patients, 
because of technical and biologic limitations of ctDNA analysis, cfDNA analysis can be used 
either sequentially, when tumor tissue is insufficient/inadequate for testing, or concurrently, 
when tissue is scant or of uncertain adequacy for genotyping.16,22,23

In addition, a plasma-first approach in advanced NSCLC has been recently proposed 
based on promising results of prospective24-27 and retrospective28-30 studies showing that 
plasma NGS might provide more complete tumor genotyping with lower turnaround time 
as compared with standard-of-care tissue genotyping at comparable sensitivity and specific-
ity for clinically relevant driver oncogenes. The major expected limitation of this approach 
is the hypothesized increased costs compared with tissue genotyping alone, albeit a recent 
cost-effectiveness analysis in a Canadian population31 showed that a concurrent approach 
of tissue plus plasma NGS analysis in clinically selected patients with advanced NSCLC 
does not increase system costs and raises the proportion of patients receiving appropriate 
targeted therapy.

As plasma NGS increases detection rates of clinically relevant biomarkers in patients 
with limited tissue results but does not increase detection in patients with tissue NGS results 
available,27 a concurrent plasma and tissue testing strategy may be sensible in the context 
of small tissue biopsies with uncertain adequacy for NGS analyses, increasing the chances 
of obtaining a comprehensive tumor genotype for all the recommended oncogenic drivers. 
Furthermore, recent studies showed that incorporation of cfDNA analysis in the initial diag-
nostic work-up of patients with suspected advanced NSCLC can lead to faster molecular 
results and shortened time to treatment.32,33 Further prospective studies with larger patient 
populations are needed to better clarify the clinical utility and cost-efficacy of this approach.
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Clinical Application
By Natasha B. Leighl, Myung-Ju Ahn, and David R. Gandara
The clinical application of liquid biopsy in diagnostics and therapeutic decision-making 
for NSCLC continues to rapidly evolve. Figure 4-2 displays the NSCLC continuum of care, 
from screening and early diagnosis to determination of minimal residual disease (MRD) 
in the postsurgical setting of early stage disease, to genomic and immunodiagnostics of 
advanced-stage disease.16,34 It is notable that while tumor tissue profiling is applicable in 
patients with stage IV NSCLC, liquid biopsy is uniquely suited to have the potential to 
address screening of at-risk individuals, determination of MRD, and treatment response 
monitoring.22

Screening and Early Detection of Lung Cancer
Early detection of lung cancer is essential to reduce morbidity and mortality, especially in 
high-risk individuals. The National Lung Screening Trial (NLST) demonstrated a reduction 
of 20% in lung cancer–specific mortality rate with low-dose computed tomography (LDCT) 
among high-risk individuals.35 The European NELSON trial showed a lung cancer mortal-
ity reduction of 25% at 10 years.36 However, the rate of false positivity, overdiagnosis, and 
unnecessary invasive procedures still remain as challenges.37

Liquid biopsy has an emerging role in the screening and early detection of lung can-
cer using circulating tumor cells, circulating cfDNA (genomics or epigenomics), circulat-
ing micro-RNAs, tumor-derived exosomes, and tumor-educated platelets (Figure 4-3).38 
Table 4-1 summarizes the advantages and limitations of these analytes.38 Although these 
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• Reflects shed tumor DNA or other tumor-related components into plasma, providing a global perspective
 – Abrogates the issue of tumor heterogeneity
• Relatively noninvasive and can be repeated serially to monitor tumor response and progression
 – High acceptance rate by patients
• Can determine mechanisms of acquired resistance in plasma prior to radiographic detection
• Can define MRD after surgical resection of early stage NSCLC
• Detection of early stage disease in prediagnostic settings and/or screening
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Figure 4-2. Liquid biopsy across the cancer care continuum in individual patients. Abbreviations: ctDNA = cir-
culating tumor DNA; MRD = minimal residual disease; NSCLC = non-small cell lung carcinoma; PD = progressive 
disease. (Adapted from Wan et al.34)
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biomarkers are promising in the early detection of lung cancer, their clinical significance is 
still limited because of the significant proportion of falsely negative results and lack of stan-
dardization. Recently, several plasma cfDNA genotyping assays received FDA breakthrough 
device designation (Table 4-2).39 Development of more sensitive and specific assays and fur-
ther larger and robust studies combining liquid biopsies with imaging will be required before 
implementation in clinical practice for the screening or early diagnosis of lung cancer.

Minimal Residual Disease in NSCLC
One of the most important issues in oncology in general, and NSCLC in particular, is 
improved identification of patients at high risk for recurrence following definitive local ther-
apy such as surgical resection.40 At present, adjuvant therapy is delivered based primarily on 
stage, a clinical variable that does not consistently identify those patients who have achieved 
surgical cure versus those who require additional treatment. MRD determination by plasma 
liquid biopsy, if sufficiently sensitive and specific, offers the potential to better select those 
patients who need either therapy intensification or, conversely, in which adjuvant therapy 
could be omitted.

At present, multiple MRD assays are under evaluation in NSCLC, some based on ctDNA 
alone, others in combination with epigenetic components, and either “tissue informed” or 
“tissue agnostic.” 41,42 Each of these approaches offers potential advantages and disadvan-
tages (Table 4-3). Recently completed studies suggest that regardless of methodology, further 
refinement of MRD assays will be required before widespread clinical application. For exam-
ple, in a preliminary retrospective analysis of MRD in the IMpower-010 trial of adjuvant 
atezolizumab, a tissue-informed assay based on a single plasma specimen at approximately 
8 weeks following surgery was insufficient to alter an all-comer approach to adjuvant therapy. 

cfDNA
CTC
miRNA
Exosomes
TEP

Figure 4-3. Components of liquid biopsy. Abbreviations: cfDNA = cell-free DNA; CTC = circulating tumor 
cells; miRNA = micro-RNA; TEP = tumor-educated platelets. (Source: Freitas et al.38)
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Although outcomes were clearly different in MRD-positive and MRD-negative populations, 
both groups showed continuous relapse patterns.43,44 The results of ongoing prospective tri-
als are highly awaited.

First-Line Treatment Selection in Advanced NSCLC
The selection of optimal therapy for patients with advanced and, increasingly, early 
stage NSCLC, requires both histopathologic and genomic assessment. Routine test-
ing of nonsquamous NSCLC samples for actionable genomic alterations and PD-L1 is 
guideline-recommended.45 Testing may also benefit those with other pathologic subtypes in 
selected scenarios (eg, younger patients, never-smokers, or light smokers). Patients with tar-
getable tumor alterations (eg, in EGFR, ALK, ROS1, BRAF, MET, RET, NTRK1-3) have better 
outcomes with first-line targeted therapy for advanced disease. Others may be candidates for 

Table 4-1. Summary of Advantages and Disadvantages in Lung Cancer Diagnosis According to Liquid  
Biopsy-Based Biomarker

Biomarkers Advantages Disadvantages

cfDNA • Increased in cancer patients

• Genetic and epigenetic alterations reflect 
those of original tumor

• Representation of tumor heterogeneity and 
dynamics

• Highly sensitive assays available (PCR, NGS)

• Markedly diluted compared to germline 
circulation DNA

• Positively correlates with tumor size and staging

• Increased in some benign or premalignant 
conditions

• High costs

CTC • Allows morphologic analysis and tumor 
molecular characterization

• Correlates with prognosis

• Emerging enrichment and characterization 
techniques

• No validated assay

• Rare in bloodstream in non-small cell lung cancer

• Epithelial to mesenchymal transition with loss of 
epithelial-specific markers

• Role in cancer spreading still to be clarified

miRNA • Different profiles among early stage cancer 
patients

• Stable in most types of body fluids

• Released by several structures (eg, exosome, 
TEPs)

• Commercial kits available 

• High variability, according to patients and 
technologies, requiring normalization methods

• Quantification and detection methods need  
to be validated

• Unspecific for a cancer type

Exosomes • Contains several types of biomarkers such as 
proteins and nucleic acids

• Increased in lung cancer patients

• Stable and accessible in most types of body 
fluid

• Commercial kits available 

• Extraction approach, detection, and 
characterization methods are challenging and 
require standardization

• High costs

TEP • Platelet mRNA profiles are distinct in cancer 
patients

• Abundant

• Easily isolated

• Acquire specific RNA from tumor cells 
reflecting its genetic alterations

• Dynamic mRNA repertoire due to short 
life-span

• No validated assay nor standardized approach

• Reproducibility

• Detection techniques not widely available

• Time consuming and requires extensive 
computational resources

Abbreviations: cfDNA = cell-free DNA; CTC = circulating tumor cell; mRNA = messenger RNA; miRNA = micro-RNA;  
NGS = next-generation sequencing; PCR = polymerase chain reaction; TEP = tumor-educated platelet.
Source: Freitas et al.38
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second-line targeted agents or emerging therapies (eg, KRAS G12C, EGFR exon 20, ERBB2, 
NRG1 alterations). However, obtaining sufficient tissue for genomic assessment can be chal-
lenging in patients with advanced lung cancer.

Patients are often diagnosed using small biopsy or cytology samples that may be inade-
quate for biomarker analysis. In some situations, the patient cannot wait for repeat biopsies 
or delayed genomic results.46 The use of plasma cfDNA testing is recommended to ensure 
complete genotyping for patients with insufficient or unavailable tissue for genotyping and 
is playing an increasing role as a complementary testing strategy even when tissue testing 
is available (Figure 4-4),16 enabling more patients to access targeted therapy. Liquid biopsy 
results are highly concordant with tissue, yield similar treatment outcomes, offer faster 
turnaround time, and may even be cost saving.24,25,28,30,31 Earlier implementation of liquid 
biopsy in the diagnostic pathway has been shown to accelerate first-line treatment initiation 
in advanced disease, which may further improve patient outcomes.29,47,48

Table 4-2. NSCLC Plasma cfDNA Genotyping Assays That Have Received Breakthrough Device Designation  
as Multicancer Early Detection Tests

Kit or test Company Technology and application FDA status 

Multicancer 
early detection 
test

GRAIL NGS blood test analyzing ctDNA methyla-
tion patterns for detecting multiple cancer 
types

FDA breakthrough device 
designation (May 2019)

CancerSEEK Thrive Earlier 
Detection

Multianalyte test that combines multiplexed 
PCR detection of mutations in ctDNA at 
1933 loci with measurements of validated 
protein biomarkers to diagnose 8 common 
cancer types including breast, ovarian, and 
liver cancer

FDA breakthrough device 
designation (August 2018)

Ivy-Gene CORE 
test; Ivy-Gene 
Dx liver test

Laboratory for 
Advanced Medicine

Analyzes presence of hypermethylated 
ctDNA from multiple gene targets to confirm 
the presence of breast, colon, liver, and lung 
cancers as early as stage I

FDA breakthrough device 
designation (September 
2019)

CASCADE-LUNG 
cancer screen-
ing assay

Delfi Diagnostics Machine learning-driven method that 
analyzes patterns of cfDNA fragmentation to 
detect the presence of cancer

FDA breakthrough device 
designation (March 2021)

Abbreviations: cfDNA = cell-free DNA; ctDNA = circulating tumor DNA; FDA = US Food and Drug Administration; NGS = 
next-generation sequencing; PCR = polymerase chain reaction.
Source: Gray et al.39

Table 4-3. Liquid Biopsy Approaches to Minimal Residual Disease

Parameter Tissue naïve Tissue informed

Adequacy of tumor tissue sample Not required Practical limitation

Sensitivity MRD-specific assays improve Lower LOD

Specificity CHIP requires filtering algorithm; improved by baseline 
ctDNA

Tumor specific

Emergent variants Detects Unable to assess

Resistance variants Detects Unable to assess

Turnaround time Much shorter Longer

Abbreviations: CHIP = clonal hematopoiesis of indeterminate potential; ctDNA = circulating tumor DNA; LOD = limit of 
detection; MRD = minimal residual disease.
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Acquired Resistance Genomics in Advanced-Stage NSCLC
Molecular targeted agents are associated with significant improvements in clinical outcomes 
for NSCLC patients with oncogenic drivers; however, acquired resistance to these agents 
remains an unsolved fundamental challenge. To determine the resistance mechanism, com-
prehensive molecular testing is essential and can help to guide subsequent therapy. Although 
tissue genotyping is considered the gold standard for molecular profiling,45 repeat biopsies in 
the context of relapsed disease are not always feasible.28 Liquid biopsy has notable advantages 
over tissue genotyping in terms of non-invasiveness, short turnaround time, and its ability 
to capture heterogeneous variants arising at different sites of disease. However, liquid biopsy 
has limitations, including the risk of false-negative results when ctDNA is not detectable in 
the blood and its inability to capture histologic information such as transformation to small 
cell lung cancer. Several FDA-approved assays for plasma cfDNA genotyping in NSCLC are 
available, which include the PCR-based Cobas EGFR mutation test (Roche Diagnostics) and 
NGS-based and Guardant 360 companion diagnostic (CDx) and FoundationOne liquid CDx 
(Foundation Medicine).

EGFR T790M mutation is the most common resistance mechanism to first- or 
second-generation EGFR tyrosine kinase inhibitors (TKIs), and T790M testing is crucial for 
starting osimertinib as subsequent therapy. In practices where first- or second-generation 
EGFR TKIs are used in the first-line treatment setting, liquid biopsy may be used at pro-
gression in lieu of tissue biopsy to detect T790M-driven resistance; however, if plasma 
testing is negative, tissue biopsy is recommended.49 Osimertinib is recommended as pre-
ferred first-line therapy based on the results of the FLAURA trial;50 heterogeneous resis-
tance mechanisms to osimertinib detected at progression following first-line therapy have 
been characterized using liquid biopsy (Figure 4-5).51,52 Although the detection of resistance 
mechanisms following treatment with targeted agents against other oncogenic drivers is not 
mandatory, comprehensive testing using cfDNA can be used to guide subsequent treatment 
and will likely play a larger management role in the future. Figure 4-6 shows a flowchart rec-
ommended by the International Association for the Study of Lung Cancer for the use of the 
liquid biopsy in patients progressing during TKI treatment.53

Secondary EGFR mutations:a

C797X: 7%; L718Q+C797S: 1%; 
L718Q + ex20ins: 1%; S768I: 1%

HER2 amplification: 2%
HER2 mutation: 1%

MET amplification: 15%

mTOR AKT p53

BIM BCL2

PIK3CA

MEK

RAF

RAS

ERK

M
ET

M
ET

M
ET

M
ET

BRAF  mutations (V600E): 3%

KRAS mutations (G12D/C, A146T): 3%

a Two patients had de novo T790M mutations at baseline of whom one acquired C797S at progression.

SPTBN1 ALK

SPTBN1 -ALK : 1%

EG
FR

EG
FR

HE
R2

HE
R2

HE
R2

HE
R2

SurvivalApoptosis Proliferation

PIK3CA mutations: 7%

Cell-cycle gene alterations
CCND amps: 3%
CCNE1 amps: 2%
CDK4/6 amps: 5%

• No evidence of acquired EGFR T790M
• The most common resistance mechanisms were MET amplification and EGFR C797S mutation
   – Other mechanisms included ERBB2 (HER2) amplification, PIK3CA and RAS mutations

Figure 4-5. Candidate-acquired resistance mechanisms with osimertinib in FLAURA study (n = 91). The reported 
resistance mechanism may overlap with another. (Source: Ramalingam et al.52 Copyright © 2018, Elsevier.)
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Treatment Monitoring in Lung Cancer
Levels of plasma ctDNA have emerged as a potential surrogate of prognosis and treatment 
response. Several studies have confirmed that the absence of plasma ctDNA in advanced 
lung cancer patients prior to starting therapy is a good prognostic factor associated with 
improved outcomes irrespective of treatment.54 Clearance or reduction of plasma ctDNA 
has been associated with response to TKIs, immunotherapy, and chemotherapy.54-59 In 
locally advanced disease, the persistence of ctDNA after chemoradiation may identify a 
population at higher risk of relapse, identifying potential candidates for more intensified 
consolidation therapy.60 In patients receiving long-term checkpoint inhibitor (CPI) therapy, 
detectable-plasma ctDNA may identify patients at risk of relapse, whereas absence may iden-
tify those who could stop maintenance CPI and remain progression-free.61 However, the 
clinical utility of liquid biopsy monitoring to inform treatment decisions, such as the inten-
sification or safe de-escalation of therapy, remains to be proven. The risk of false-positive 
or negative results in serial testing remains an important technical limitation. Multiple 
studies are exploring the monitoring of ctDNA levels and treatment with EGFR kinase 
inhibitors (NCT02856893, NCT04410796), as well as immunotherapy and chemotherapy 
(NCT04093167, NCT04966676; Figure 4-7). Although the current use of liquid biopsy mon-
itoring to inform treatment decisions is not ready for routine practice, it is an important 
potential surrogate endpoint under active investigation.

Perform molecular 
analysisa on liquid biopsy 
(ctDNA); NGS is preferredc

Treat with SOC 
therapy based on 
presence of 
oncogenic driver

Surgical specimen is available 

Perform molecular analysisa on 
surgical specimen;b
NGS is preferred;c treat with 
SOC therapy based on presence 
or absence of oncogenic driver; 
perform PD-L1 IHC as needed

Molecular profiling on all with nonsquamous, nonsquamous component, or 
if clinical features may suggest a molecular driver

Tissue re-biopsy 

Perform molecular analysisa on 
tissue biopsy specimen;b
NGS is preferredc; treat with SOC 
therapy based on presence or 
absence of oncogenic driver; 
perform PD-L1 IHC as needed

Yes
No

Perform molecular analysisa

on tissue biopsy specimen;b
NGS is preferred;c treat 
with SOC therapy based on
presence or absence of
oncogenic driver; perform
PD-L1 IHC as needed

Yes

No

a EGFR, ALK, ROS1, and BRAF at minimum, but a panel 
 if available
b Strongly suggest tissue sparing to facilitate 
 participation in clinical trials
c While NGS is preferred, based on availability, other 
 validated assays are acceptable

Therapeutic target
negative

Therapeutic target
negative

Tissue biopsy specimen su�icient for molecular testing

Figure 4-6. Patient with NSCLC progressive or recurrent disease during treatment with TKI. Abbreviations: 
ctDNA = circulating tumor DNA; IHC = immunohistochemistry; NGS = next-generation sequencing; NSCLC = 
non-small cell lung carcinoma; SOC = standard of care; TKI = tyrosine kinase inhibitor. (Source: Rolfo et al.53)
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Predictive Biomarkers for Checkpoint Immunotherapy
A large number of biomarkers are under development for CPI, reflecting the complexity of 
tumor-stroma microenvironment interactions as well as the continuous nature of the output 
for most of these assays (eg, PD-L1 and tumor mutational burdens [TMBs]), in contrast to 
discrete biomarkers (eg, mutant vs wild-type gene status).16 Of these, currently, the most 
pertinent to liquid biopsy is TMB. While tissue-assessed TMB is a pan-tumor FDA-approved 
biomarker in the United States, mixed results and variations in assay methodology, cut-point 
definition, and other parameters have clouded its clinical application. Blood-based assays 
(B-TMB) have been analytically and clinically validated and assessed in both retrospective 
and prospective studies.62,63 Mostly recently, the phase 3 cohort of BFAST has been reported, 
in which patients with treatment-naïve advanced NSCLC and high B-TMB (≥16 mt/Mb) 
were randomized to either atezolizumab or platinum-based chemotherapy.64 While the pri-
mary endpoint of progression-free survival trended toward the atezolizumab group (hazard 
ratio [HR] 0.77; 0.59-1.00, p = 0.054), differences were not statistically significant. Of note, 
results favored those with squamous histology, while there was no benefit in those in the 
nonsquamous cohort. Thus the use of B-TMB is not currently indicated for treatment selec-
tion in patients with advanced lung cancer in routine practice. While a wide variety of other 
plasma-based assays are in development, including measurement of PD-L1 by messenger 
RNA or extracellular vesicles, they remain investigational at the present time.65,66
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of Biomarkers
By Yasushi Yatabe, Lynette M. Sholl, Sanja Dacic, 
Keith M. Kerr, Erik Thunnissen, and Anders Skanderup

There are multiple technologies for biomarker detection, and they have differing abilities to 
detect genetic variants and protein changes. There are currently 5 major genetic and protein 
abnormalities relevant to cancer clinical practice (Table 5-1):

1. Single nucleotide variant (SNV): One nucleotide is replaced by another nucleotide 
when compared to the reference sequence. Pathogenic SNVs are non-synonymous 
and lead to an amino acid change that may result in either oncogenic gain of func-
tion (eg, EGFR L858R, KRAS G12C, and BRAF V600E) or loss of function in the case 
of tumor suppressor genes (eg, TP53 and RB1). In the case of mutations that cause 
stop codons (TAA, TAG, and TGA), the protein is not generated from the mutation 
(nonsense mutation). SNVs do not always result in amino acid changes (synonymous 
nucleotide changes), and these are typically nonpathogenic although some synony-
mous SNVs can induce functional changes due to altered transcript splicing.1

2. Insertion and/or deletion (indel): Indel is defined as an insertion or deletion of 1 
or more nucleotides that may alter the amino acid sequence and potentially lead 
to a shift in the reading frame. The indels may confer either oncogenic activity or 
functional impairment. In-frame EGFR exon 19 deletions and HER2 exon 20 inser-
tions are examples of oncogenic mutations, whereas most indels in tumor suppressor 
genes, such as TP53, APC, and RB1, are more commonly out-of-frame and result in 
functional deterioration of the mutated allele.

3. Gene amplification, copy number variation: Gene amplification describes increases 
in the copy number of a specific DNA segment that can lead to protein overexpres-
sion. Copy number variation is a more general term used to include increased or 
decreased gene copies, for example, 4 copies of MET, which may not be oncogenic.
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4. Gene rearrangement: Chromosomal rearrangements (also known as translocations) 
occur when a chromosomal segment breaks off and attaches to another chromosome 
or to a different site on the same chromosome. Inversions occur when the segment 
reattaches to the same chromosome in the reverse direction. Rearrangements can 
result in oncogenic gene fusions (eg, EML4::ALK, CD74::ROS1, and KIF5B::RET).

5. Protein expression/overexpression: Gene amplification and rearrangement may 
be translated to aberrant protein overexpression. HER2 overexpression can be 
caused by gene amplification. Gene rearrangements can lead to alterations of protein 
expression (eg, ALK gene fusion results in abnormal expression of the ALK kinase 
domain). Abnormal expression of a protein can be pathogenic but may not directly 
relate to a genetic alteration (eg, lung cancers overexpressing PD-L1 do not demon-
strate alterations in the CD274/PD-L1 gene except in rare instances).

To detect abnormalities, various methods have been developed for different assays, rang-
ing from in situ detection of protein or genetic alterations in formalin-fixed paraffin-embedded 
(FFPE) sections to simultaneous detection of multiple gene alterations in extracted DNA or 
RNA. Each assay has advantages and disadvantages relating to types of samples that can be 
tested, alterations detected, cost, and time to report (turnaround time [TAT]). Understanding 
the assay properties is important for optimal assay selection and is critical to avoid pitfalls.

Turnaround Time
TAT is defined as the time from ordering a test to receiving a report. In clinical practice, TAT 
is a crucial factor and relates to the specific assay as well as other factors, such as transfer of 
specimens between laboratories, laboratory staffing, and batching of cases. Optimal labo-
ratory working days for various tests (discussed below) are as follows: less than 2 working 
days for immunohistochemistry (IHC), 2 to 3 days for fluorescence in situ hybridization 
(FISH), 3 to 4 days for polymerase chain reaction (PCR)/reverse transcription (RT)-PCR 
direct sequencing, 4 to 5 days for amplicon-based sequencing, and 5 to 14 days for hybrid 
capture-based next-generation sequencing (NGS).

In the case of hybrid DNA/RNA analysis, either DNA or RNA result may not be 
obtained, either because of quantitative or qualitative sample inadequacy. (See Chapter 3, 
“Specimen Acquisition and Pre-Analytical Considerations.”) The overall time to patient 
treatment decision should be considered, not just a nominal working time of the laboratory 

Table 5-1. Clinically Relevant Gene Alterations in Lung Cancer

Gene alterations
Major genes involved 
in lung cancer Detection methods

SNV, indel EGFR, KRAS, BRAF, HER2 PCR direct sequencing, mutation-specific PCR, NGS-
amplicon, NGS-hybrid capture, ddPCR

Gene amplification FGFR, MET FISH, NGS-hybrid capture, ddPCR

Gene rearrangement ALK, ROS1, RET, NTRK, 
NRG

RT-PCR direct sequencing, NGS (DNA- or RNA-based), 
FISH, IHC (ALK)

Protein expression/overexpression ALK, PD-L1, HER2 IHC, ELISA,a mass spectrometrya

Abbreviations: ddPCR = droplet digital polymerase chain reaction; ELISA = enzyme-linked immunosorbent assay; 
FISH = fluorescence in situ hybridization; IHC = immunohistochemistry; indel = insertion and/or deletion; NGS = 
next-generation sequencing; RT = reverse transcription; SNV = single nucleotide variant.
a Not used in routine clinical practice.
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test. Importantly, if all results are returned as being analysis failures, the clinical status will 
be back to the beginning.

Immunohistochemistry
IHC is a powerful diagnostic tool, and protocols have become robust in the detection of 
proteins that are relevant to pathology tumor classification and identification of some tar-
getable molecular alterations. A simplified graphical display for direct and indirect IHC is 
shown in Figure 5-1. The basic technique has been described in the IASLC Atlas of Diagnostic 
Immunohistochemistry. The method itself is more qualitative than quantitative.2 However, 
semiquantitative assessment can be achieved through careful protocol construction and val-
idation along a short range (factor of 2) of protein concentration.3

Basic Principles
The basic procedure resulting in microscopic visible color in situ contains the following 
steps: epitope retrieval, incubation with primary antibody, washing away unbound antibod-
ies, incubation with labeled secondary antibody that binds to the heavy chain of the primary 
antibody, washing away unbound antibodies, and subsequent visualization with a signal 
enhancement step.

Validation of IHC for Predictive Assays
Methods of validation differ slightly in diagnostic compared to predictive markers. For diag-
nostic purposes, a minimum validation set of 20 samples, containing clear positive and neg-
ative controls, is usually required in the United States.5 For predictive marker testing, the 
threshold of a test plays a crucial role. As not all PD-L1 assays are equal,6,7 analytical and 
indirect clinical validation seems to be the best possible approximation.7

Fluorescence Microscopy
With fluorescence labeling (immunofluorescence), a higher sensitivity is achieved than with 
an absorption substrate. This implies fluorescence microscopy may be needed to detect sig-
nals with a lower epitope concentration.3 To visualize fluorescent images, 2 filters are used. 
The first is positioned before the light reaches the tissue section, and it allows the light to pass 
at a relatively low wavelength but blocks the light at a higher wavelength. In the section, the 
light will reach the fluorescent dye and causes excitation of the dye at a higher wavelength. 
The second filter blocks light of the lower wavelength and allows light of a higher wavelength 
to pass. A camera system, instead of the eyes, may be used for capturing a digital image. 
When multiple fluorophores are used, the wavelength that will pass through these filters may 
be narrowed (with band pass filters), where 1 of the fluorophores is excited at a lower wave-
length and the other emits an essentially higher wavelength after excitation. While immuno-
fluorescence is a highly sensitive technique for protein detection, it is not currently used in 
routine clinical practice for lung cancer.

Mutation-Specific IHC
Because an acquired pathogenic EGFR mutation will lead to a change in the 3-dimensional 
protein structure, an epitope may be present that is unique for this mutation and differs from 
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Figure 5-1. Simplified graphical display of different technologies using spatial tissue protein analysis.
a High epitope concentration required for visual signal absorption color or fluorescent label. For the latter, a 
slightly lower epitope concentration is required than for a chromogen.
b Signal enhancement through (1) binding with several secondary antibodies (eg, mouse anti-rabbit; goat anti-
human, etc) labeled with (2) enzyme for generation of insoluble chromogen (eg, brown diaminobenzydin); (3) 
initial amplification with streptavidin-biotin (SAB) complex and later with polymers (factor 5-20× more than SAB 
complex).
c After the first round of capturing image, indirect fluorescent labeling and capturing digital image, dye 
inactivation/removal is required with a subsequent capturing of digital image of background/autofluorescence. 
The procedure can be repeated on the same section with different primary antibodies. The image before 
incubation of the primary antibody (with autofluorescence) is subtracted from the image after labeling. Single 
or multiple markers may be projected (superimposed) on the same section.
d Each primary antibody is conjugated with unique barcode (DNA). Multiple primary antibodies are incubated 
at once. Labels with fluorophore and complementary strand to a barcode bind to primary antibody with a 
maximum of 3 fluorophores at a time (in the schematic representation, 2 different fluorophores are shown). 
After imaging and removal of the fluorophore labels and image capture, a next set (usually up to 3) of unique 
complementary labels (each with a different fluorophore) may be incubated. This procedure may be repeated. 
All markers may be examined individually or any combination superimposed on the section.
e With unique oligonucleotide tags and photocleavable linker-labeled antibodies with high-affinity binding 
on an epitope in histologic section may in a region of interest selectively receive light, causing release of 
photocleavable oligonucleotides, which then are extracted and used for readout with, eg, next-generation 
sequencing, flow cytometry, or mass spectrometry. The readout may digitally be superimposed on the digital 
image of the histologic section.4

f The filters imply 1 filter before the light passes the tissue/cells and 1 between tissue and eye/camera. The 
first blocks light from higher wavelength, and the second of the lower wavelength. Only light with an emitted 
wavelength will pass the second filter.
g For graphic display, the epitopes are shown as a triangle. In vivo, the essential characteristic is a 3-dimensional 
(3-D) structure, where the variable domain of the antibody stereologically binds with high affinity. Different 
epitopes have different 3-D structures.

In all digital approaches, the region of interest (may also be one cell) needs to be determined. This will require 
segmentation of the region/object. To this end, the number of pixels in the charge-coupled device (CCD) camera 
needs to match the resolution of the microscope objective lens. To keep the error rate of segmentation low, 
high-quality CCD cameras need to be used.
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the wild-type protein. In addition, some EGFR mutations occur at a high frequency, espe-
cially L858R in exon 21 and deletions in exon 19. This has led to the development of EGFR 
mutation-specific antibodies.9-13 These may be applied in cases of limited sample size inade-
quate for DNA-based testing. A positive IHC reaction is likely associated with the mutation. 
However, the antibodies may have cross-reactions to EGFR exon 20 insertion mutations that 
are insensitive for first-generation EGFR tyrosine kinase inhibitors (TKIs), and the detection 
rate of the exon 19 deletions may vary. Exon 20 insertions—A769 insertion ASV and D770 
insertion SVD—were positive for the antibodies in 1 study,10 and exon 19 deletion, other 
than the deletion of 5 amino acids (ELREA), may not be detected.11 Importantly, negative 
staining does not exclude the presence of a clinically actionable EGFR mutation.

Mutation-specific antibodies against BRAF V600E mutation have also been devel-
oped14,15 and are highly sensitive. In contrast to EGFR mutation-specific antibodies, BRAF 
V600E mutation‐specific IHC has no cross‐reactions to non‐V600E mutations.16

The high sensitivity with mutation-specific antibodies suggests that this IHC approach 
may be used as a screening tool for their respective specific mutations. Nevertheless, in IHC 
negative cases, the presence of other mutations in the same gene with possible actionable muta-
tions remains possible. Furthermore, confirmation by molecular assay may be warranted.

IHC to Detect or Screen for Gene Rearrangements
Predictive IHC testing with wild-type antibodies, such as for ALK protein, is highly sen-
sitive and specific for ALK alterations as the ALK protein is not expressed in normal lung 
tissue.17-19 In contrast, IHC for ROS1 and NTRK has lower specificity, so an orthogonal tech-
nique (eg, FISH or NGS) is required to demonstrate the presence of a rearrangement.20,21 
While the sensitivity for ROS1 IHC is high, making it suitable for screening, the sensitiv-
ity for NTRK IHC is approximately 80%,22,23 implying that most NTRK fusions may be 
detected, but not all.

Fluorescent In Situ Hybridization
FISH assays have been developed to detect a range of genomic alterations including amplifi-
cations, rearrangements/translocations, gains, and losses of either the entire chromosomes 
or specific chromosomal regions. Several basic probes are used for FISH, including the chro-
mosome enumeration probes (CEPs) and gene/locus-specific identification (LSI) probes. 
CEPs are often used to distinguish polysomy from true gene amplification as CEPs reflect 
the chromosomal number.

Detection of Rearrangements
Two types of FISH probes have been designed to detect chromosomal rearrangements: fusion 
and break-apart (Figure 5-2). Fusion probe sets consist of differentially labeled probes to 2 dis-
tinct loci, where the 2 fused genes are not normally located close to each other. False-positive 
signals may occur in cells where the 2 probes lie near each other. Therefore, each laboratory 
should test negative control cases and develop cutoff criteria for the percentage of nuclei 
containing a fusion pattern. Break-apart probes consist of 2 differentially labeled probes that 
hybridize to the same gene but are specific for regions that lie on opposite sides of the translo-
cation breakpoint. This break-apart strategy is especially valuable for detecting translocations 
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involving the so-called promiscuous genes (ie, ALK), where fusions may occur with multiple 
partner genes. A distance between the 2 signals and minimum percentage (15% for ALK) 
of nuclei showing the separated signals are usually defined to diagnose the presence of gene 
translocation.24

Detection of Gene Amplification
Assays for gene amplification employ a probe specific for the target gene of interest and 
are often combined with a differentially labeled probe for the corresponding centromere. 
Multiple target gene signals are observed in the amplification setting, and by calculating the 
ratio of target gene signals to centromere signals, even low amplification levels can be distin-
guished from polysomy for the entire chromosome.

Samples for FISH Analysis
A successful analysis of tissue or cytology samples using any FISH protocol requires appro-
priate fixation and, for the archival paraffin blocks, storage conditions.25,26 Tissues processed 
in strong acid solutions are not suitable for FISH assay, whereas mild decalcification with 
ethylenediaminetetraacetic acid (EDTA) or formic acid does not usually impact the test per-
formance. The recommendations for pre-analytical steps outlined in the pathology prac-
tice guidelines from the College of American Pathologists (CAP), Association for Molecular 
Pathology (AMP), International Association for the Study of Lung Cancer (IASLC), and oth-
ers should be followed.27,28 TAT is determined by different FISH protocols. Overall, simple 

Fusion probe Break-apart probe
Gene A Gene B

Probe Probe
Probe Probe

No fusion
No fusion

Fusion positive Fusion positive

Figure 5-2. Fluorescence in situ hybridization using fusion and break-apart probes for translocation  
detection.



57TECHNOLOGIES FOR DETECTION OF BIOMARKERS

and automated protocols are better than manual protocols. In general, the basic steps are 
similar to those of IHC, that is, a 2-day assay requiring approximately 3 to 4 hours on day 1 
and 30 minutes on day 2. Depending on the laboratory workflow, an additional day may be 
needed for interpretation.

Selection of FISH Assays
Although US Food and Drug Administration (FDA)-approved FISH assays are currently 
commercially available, some laboratories may choose to develop their own “homemade” 
probes, which are usually more cost-effective. Cloning vectors, such as bacterial artificial 
chromosomes, are excellent sources of homemade FISH probes. It is essential to verify that 
the correct clone was obtained either by screening for the DNA sequence of interest using 
PCR or by performing metaphase FISH. Whether the FDA-approved commercial assay is 
used or not, the probe set used for clinical testing should be characterized in detail, and cut-
off values should show reproducible performance with normal controls and known abnor-
mal patient specimens and/or cell lines for accurate and precise results.27 The specificity and 
sensitivity should be equivalent to its commercially available counterpart. For laboratories 
that opt to use laboratory-developed probes, attention should also be given to batch variabil-
ity of the clones, DNA-labeling enzymes, and other reagents.27

PCR, RT-PCR, and ddPCR
Polymerase Chain Reaction
PCR is a method of amplifying DNA commonly used to detect SNV/indel-type mutations. 
Because of the extremely small amount of DNA remaining in biopsied tissues for direct anal-
yses, tissue DNA must be amplified by PCR. Furthermore, oncogenic mutations, such as in 
EGFR, occur in 1 of the 2 alleles, and clinical specimens consistently contain a mixture of 
nonneoplastic tissues; thus, various approaches to detect mutant alleles have been developed 
and established as clinically feasible assays. The following assays are commonly used and 
approved in EGFR mutation detection.

Allele-Specific Real-Time PCR Assays
The key allele-specific real-time PCR assay is a probe that complements the mutated 
sequence and identifies the mutant allele with a particular technique. Therascreen (Qiagen) 
uses a Scorpion probe,29 whereas mutations are detected by displacement and cleavage of 
the reporter dye and quencher-labeled probes based on the 5′-3′ exonuclease activity when 
hybridized to the complementary sequence in the Cobas system (Roche Diagnostics). Amoy 
Diagnostics (AmoyDx) uses a TaqMan probe, of which the detection system is similar to the 
Cobas using Taq polymerase. In these systems, mutant signals can be detected as increased 
fluorescent levels.

Single-Base Primer Extension Assays
In single-base primer extension assays, targeted regions, including mutation sites, are ampli-
fied by PCR. The probe adjacent to the mutation site is annealed, and a single-base exten-
sion is performed using a distinguishable dideoxynucleoside. The difference of mutated and 
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wild-type alleles in incorporated bases is detected by fluorescent dye (SNaPshot [ThermoFisher 
Scientific]) or mass spectrometry (MassArray [Agena Bioscience]) (Figure 5-3).

Reverse Transcription-Polymerase Chain Reaction
RT-PCR is commonly used to detect fusion genes, which are difficult to detect by DNA PCR 
due to long intron sequences. To cover various fusion patterns, multiplex PCR with multiple 
primer sets is commonly performed. For example, 6 primer sets have been developed for 
multiplex PCR to cover different EML4-ALK fusions.30

PCR/Primer Extension

1.  PCR amplify individual
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Figure 5-3. Generalized scheme of single nucleotide extension assay.31 Abbreviations: dNTP = deoxy-
nucleotide triphosphate; ddNTP = dideoxynucleotide triphosphate MALDI-TOF = matrix-assisted laser 
desorption/ionization time-of-flight [mass spectrometry]; PCR = polymerase chain reaction; SNV = single 
nucleotide variant.
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Droplet Digital Polymerase Chain Reaction
With droplet digital PCR (ddPCR), sample DNA undergoes limiting dilution into small- 
volume compartments. Optimally, only a single target molecule is contained within each 
compartment. Positive amplification with PCR in the compartment indicates the presence 
of target molecules. Based on the distribution of the presence or absence in micro-reaction 
units, the copy number/density of the target molecule is estimated with Poisson distribution 
(digital PCR).31 To create micro-reaction units, water-oil emulsion droplet technology pro-
vides a high-throughput, cost-effective assay for ddPCR. Because ddPCR is advantageous 
due to its high sensitivity and accurate quantification, it is a preferred technique for circulat-
ing tumor DNA analysis from liquid biopsy (Figure 5-4).

Next-Generation Sequencing
Basic Principles
NGS offers a high-throughput parallel sequencing approach to characterize the molecular 
landscape of a tumor.

Targeted Whole Genome Sequencing/Whole Exome Sequencing
While whole genome sequencing (WGS)/whole exome sequencing (WES) is frequently 
applied across large tumor cohorts to discover and characterize new disease drivers and 
biomarkers,34 targeted NGS sequencing is more commonly used in clinical practice. The 
sequencing by synthesis principle is the core of the technology.35 Briefly, DNA fragments iso-
lated from a tumor sample are attached to an array and sequenced in parallel by sequentially 
synthesizing the reverse-complementary fragments (reads). NGS instruments can perform 
this process in a massively parallel fashion allowing for sequencing of up to 10 billion reads 
in 1 day.

Sequencing Technology
There are 2 major platforms that are based on different principles for the parallel sequencing 
(Figure 5-5). In the Ion Torrent PGM system (ThermoFisher Scientific), DNA fragments with 
specific adapter sequences are diluted to a single molecule of the fragment, and emulsion 
PCR is performed, resulting in amplified products that are linked on the surface of the beads 
(Figure 5-5A). Then, the beads are loaded into proton-sensing wells, and as sequencing pro-
ceeds, one deoxynucleotide triphosphate (dNTP) is incorporated sequentially from adapter 
sites, with releasing protons. Differences in the number of releasing protons according to 
incorporated nucleotides is converted to nucleotide sequences. With this semiconductor 
sequencer, somewhat less data per run is generated, but run times are shorter with longer 
reads (~400 bp).

In contrast, Illumina HiSeq system uses a different method, using 2 steps: bridge PCR 
and subsequent sequencing by synthesis (Figure 5-5B). After end-ligation of 2 different 
adapter sequences, denatured target DNA are hybridized with the 5′-end and 3′-end adapter 
sequences pre-fixed on the flow cell (bridge formation). Under this state, DNA polymerase 
performs a DNA elongation reaction and denatures the DNA resulting in 2 single-stranded 
DNA fragments. Subsequently, by repeating the bridge-joining, elongation, and denatur-
ation reactions, a large number of single-stranded DNA fragments can be locally amplified 
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(A) Ion Torrent sequencing
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(B) Illumina sequencing
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Figure 5-5. The sequencing platforms of (A) ThermoFisher Scientific Ion Torrent and (B) Illumina system.38 Abbreviations: 
dNTP = deoxynucleotide triphosphate;  NGS = next-generation sequencing; PCR = polymerase chain reaction.
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and fixed as clusters on the flow cell (bridge PCR). For sequencing, a single-base elongation 
of 3′-end blocking fluorescent dNTPs is performed by DNA polymerase. Then, the fluores-
cent dye bound to the base is excited by a laser beam, and the emission is recorded as a 
photograph. Four photographs are taken (A, C, G, T) to determine the 4 different bases in 
individual clusters. This process is repeated until the entire length is sequenced.

A key decision when applying NGS to a tumor sample is the selection of regions that 
should be targeted for sequencing. Typical targeted NGS assays focus on 100 to 500 genes 
with relevance for cancer. Conversely, assays that sequence all human genes or the entire 
genome are typically referred to as WES and WGS, respectively.36 A clear trade-off occurs 
between targeted and broad (WES/WGS) assays. A targeted assay typically provides a higher 
depth of sequencing and sensitivity to detect mutations in selected genes. In contrast, WES/
WGS has a lower depth of sequencing but greater potential to discover novel biomarker 
mutations and structural variants. These broad assays typically also require more sequencing 
data, have higher computational requirements, and have longer TATs, often leading to higher 
costs compared to targeted assays.37

Amplicon and Hybrid Capture
When performing targeting sequencing, another key decision point is the technology used 
to select and enrich DNA fragments in the genes of interest. Two commonly used techniques 
are amplicon sequencing and hybrid capture (Figure 5-6),36 both of which are supported 
by most platforms (eg, AmpliSeq Focus Panel and TruSight Oncology 500 as amplicon and 
capture enrichment technologies in the Illumina platform, respectively).

Hybrid capture uses complementary DNA probes to bind and capture DNA fragments 
from the selected genes. Amplicon sequencing selects and enriches DNA fragments from 
genes of interest using primers and multiplexed PCR amplification. Amplicon sequencing is 

Hybridization capture-based assay

Primer-based
amplification
of DNA
templates

PCR + barcoding
and adapter
ligation

Amplicon-based assay
(Tiled amplicon approach)

Sequencing

Adapter ligation

Hybridize to custom
capture probes and
isolate targeted
regionsAmplicon 1

Reverse
reads

Forward
reads

Amplicon 2

Gene X—mutational hotspot

Wash, elute, amplify,
and sequence

Exon 1 Exon 2 Exon 3
Large regions of interest

Figure 5-6. Comparison between amplicon-based and hybrid capture-based assays. Abbreviation: PCR = polymerase 
chain reaction. (Source: Jennings et al 2017.39)
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potentially advantageous because it can work from lower amounts of input DNA; however, it 
is still associated with risks of introducing allele-specific bias in the data from PCR amplifi-
cation. Moreover, amplicon sequencing imposes a limit on the number of genes/regions that 
can be sequenced, usually restricting it to small gene panels or hotspot regions. Conversely, 
hybrid capture has no such limit and can scale up to the whole exome.37 Furthermore, the 
probe-based selection of DNA fragments with hybrid capture is also better suited for the 
detection of fusion proteins.36

Tumor Cell Content
The tumor cell content (also known as tumor cellularity or tumor purity) of the sample is a 
key consideration for performing NGS. Some tumor specimens may have low numbers and 
low proportion of tumor cells because of the mixture of nonneoplastic tissue, such as stromal 
and immune cells. DNA from nontumor cells will dilute mutation signals and negatively 
impact the process of calling somatic mutations with NGS, resulting in reduced sensitivity 
of mutation and copy number variation detection in samples with low tumor cell content.36 
This issue can partially be alleviated by performing deeper sequencing; however, when fea-
sible, prioritizing samples with high tumor-cell content for NGS analysis may be a more 
cost-effective strategy.37 As a standard value, most NGS panels are designed for 20% or more 
tumor cell content.

Estimation of Tumor Mutational Burden
Tumor mutational burden (TMB) has emerged as a biomarker of response to immune check-
point inhibition40 and can be assessed using the same assay used for identifying targetable 
genetic alterations. TMB is defined as the number of somatic mutations per megabase of 
interrogated genomic sequence, and NGS allows parallel and unbiased detection of somatic 
mutations across a large number of genes, which enables quantitative estimation of the 
TMB in a sample. However, if the NGS gene panel is too small, the TMB may not be reliably 
estimated.40 Additionally, since the tumor cell content may impact the mutation detection 
sensitivity of the NGS assay, tumor cellularity should also be considered as a potential con-
founding variable for TMB estimation.41

Commercially Available Panel Tests
Table 5-2 shows current, commonly used commercially available panel tests. Individual pan-
els are characterized by the following factors.

Targeted Nucleotide (DNA-Based, RNA-Based, or Both)
Because DNA is more stable than RNA, DNA-based panels have been established ahead of 
RNA-based panels. However, there are some limitations with DNA panels.42 Rearrangement 
of particular genes with large and/or repetitive introns or deletions, such as NTRK, may 
not be detected with DNA-based analysis. Therefore, other approaches can be utilized such 
as DNA/RNA hybrid panels or sequential panel testing (RNA panel sequencing if negative 
results obtained in the DNA panel).



64 IASLC ATLAS OF MOLECULAR TESTING FOR TARGETED THERAPY IN LUNG CANCER

Ta
bl

e 
5-

2.
 E

xa
m

pl
es

 o
f C

ur
re

nt
ly

 A
va

ila
bl

e 
N

G
S 

Pa
ne

l T
es

ts

Bi
op

sy
 ty

pe
Ti

ss
ue

 b
io

ps
y

Li
qu

id
 b

io
ps

y

So
ur

ce
D

N
A

RN
A

Bo
th

D
N

A

Pa
ne

l n
am

e
Fo

un
da

tio
nO

ne
 

CD
x 

(F
ou

nd
at

io
n 

M
ed

ic
in

e)

Tr
uS

ig
ht

 
Tu

m
or

 
26

 a
ss

ay
 

(Il
lu

m
in

a)

A
rc

he
r 

Fu
si

on
Pl

ex
 

Lu
ng

 
(In

vi
ta

e)

O
nc

om
in

e 
D

x 
Ta

rg
et

 Te
st

 
(T

he
rm

oF
is

he
r 

Sc
ie

nt
ifi

c)

Tr
uS

ig
ht

 O
nc

ol
og

y 
Co

m
pr

eh
en

si
ve

 
(Il

lu
m

in
a)

Fo
un

da
tio

nO
ne

 
Li

qu
id

 (F
ou

nd
at

io
n 

M
ed

ic
in

e)

A
rc

he
r 

Li
qu

id
Pl

ex
 

(In
vi

ta
e)

G
ua

rd
an

t 3
60

 
(G

ua
rd

an
t 

H
ea

lth
)

Pl
as

m
aS

EL
EC

T 
(P

er
so

na
l 

G
en

om
e 

D
ia

gn
os

tic
s)

 

M
at

er
ia

l r
ea

d
Tu

m
or

 D
N

A
Tu

m
or

 D
N

A
Tu

m
or

 R
N

A
Tu

m
or

 D
N

A
 o

r 
RN

A
Tu

m
or

 D
N

A
 o

r R
N

A
Ci

rc
ul

at
in

g 
tu

m
or

 
D

N
A

Ci
rc

ul
at

in
g 

fr
ee

 D
N

A
Ci

rc
ul

at
in

g 
fr

ee
 D

N
A

Ci
rc

ul
at

in
g 

tu
m

or
 

D
N

A

En
ric

hm
en

t
H

yb
rid

 c
ap

tu
re

A
m

pl
ic

on
H

yb
rid

 
ca

pt
ur

e
A

m
pl

ic
on

H
yb

rid
 c

ap
tu

re
H

yb
rid

 c
ap

tu
re

H
yb

rid
 

ca
pt

ur
e

H
yb

rid
 

ca
pt

ur
e

H
yb

rid
 c

ap
tu

re

Sa
m

pl
e 

re
qu

ire
d

FF
PE

 ti
ss

ue
;  

50
-1

00
0 

ng
 D

N
A

FF
PE

 ti
ss

ue
; 

30
-3

00
 n

g
FF

PE
 ti

ss
ue

; 
10

 n
g 

RN
A

FF
PE

 ti
ss

ue
;  

10
 n

g 
D

N
A

, 
10

 n
g 

RN
A

FF
PE

 ti
ss

ue
; 

≥2
.0

 m
m

3  o
r 4

0 
ng

 
D

N
A

 a
nd

 4
0 

ng
 

RN
A

2 
× 

8.
5 

m
L 

bl
oo

d 
sa

m
pl

es
5-

10
 n

g 
D

N
A

10
 m

L 
bl

oo
d 

sa
m

pl
e 

fo
r 

5-
30

 n
g 

D
N

A

2 
× 

10
 m

L 
bl

oo
d 

sa
m

pl
es

N
um

be
r o

f 
ge

ne
s 

32
4 

ge
ne

s 
an

d 
36

 
fu

si
on

s
26

 g
en

es
17

 g
en

es
 a

nd
 

16
 fu

si
on

s
23

 g
en

es
 a

nd
 2

1 
fu

si
on

s
52

3 
ge

ne
s 

an
d 

55
 

fu
si

on
s

70
 g

en
es

28
 g

en
es

73
 g

en
es

64
 g

en
es

Tu
rn

ar
ou

nd
 

tim
e

<2
 w

ee
ks

2-
3 

da
ys

2 
da

ys
3 

da
ys

~1
 w

ee
k

<2
 w

ee
ks

2-
3 

da
ys

7 
da

ys
N

ot
 re

po
rt

ed

A
bb

re
vi

at
io

ns
: F

FP
E 

= 
fo

rm
al

in
-fi

xe
d 

pa
ra

ffi
n-

em
be

dd
ed

; N
G

S 
= 

ne
xt

-g
en

er
at

io
n 

se
qu

en
ci

ng
.



65TECHNOLOGIES FOR DETECTION OF BIOMARKERS

Enrichment Method (Hybrid Capture vs Amplicon)
Small biopsy tissues or the need for a fast TAT may benefit from amplicon sequencing, 
whereas comprehensive genomic analysis using hybrid capture sequencing enables assess-
ment of further alterations for possible clinical trials.

Gene Coverage
Based on the nature of a targeted panel, the gene coverage of the panels is not identical, even 
after including major alterations. In addition, the detection performance of larger indels, 
even with 12 bp or more, is different among panels because of a choice of bioinformatics tools.

Required DNA/RNA Input
Individual assays require different DNA/RNA inputs. Even using tissue of recommended 
size, yields of the extracted DNA/RNA may differ, possibly relating to factors such as tissue 
fixation and storage of blocks and unstained sections. Particularly, decalcified specimens, 
inappropriately fixed tissues, and aged blocks (≥5 years) may have lower yields compared 
with standard FFPE samples.

Conclusion
This chapter has provided a broad overview of the various technologies currently available 
for clinical detection of molecular biomarkers in lung cancer, including their advantages 
and disadvantages and ability to identify various genetic variants and protein changes. As 
no single technology is suitable for all biomarkers and given the rapid advances in this area, 
an understanding of current and emerging technologies is essential to delivering efficient 
optimal clinical care of lung cancer patients.
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By Deepali Jain, Wendy A. Cooper, Lizza E. Hendriks, Fred R. Hirsch, Mehdi Karkouri,  
Keith M. Kerr, Dongmei Lin, Ming-Sound Tsao, and Yasushi Yatabe

In the last one and a half decades, the management of lung cancer, especially non-small 
cell lung carcinoma (NSCLC), has increasingly shifted to incorporate targeted therapies.1,2 
Molecular testing during or following the diagnostic work-up of lung cancer has become 
an essential tool to identify predictive biomarkers for the selection of patients for person-
alized therapy.3,4 Most of these biomarkers are detected by modern molecular techniques 
such as polymerase chain reaction (PCR) or sequencing-based methods, which provide 
fast and accurate results. Further, it is strongly encouraged that genetic testing required to 
support patient management is performed in laboratories that are compliant with specific 
national and local standards (eg, Clinical Laboratory Improvement Amendments regula-
tions in the United States). In addition, multiple guidelines issued by different international 
groups (College of American Pathologists [CAP], International Association for the Study 
of Lung Cancer [IASLC], Association for Molecular Pathology [AMP], American Society 
of Clinical Oncology [ASCO], European Society for Medical Oncology [ESMO], National 
Comprehensive Cancer Network [NCCN]) provide detailed recommendations for the selec-
tion of lung cancer patients for testing and treatment, sample requirements, and molecular 
testing methods and platforms.3,5-7 The purpose of this chapter is to provide an overview of 
the implementation of these and other molecular testing guidelines for patients with lung 
cancer at the global level.

Guideline Development and Guidelines
In the past, clinical decision-making relied largely on the experience and skill of the physi-
cian in charge. However, once evidence-based medicine (EBM) was proposed by Guyatt in 
Canada in 1991,8 the concept spread to various clinical fields along with a growing social 
awareness of the need for quality medical care. The current practice guidelines are based on 
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a 2011 report by the Institute of Medicine (IOM) 2011 report, Clinical Practice Guidelines 
We Can Trust,9 which is derived from the concept of EBM. This report provides the defini-
tion of a practice guideline, as well as some methods for guideline development. Grading of 
Recommendations Assessment, Development and Evaluation (GRADE) is the most widely 
used system in the world.10 GuideLines Into Decision Support (GLIDES) is a system result-
ing from a project under contract to the US Agency for Healthcare Research and Quality 
(AHRQ) from 2008 to 2013.11 Both systems determine the evidence level through systematic 
reviews. Recent CAP/IASLC/AMP molecular testing guidelines have been developed using 
this system.12

CAP/IASLC/AMP, ASCO, and NCCN
Certain guidelines, such as from the CAP/IASLC/AMP molecular testing panel, have focused 
on the laboratory community and empower the pathologist and/or molecular diagnostician 
to direct the use of resource-intensive molecular assays and ensure appropriate test selection 
apropos to available targeted therapies. The original CAP/IASLC/AMP guideline was pub-
lished in 2013 and has served as a model for subsequent national and international efforts.13 
The original guideline and its update in 2018 prompted endorsements from ASCO and serve 
as key references for the NCCN guidelines.5,6,14 These documents diverge in their testing and 
treatment recommendations as a result of their timing relative to the fast pace of targeted 
therapy approvals in the last decade. The CAP/IASLC/AMP guidelines are currently under 
revision with an updated publication expected in 2024.

European Society for Medical Oncology
ESMO regularly publishes guidelines for the management of patients with lung cancer,7 
including recommendations on testing a wide range of targets for which the European 
Medicines Agency (EMA) has approved therapies.7

EMA approval is permissive but does not guarantee access to drugs in individual coun-
tries. At least in the context of national public health systems, individual countries may 
approve drugs and, to a variable degree, facilitate testing. Thus, the main determining factor 
driving testing is the availability of relevant targeted therapies; this leads to innumerable 
national or even regional guidelines reflecting variance in local practice. The recommended 
test targets are not consistent across countries; however, EGFR, ALK, ROS1, and PD-L1 are 
recommended in all guidelines and BRAF and NTRK in most, but KRAS, MET, RET, and 
ERBB2 (HER2) testing is not addressed in many.15 Delivery of testing then depends on access 
to laboratory facilities and arrangements for test reimbursement.15 Although next-generation 
sequencing (NGS) is embedded as a recommendation in ESMO and many national guide-
lines, access to NGS is far from universal.16 Initiatives within the European Union are aimed 
at addressing this disparity. According to the 2023 ESMO guidelines on oncogene-addicted 
metastatic NSCLC, the recommended biomarkers for testing are EGFR, ALK, ROS1, BRAF, 
RET, MET (exon 14 skipping as well as amplification), NTRK, ERBB2 (HER2) mutation, EGFR 
exon 20 insertion mutation, and KRAS G12C mutation.7 A summary of US and European 
guidelines are provided in Table 6-1.
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Region-Specific Biomarker Testing Practices
The selection of biomarkers varies by country as per their specific needs and availability of 
resources. For many countries, the implementation of these biomarker testing practices for 
molecular screening to identify predictive biomarkers is challenging because of operational 
and logistic constraints.15,17,18 Therefore, most countries follow their own biomarker test-
ing practices for molecular testing of lung cancer in their region, which not only include 
lower- or middle-income countries but also some developed nations. Every country has its 

Table 6-1. Summary of US and European Guidelines

Guideline Population Target Method of testinga

CAP/IASLC/
AMP 2018

Newly 
diagnosed 
patients

EGFR PCR/NGS

ALK IHC ± FISH

ROS1 IHC (screening) and FISH/PCR/NGS

RET, MET, ERBB2 (HER2), 
KRAS, BRAF

Part of multiplex panel of NGS; either initially or 
when EGFR, ALK, ROS1 negative

Relapsed 
patients on 
targeted 
therapy

EGFR T790M 
(cfDNA/tissue DNA)

5% analytic sensitivity (PCR-based/NGS)

ESMO 2023b

Newly 
diagnosed 
patients

EGFR Any validated method to cover mutations in exon 
18-21 (DNA NGS preferred)

ALK RNA NGS; IHC ± molecular confirmation (NGS, FISH)

ROS1 RNA NGS; IHC screening, molecular confirmation 
essential (NGS, FISH)

RET, MET, NTRK, ERBB2 
(HER2), KRAS, BRAF

DNA/RNA NGS panel testing

PD-L1 IHC

EGFR T790M, MET 
(as appropriate) 
(cfDNA/tissue DNA)

PCR/NGS/ISH

Relapsed 
patients on 
targeted 
therapy

EGFR (category 1) Broad molecular profiling (NGS)c

NCCN 2022

Newly 
diagnosed 
patients

ALK (category 1) Broad molecular profiling (NGS)

KRAS, ROS1, BRAF, 
NTRK1/2/3, MET exon 14 
skipping, RET

PD-L1 IHC

Relapsed 
patients on 
targeted 
therapy

EGFR T790M and other 
genomic resistance muta-
tions (cfDNA/tissue DNA)

Broad molecular profiling (NGS)

Abbreviations: AMP = Association for Molecular Pathology; ASCO = American Society of Clinical Oncology; CAP = College 
of American Pathologists; cfDNA = cell-free DNA; ESMO = European Society for Medical Oncology; FISH = fluorescence 
in situ hybridization; IASLC = International Association for the Study of Lung Cancer; IHC = immunohistochemistry; ISH = 
in situ hybridization; NCCN = National Comprehensive Cancer Network; NGS = next generation sequencing; PCR = poly-
merase chain reaction.
aMultiplexed sequencing panels are preferred over single gene tests. ASCO endorsed these guidelines in addition to 
inclusion the of BRAF mutation.5
bESMO 2023 guidelines.7
cAlso aim to detect emerging biomarkers such as high-level MET amplification and ERBB2 (HER2) mutation.
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own constraints, which include cost of molecular testing, availability of testing infrastruc-
ture, access to the technical and interpretive expertise, government policies regarding health 
insurance and reimbursement, and requirements for testing approval from local authorities. 
In some countries, targeted treatments are not available or are financially inaccessible to 
patients despite the availability of the molecular test.15,19,20 Figure 6-1 provides biomarker 
testing practices in different countries. While most countries perform EGFR, ALK, ROS1, 
and PD-L1, there are a few where either EGFR or only EGFR and ALK are offered. Some 
country-specific examples are provided next.

United States
In the United States, the NCCN guidelines are widely used to guide treatment decisions and 
as a benchmark for payers (predominantly private insurance companies).6 These guidelines 
represent expert opinions based on current clinical evidence and are heavily influenced by 
regulatory (US Food and Drug Administration [FDA]) drug approvals. Because the NCCN 
guidelines can be updated several times a year to reflect new approvals, they tend to reflect 
the most up-to-date testing and treatment environment. In contrast, systematic guidelines, 
such as those from CAP/IASLC/AMP, depend on a rigorous and time-intensive review 
of peer-reviewed, published evidence12 and for practical reasons are only updated every 
few years.

Despite the recognized role and value of available guidelines, adherence to their recom-
mendations remains suboptimal. A survey based on real-world data collected from commu-
nity oncology practices between 2018 and 2020 showed that although 91% of the patients with 
metastatic non-squamous NSCLC had at least 1 single gene analysis performed, only 49% had 
5 or more therapeutically relevant genes evaluated, and NGS was performed in only 39%.22 
Examination of broad, setting-agnostic health care databases has also uncovered significant 
racial disparities regarding NGS testing among NSCLC patients in the United States, with 
approximately 55% of White patients receiving NGS at any point in their care versus approx-
imately 44% of Black patients.23 In light of recognized challenges of sample insufficiency 
and prolonged turnaround times for tissue-based testing, cell-free DNA (cfDNA) analysis 
(liquid biopsy) has gained a significant foothold in US practice. While cfDNA-specific test-
ing guidelines are lacking in the United States, the updated CAP/IASLC/AMP guidelines 
recognized their utility in patients lacking sufficient tumor tissue for biomarker testing, or 
in those needing molecular characterization following relapse on targeted therapy.12 IASLC 
published recommendations in 2021,24 albeit based on expert opinion, not on a systematic 
review of the literature. (See Chapter 4.)

Canada
In Canada, the health care system is almost fully government funded, thus the scope of rou-
tinely available molecular testing for patients with cancer is determined by the health care 
authorities. As provincial governments have jurisdiction over health care, the type and sys-
tem of testing available to patients may vary between provinces. Testing is mainly conducted 
at molecular diagnostic laboratories, most of which are established within the laboratory 
medicine or pathology departments of major hospitals. In general, most provincial cancer 
care authorities would initiate a consideration of the funding for biomarker testing when a 
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new drug that has been approved by Health Canada is being considered for public funding. 
Major issues that are considered in such deliberations include the cost effectiveness of the test 
and testing methods/assays being proposed, and their impact on the delivery of patient care 
for the relevant cancers.25-28 While funding generally follows guidelines that are accepted 
internationally (eg, CAP/IASLC/AMP, ASCO, ESMO), periodic consensus or review publi-
cations from groups of Canadian key-opinion leaders in medical oncology, pathology, and 
molecular pathology may provide recommendations in Canadian context.29-35 At present for 
lung cancer, molecular testing is recommended for all targetable alterations, including EGFR, 
ALK, ROS1, BRAF V600E, NTRK, KRAS G12C, and EGFR T790M mutations in patients with 
EGFR-mutant NSCLC who have progressed on first- and/or second-generation EGFR kinase 
inhibitors.35 New markers will be included as the corresponding targeted drugs are approved 
in Canada. Testing for circulating EGFR T790M mutation in plasma samples (liquid biopsy) 
is also recommended as an alternative (preferred) or complementary method. While the 
choice of testing method is determined by the laboratory, based on multidisciplinary input, 
laboratories are required to follow the acceptable guidelines to validate individual assays 
before clinical implementation. This is crucial, as unlike in the United States, Health Canada 
commonly associates specific drug approvals to a “validated assay,” instead of a specific 
companion diagnostic assay. This approach has prompted the conduct of several Canadian 
multicenter studies to optimize and standardize lung biomarker tests, such as for EGFR, 
ALK, ROS1, and PD-L1.36-39

Europe
According to a 2019 survey,40 European physicians are aware of (inter)national guidelines on 
NSCLC biomarker testing. Selection criteria for testing are similar across countries: PD-L1 
for all patients with metastatic NSCLC and molecular testing for oncogenic drivers in those 
with non-squamous NSCLC or squamous cell histology but without a smoking history. The 
status of molecular testing across Europe is very heterogeneous. In around two-thirds of 
European countries, “reflex testing” (pathologist driven) is common; in the others, testing 
is on demand. Testing is usually carried out in house or in a regional laboratory. In around 
three-quarters of countries, NGS is a common practice; in the others, real-time PCR is 
used.15,40

European countries have a diverse range of health care systems and health economies, 
all of which impact the delivery of tumor molecular profiling.41,42 In all countries, EGFR, 
ALK, and PD-L1 testing is available, but reimbursement practice varies between full cover-
age by national or private health insurance or funding by pharmaceutical companies, to no 
funding or even no testing for certain biomarkers.40 In countries such as France, structured 
programs supported by the government exist to achieve centralized systematic molecular 
testing in a limited number of centers.43

Although awareness regarding testing criteria exists, not all patients have access to test-
ing, and even in countries with access, not all tumors fulfilling testing criteria are tested, 
although testing rates are increasing over time.15,44-47 Importantly, patient awareness of their 
biomarker test results seems low, as in a European survey, 23% of patients knowing their 
tumors were tested did not know the results.48
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Asia-Pacific Region
The Asia-Pacific region is highly diverse and includes countries like Japan where NGS test-
ing is reimbursed, as well as other countries such as Indonesia where access to oncologic 
care is suboptimal. In Asia, there is less emphasis on companion diagnostics, and the cost 
and reimbursement of NGS is very much determined by individual countries. Many adopt 
a pragmatic approach where biomarker testing is predicated on access to novel therapies, 
taking into account that local drug approvals can often lag FDA/EMA approvals by up to 
2 years. This is the case even in Hong Kong, Taiwan, and Singapore.

Australia
In Australia, testing for EGFR, ALK, ROS1, and MET alterations, as well as PD-L1 immu-
nohistochemistry (IHC), is routinely performed and is government funded. Although NGS 
panel testing is undertaken in larger centers, this is not universally available. For ALK and 
ROS1, IHC screening is undertaken and confirmation of a rearrangement by fluorescence in 
situ hybridization (FISH) testing is currently required to access targeted agents. Testing for 
less common fusions, such as RET and NTRK1-3, is less widely available. Molecular testing 
using liquid biopsies is uncommonly performed in Australia currently and is not govern-
ment funded.49

China
The approved therapeutic targets in Mainland China include EGFR and BRAF mutations, 
ALK, ROS1, RET, and NTRK fusions, and MET exon 14 skipping mutations. Therefore, 
Chinese guidelines recommend the preceding genes must be tested. Drugs targeting KRAS 
and ERBB2 (HER2) gene mutation, MET gene amplification, and other genes are still in clin-
ical trials, and these targets are recommended as components of expanded testing.50,51

PCR-based methods and NGS are recommended testing methods for mutations whereas 
gene fusions are detected by FISH, allele-refractory mutation system (ARMS) polymerase 
chain reaction (PCR), NGS (RNA-based), and IHC. ALK IHC (D5F3) is recommended as a 
companion diagnostic test, while ROS1 and neurotrophic tyrosine receptor kinase (NTRK/
pan-TRK) IHC are recommended as screening tests.50,52,53 Molecular testing is routinely 
performed on surgical samples of NSCLC with non-squamous histology at stage IB or above. 
For advanced NSCLC, tissue biopsies are preferred. Liquid biopsy can also be considered 
if tissue samples are not available. In addition, PD-L1 detection is equally important and 
should be performed at the same time.54,55

India
Indian guidelines recommend sequential or simultaneous testing as per the discretion of the 
oncologist.56 Presently, most of the therapies for novel gene targets (BRAF, MET, RET, HER2, 
KRAS) are not available in India. Therefore, these genes are not included in routine molecu-
lar testing in all patients with advanced NSCLC but may be tested in patients who progress 
or develop resistance to first-line therapy. Expert panels recommend EGFR, ALK, and ROS1 
genes, and PD-L1 protein, as first-line biomarkers for molecular testing.56
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Depending on the oncologist’s judgment and the patient’s financial means, both single 
gene testing and NGS are advised. ARMS-PCR, digital PCR, and NGS are the preferred 
methods for testing of EGFR mutation in NSCLC. IHC is recommended for the ALK rear-
rangement and PD-L1 expression whereas ROS1 rearrangement is screened by IHC followed 
by FISH for confirmation.

Because of limited availability of osimertinib in first-line settings, patients are often 
tested for EGFR T790M mutation on liquid biopsy at relapse. However, they are advised to 
undergo a tumor biopsy if liquid biopsy results are negative.

Japan
Biomarker testing in Japan is regulated by the health care policy of the government, and most 
predictive biomarker testing is covered by health insurance. Patients with advanced lung cancer 
are commonly examined with focused multiplex testing after the diagnosis, and comprehen-
sive genomic profiling test is applied in some patients who progress after standard therapy.57,58 
In terms of treatment guidelines, the Japanese Lung Cancer Society (JLCS) releases guidelines 
for lung cancer treatment, which are developed by the GRADE system and updated every year; 
a partial summary has been reported in the international literature.59 For individual predic-
tive biomarkers, the biomarker committee of the JLCS facilitates appropriate implementation 
of molecular testing with guidance for EGFR, ALK, ROS1, BRAF, MET, KRAS, and multiplex 
testing. The guidance for ALK,60 MET,61 and multiplex testing58 are available in English.

Africa and Middle East
Biomarker testing for NSCLC patients in Africa and the Middle East is heterogeneous, as 
the region includes high- and low-to-middle-income countries. Unlike in the high-income 
countries of the Middle East, availability of lung cancer biomarker testing is very limited in 
sub-Saharan countries.62,63 Local testing expertise is also scarce. Testing sites may not even 
exist in the country or are centrally located, resulting in extended turnaround times. Several 
countries rely on outsourcing to European laboratories for molecular testing. In most of 
the cases, the patient bears the cost of the test. In countries such as South Africa, access to 
biomarker testing and targeted therapies is dictated in part by the patient’s access to private 
versus public sector health care services.64 This applies also to diagnostic tools, as histopa-
thology laboratory tests may not be available nationwide, and routine techniques in other 
settings, such as immunohistochemistry, can be hard to find.65 This means that in certain 
countries, even basic histologic typing of NSCLC using immunohistochemistry is not avail-
able, let alone molecular testing.19 Moreover, access to targeted therapies is very limited and 
the cost of therapy is generally not covered by most public health systems. This major gap 
results in a delayed care for NSCLC and hinders efforts to provide the best possible care to 
these patients.

Conclusion
Global implementation of standard biomarker testing guidelines in lung cancer depends on 
country-specific local and regional factors that include availability of resources and infra-
structure, affordability, reimbursement policies by government or private parties, access 
to testing assays, and drug approval mechanisms. Although the recommendations on the 
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specific tests are not consistent across countries, testing for EGFR, ALK, ROS1, and PD-L1 
is widely implemented. With increased availability of novel targeted therapies, we anticipate 
this list to expand, necessitating a shift toward multiplexed testing.
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Gene Structure and Function
The epidermal growth factor receptor (EGFR/ErbB1), with ErbB2 (HER2), ErbB3 (HER3), 
and ErbB4 (HER4), is a member of the ERBB receptor family. These receptor family members 
signal as homo- and heterodimers upon ligand binding, with the exception of HER2, which 
participates in dimerization in absence of a known ligand.1 The EGFR protein is a transmem-
brane receptor tyrosine kinase that comprises an extracellular domain (ECD), transmem-
brane domain (TMD), juxtamembrane domain (JMD), tyrosine kinase domain (TKD), and 
C-terminal tail.2

Upon binding to the various ligands, including epidermal growth factor (EGF), trans-
forming growth factor α (TGFα), amphiregulin (AREG), and so forth,2 conformational 
changes in the ECD permit receptor dimerization.3 This dimerization induces asymmetric 
interaction between the C- and N-lobes of the TKDs, resulting in autophosphorylation of the 
receiver tyrosine kinase and of phosphorylation sites on the C-terminal tail. The JMD has 
been demonstrated to stabilize this interaction via a juxtamembrane-latching mechanism 
(Figure 7-1).4,5 Within the TKD, this phosphorylation induces conformational changes in 
the positioning of the αC-helix and, consequently, the positioning of the activation loop, 
which adopts an open conformation permissive of substrate binding.6 Within the C-terminal 
tail, phosphorylated docking sites bind additional mediators of downstream signaling. The 
activation of EGFR ultimately drives the activation of multiple downstream signaling path-
ways, including the mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase 
(PI3K)/AKT, and Janus kinase (JAK)/signal transducers and activators of transcription 
(STAT) pathways, which promote cell growth and survival.7

Epidemiologic, Clinical, and Histologic Characteristics
The global incidence of EGFR mutations varies, ranging from approximately 12% of lung 
adenocarcinoma in European populations, to 15% in North America to 49% in Asian 
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populations.8 Prevalence is highest in women, those without history of tobacco use, and in 
younger patients.9 Testing remains important among all patients with adenocarcinoma, as 
EGFR-activating mutations are detectable among all lung cancer patient populations. For 
example, in 1 case series while 52% of patients with no prior history of tobacco use were 
found to have EGFR-activating mutations, EGFR mutations were additionally present in 21% 
of those with former tobacco use and 6% of those with ongoing tobacco use.10 Similarly, while 
EGFR mutations are uncommon in non-small cell lung carcinoma (NSCLC) with squamous 
histology, they are still detected with low prevalence, particularly in those with other classic 
demographic features (eg, never-smokers) or with mixed adenosquamous histology.11

For the time being, the molecular epidemiology of EGFR mutations should be inter-
preted with great caution, as the frequencies are dependent on the different testing strategies, 
which need to take into account the geographic heterogeneity of EGFR mutations. For 
example, using real-time polymerase chain reaction (PCR) might be a sensible approach in 
high-incidence areas, even if some uncommon and compound mutations will be missed.12 
Conversely, the use of next-generation sequencing (NGS) may change our understanding of 
the frequency of uncommon mutations.13

Testing Strategies
Everyone involved in lung cancer biomarker testing needs to be aware of the performance 
metrics of the different techniques that are commonly used to identify EGFR mutations 
(Table 7-1).14,15 The following section discusses each of the types of testing available to detect 
EGFR mutations. Direct (or Sanger) sequencing and rapid PCR approaches were mainly used 
when EGFR mutations were initially discovered.16,17 Over the past 2 decades, initially, com-
mercial real-time PCR assays were developed, followed by the clinical application of NGS pan-
els.18-20 Accordingly, those are the 2 most used techniques for detecting EGFR mutations, and 
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Figure 7-1. EGFR protein structure in the inactive and active conformations. Binding of the ligand EGF 
induces conformational changes permitting protein dimerization. Interaction between the tyrosine kinase 
domains permits kinase catalytic activation as well as docking of mediators of downstream signaling at the 
C-terminal tail. Abbreviations: EGF = epidermal growth factor; C = C-lobe; JMD = juxtamembrane domain; 
N = N-lobe; TMD = transmembrane domain. (Adapted from Jura et al.4)
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there are several US Food and Drug Administration (FDA)-approved real-time PCR assays 
and NGS panels. Most national and international guidelines recommend comprehensive 
biomarker testing, and therefore there is increased adoption of NGS-based EGFR testing.21,22

The analytical sensitivity (often referred to as just sensitivity) is the limit of detection, 
the smallest percentage of tumor cells able to be detected in a given sample. The diagnostic 
sensitivity relates to the comprehensiveness of the assay or the percentage of all mutations 
described for the gene detectable by the given assay.15 Along those lines, some of these assays 
cannot discriminate between variants (ie, the results are presented as “mutation detected” vs 
“mutation not detected” or “exon 19 deletion, not otherwise specified”), and only NGS panels 
offer a reliable estimate of the allele fraction. Success rates are often related to the amount 
of DNA present in the specimen, as hybridization-capture NGS panels require much more 
input DNA than amplicon-based NGS or real-time PCR assays. Finally, it is worth emphasiz-
ing that ultrarapid real-time PCR kits or even fully automated NGS workflows, with minimal 
hands-on time, can provide results in 1 to 2 days.23-25

Type of EGFR Alterations and Clinical Implications
To better understand testing strategies and clinical implications of EGFR mutations in 
patients with NSCLCs, it is useful to divide them into the following 5 categories.

1. Common Mutations
The most common activating EGFR mutations are in-frame deletions of exon 19 (amino acid 
residues 747-750) and L858R point mutations of exon 21, representing 80% to 85% of all EGFR 
mutations.21 NSCLC patients with these mutations respond well to EGFR tyrosine kinase 
inhibitors (TKIs), and EGFR TKIs are the current standard of care in the first-line treatment 

Table 7-1. Methods for Detecting EGFR Mutations

Technique
Analytical 
sensitivity

Diagnostic 
sensitivity

Precise 
annotation 
of variants 

Allele 
frequency 
reported

Input 
DNA Cost

Turn-
around 
time

PCR and direct 
sequencing

Lowest Excellent Yes No High Lowest 3-4 days

PCR and 
pyrosequencing

Variable Intermediate Sometimes No High Low 3-4 days

Real-time PCR High Intermediate Sometimes No Low Low Hours to 
1-2 days

Digital PCR Highest Low Yes No Low-
est

Low Hours to 
1-2 days

NGS-targeted 
amplicon based

Variable 
(high)

Variable 
(high)

Yes Yes Low Intermediate 1-2 to 
10 days

NGS-targeted 
hybridization 
capture

Variable 
(high)

Variable 
(high)

Yes Yes High Intermediate 15-20 days

NGS-whole 
exome

Variable Excellent Yes Yes High High Weeks

NGS-whole 
genome

Variable Excellent Yes Yes High Highest Weeks

Abbreviations: NGS = next-generation sequencing; PCR = polymerase chain reaction.
Adapted from Pao et al14; Pennell et al.15
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of advanced/metastatic disease. First-generation EGFR TKIs, including gefitinib and erlo-
tinib, as well as second-generation EGFR TKIs, such as afatinib or dacomitinib, showed sta-
tistically significant longer progression-free survival (PFS) compared with platinum-based 
chemotherapy in the first-line setting.26-30 In a phase 2 trial, afatinib reported a longer 
PFS compared with gefitinib, but without difference in the overall survival (OS) rate.31,32 
Similarly, in a phase 3 trial, dacomitinib, another second-generation EGFR TKI, reported a 
significant improvement in PFS but not in OS (p value required 0.025, p value achieved 0.04) 
compared with gefitinib. However, in contrast to the afatinib trial, in the dacomitinib-trial, 
patients with brain metastases were not allowed.33-35 Although second-generation EGFR 
TKI reported better outcome, these EGFR TKIs are associated with higher incidence of tox-
icities, including skin rash and diarrhea, compared with gefitinib.31,33

Osimertinib, a third-generation EGFR TKI, was initially developed for patients with 
acquired resistant T790M mutation after failure on prior first- or second-generation EGFR 
TKI in the phase 1 AURA and the phase 3 AURA3 study.36-38 With the encouraging efficacy 
in the treatment-naïve patient cohort in the AURA study,39 osimertinib was evaluated for 
use in the first-line setting in the FLAURA study. In this study, treatment-naïve patients 
with advanced/metastatic EGFR exon 19 deletion and exon 21 L858R mutation were ran-
domized to osimertinib versus erlotinib or gefitinib. The study showed that osimertinib sig-
nificantly improved the PFS, the primary endpoint, and follow-up OS analysis also showed 
benefit of osimertinib.40,41 In addition, osimertinib showed improved central nervous sys-
tem (CNS) activity compared with first-generation EGFR TKI.42 Currently, osimertinib is 
the preferred treatment option in the first-line treatment of advanced/metastatic disease. 
However, third-generation EGFR TKIs aumolertinib,43 furmonertinib,44 and lazertinib,45 
have already reported longer PFS rates than gefitinib in first-line settings in patients with 
EGFR-mutant advanced NSCLC. In addition, in the first-line setting, the MARIPOSA trial 
(NCT04487080) evaluates lazertinib plus amivantamab (an EGFR-MET bispecific mono-
clonal antibody) combination; the FLAURA2 trial (NCT04035486) evaluates the benefit of 
adding platinum-based chemotherapy to osimertinib; and the ECOG-ACRIN 5182 phase 
3 study (NCT04181060) evaluates osimertinib with or without bevacizumab. Recently, an 
adjuvant clinical trial with osimertinib showed markedly improved disease-free survival 
compared with placebo in patients with surgically resected stage IB to IIIA NSCLC with 
EGFR mutation-positive disease.46

2. Uncommon (or Atypical) Mutations
Uncommon or atypical mutations include all mutations except exon 19 deletions, L858R, and 
T790M mutations. The most frequently identified are G719X in exon 18 (0.9%-4.8% of all 
EGFR mutations), L861X in exon 21 (0.5%-3.5% of all EGFR mutations), and S768I in exon 20 
(0.5%-2.5% of all EGFR mutations).47 These are rare and not included in some more limited 
panels, so NGS may be required to identify them; it is important to look for these uncommon 
mutations because they can be sensitive to EGFR TKIs. These atypical EGFR mutations show 
clinical response to gefitinib or erlotinib; however, the overall response rate (ORR) and the 
PFS rate is lower than in common EGFR mutations.48,49 Afatinib showed activity for G719X, 
L861Q, and S7681 mutations and has received FDA approval.50,51 Osimertinib also showed 
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clinically meaningful activity for uncommon mutations in a single-arm phase 2 study,52 as 
well as in a real-life retrospective study.53

Less common alterations in EGFR that can carry clinical implications include kinase 
domain duplications (KDDs) and oncogenic EGFR fusions. Patients with EGFR-KDD 
showed clinical response to EGFR TKIs with various durations of response.54-56 KDDs are 
a rare activating genomic alteration found across the ERBB family members. EGFR-KDD 
result from the tandem in-frame duplication of the EGFR TKD (exons 18-25). These occur in 
up to 1.4% of NSCLC cases and are additionally found in other solid tumors, most commonly 
glioma and gastrointestinal (GI) malignancies. EGFR-KDD produce a protein that forms 
constitutively active intramolecular TKD dimers absent the need for EGF ligand binding.57 
The oncogenic EGFR fusions are another rare driver alteration reported in 0.5% to 0.13% of 
NSCLC cases with variable reported EGFR fusion partners, the most common of which is the 
EGFR-RAD51 fusion.58 These fusions are able to drive dimerization and oncogenic signaling 
and may impact EGFR protein degradation.59 Several case series have demonstrated activity 
of EGFR TKI therapy against activating EGFR fusions.59,60

Historically, EGFR amplification and overexpression have been evaluated as biomarkers 
for response to EGFR-targeted therapies. While EGFR overexpression has not offered a reli-
able biomarker for activity of EGFR TKI therapies,61 the acquisition of EGFR amplification or 
overexpression at acquired resistance (AR) to EGFR TKI therapy for management of the clas-
sically actionable EGFR driver mutations remains an area of active clinical investigation.62,63

3. EGFR Exon 20 Insertion
EGFR exon 20 insertions are the largest subset of atypical mutations (0.8%-4.2% of all EGFR 
mutations)12,13,47 that are now actionable but very heterogenous, from a biological and clin-
ical point of view, thus NGS is required to detect the full range of exon 20 insertions and 
provide a precise annotation of the variant.21 Patients with EGFR exon 20 insertion do not 
respond well to conventional EGFR TKIs except perhaps the FQEA subtype.50,64 Poziotinib 
is an irreversible EGFR TKI and showed clinical activity in patients with EGFR exon 20 
insertion, but the high rate of toxicities, such as skin rash and diarrhea, resulted in frequent 
dose interruption and reduction leading to relatively short PFS duration.65,66 Recently, in 
platinum-refractory NSCLC, a novel EGFR TKI mobocertinib67 and amivantamab68 showed 
improved ORR and PFS rate compared with historical control. Therefore, FDA has granted 
accelerated approval to mobocertinib and amivantamab for patients with metastatic NSCLC 
and EGFR exon 20 insertion mutations, whose disease progressed on or after platinum-based 
chemotherapy. Other drugs, such as sunvozertinib, CLN081, and furmonertinib, are being 
tested in this population with initial promising results.69-71

4. Compound Mutations
Compound mutations have also been referred as double, complex, or multiple, because by 
definition these are multiple independent EGFR mutations in the same sample, accounting 
for 4% to 26% of all EGFR mutations. Any type of combination can be found: common and 
common (10%-20%), common and uncommon (30%-50%), 2 uncommon (25%-40%), and 
also the presence of a common or uncommon mutation with a de novo T790M mutation 
(10%-50%).72
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5. Resistance Mutations
For patients with EGFR-mutated lung cancer initially treated with first- and second-generation 
EGFR TKIs, 50% to 60% of cases may develop the AR EGFR mutation T790M in exon 20 that 
confers sensitivity to osimertinib efficacy in this setting.37

For those patients initially treated with osimertinib in the first-line setting, the mech-
anisms of AR to osimertinib are heterogenous and complex 73 and can be divided into 3 
major categories (Figure 7-2): on-target resistance (10%-20%), off-target resistance through 
activation of bypass oncogenic pathways (30%-60%), and histologic transformation (5%-15%). 
Characterization of these mechanisms may reveal actionable insights for selecting subse-
quent treatments or enrolling patients in clinical trials. Therefore, re-biopsy (liquid vs tissue 
vs both) is recommended at disease progression.21 Of note, liquid biopsy will not capture 
histologic transformation as an AR mechanism. However, in up to half of patients, the mech-
anisms of AR on osimertinib remains unknown, and it could be related to suboptimal TKI 
plasma concentrations.74 In a recent prospective phase 2 cohort (ELIOS study), only 39% of 
patients had paired tissue biopsies at the time of progression on osimertinib. In this study, 
on-target resistances were reported in 15% of cases, and a bypass mechanism occurred in 
17% of cases. These data highlight the challenges of obtaining post-progression tissue biop-
sies and the need for more comprehensive noninvasive testing methods.75

Post-Osimertinib On-Target Resistance
Osimertinib selectively blocks mutated EGFR by irreversibly binding to its C797 residue in exon 
20. Mutations in this spot are the most common EGFR-dependent mechanisms of AR, usually 
a substitution to serine, leading to the C797S mutation. The incidence of C797X in the clinical 
setting differs depending on the treatment line of osimertinib (7% in first-line and 15%-22% in 
second-line settings).76-78 In second-line settings, to overcome osimertinib-resistant NSCLC 
with T790M-positive and acquired C797X-mutation in cis cases (same allele, 66% of cases), 
fourth-generation EGFR TKIs have been developed, such as EAI045, JBJ-04-1252, BBT-176, 
and BLU-945, which have reported preclinical activity.79-81 In the phase 1 SYMPHONY study 
(NCT04862780), BLU-945 plus osimertinib has reported dose-dependent clinical activity in 
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Figure 7-2. Mechanisms of acquired resistance to osimertinib
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11 patients with EGFR/T790M/C797S-positive osimertinib-resistant NSCLC. Similarly, in 
second-line settings for those patients with acquired C797X mutation and T790M mutation 
in trans cases (different allele, 34% of cases), preclinical data and some case reports support 
the combination of first- or second-generation EGFR TKI plus osimertinib.73,82 Finally, the 
use of first- or second-generation EGFR TKI after osimertinib failure in the first-line setting 
in tumors with C797X mutation in the absence of coexisting T790M mutation could be an 
option.73 In this setting, preclinical models suggest that OBX02-011 and BLU-701 may be a 
promising new EGFR TKI to overcome C797S-mediated resistance in NSCLC.83 Indeed, the 
BLU-701 reported to be a brain-penetrant drug (Kpuu > 0.9).83 However, clinical evidence of 
all the preceding strategies remains limited, and platinum-based chemotherapy with or with-
out immune checkpoint inhibitors and bevacizumab are a standard second-line treatment 
option.83,84 However, the role of chemotherapy plus immunotherapy in this setting remains 
controversial after the results of the CheckMate 722 trial, which did not report PFS and OS 
with this strategy compared with chemotherapy alone.86 Recently, antibody-drug conjugated 
(ADC) agents, such as the anti-HER3 patritumab deruxtecxan87 and the anti-trophoblast 
cell surface antigen 2 (TROP2) datopotamab deruxtecan,88 demonstrated clinical activity 
spanning known and unknown EGFR TKI resistance mechanisms, suggesting these drugs 
as potential agnostic treatment strategies when biomarker-driven approaches are not feasible 
or in absence of specific AR mechanism.

Off-Target Resistance
MET amplification is the most common off-target mechanism of AR to osimertinib (15% and 
20% in first- and second-line osimertinib, respectively, both detected in liquid biopsies, which 
could underestimate the real incidence).76,77 Of note, different diagnostic tools and incon-
sistent definitions of MET amplification used across various clinical trials has confounded 
the use of MET inhibitors in clinical practice. Currently, the most widely adopted definition 
of MET amplification is the presence of a MET gene copy number of 5 or more or a MET/
CEP7 ratio of 2 or more.89 The MET amplification resistance triggers EGFR-independent 
phosphorylation of ERBB3 and downstream activation of PI3K/AKT pathway, providing a 
bypass track even in the presence of an EGFR inhibitor.90

Traditionally, this mechanism of AR has been clinically addressed through the addition 
of a MET TKI to the EGFR TKI, and the efficacy of this combination is firmly established 
in several phase 1 and 2 clinical trials91-94 and recently confirmed in the INSIGHT2 and 
SAVANNAH trials.95,96 Indeed, initial data suggests that this personalized strategy improves 
the outcome compared with standard chemotherapy89; however, it must be confirmed in 
randomized phase 3 clinical trials ongoing: GEOMETRY-E (NCT04816214), SAFFRON 
(NCT05261399), and MARIPOSA-2 (NCT04988295). Similarly, amivantamab plus lazertinib 
reported clinical activity in osimertinib-relapsed NSCLC. The benefit was similar regardless 
of previous treatment with chemotherapy, and responses occurred in patients with and with-
out identified EGFR/MET resistance, but the outcome was of special interest in patients with 
a positive immunohistochemistry (IHC) score (EGFR + MET score ≥400).63,97 Finally for 
osimertinib-relapsed NSCLC, the combination of osimertinib and telisotuzuamb (an ADC 
anti-MET) reported activity in tumors with MET overexpression (≥25% tumor cells at 3+ 
intensity).98 Although MET expression is an easy biomarker, patient classification by IHC 
could vary in up to 40% among different tumor areas.99
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The efficacy of osimertinib with specific TKIs according to the identified pattern of 
resistance has been also explored with other mechanisms of bypass resistance, such as 
RET-fusion100,101 and BRAF V600E mutation,102,103 although the evidence is still limited. The 
ORCHARD trial (NCT03944772) prospectively assesses the role of the biomarker-driven 
strategy at progression with different combinational approaches along with osimerti-
nib. Of note, patritumab deruxtecxan87 reported efficacy across various EGFR TKI AR 
mechanisms, including bypass mechanisms. Finally, other potential agnostic treatment 
options in T790M-negative tumors are the combination of osimertinib either with necitu-
mumab (a monoclonal antibody anti-EGFR)104 or selumetinib (MAPK kinase/extracellular 
signal-regulated kinase [MEK/ERK] inhibitor).105

Histologic Transformation
The histologic transformation mechanism of AR is associated with poor clinical outcomes. 
Tumors with baseline TP53 or Rb mutation and hypermutated APOBEC signatures have a 
greater risk of small cell lung carcinoma (SCLC) transformation,106,107 as well as that with 
acquired TERT amplification.108 Tumors with SCLC-transformation retain EGFR mutation,109 
which suggests that these were not independent de novo cancers. Although platinum-etoposide 
chemotherapy is the standard treatment, the efficacy is limited.110 Squamous cell carcinoma 
transformation has also been reported in 15% of osimertinib-relapsed tumors regardless of 
line of treatment.62 Tumors with squamous transformation exhibited considerable genomic 
complexity, and it remains unknown whether the best treatment approach should be chemo-
therapy with or without immune checkpoint inhibitors.

Role of Liquid Biopsy
In daily practice, because of the location or size of the progressive disease, not all patients 
who start treatment with first-, second-, or third-generation EGFR TKIs are suitable candi-
dates for new tissue biopsies at the time of progression, which can delay treatment initiation. 
Moreover, tumor heterogeneity is a well-recognized issue that makes a single tissue biopsy in 
a metastatic site not representative of the entire genomic landscape of the tumor at progres-
sion.111-113 Therefore, liquid biopsies have been established as good tools for genomic profiling 
at baseline as well as the time of AR. Currently, most of the mechanisms of AR to first-line 
osimertinib have been reported based on liquid biopsy assessment.76 (See also Chapter 4.)
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8ALK
By Wendy A. Cooper, Malinda Itchins, and Yasushi Yatabe

ALK Gene Structure and Function
The anaplastic lymphoma kinase (ALK) gene is located on the short arm of chromosome 2 
(2p23) and encodes a receptor tyrosine kinase that belongs to the insulin receptor superfam-
ily.1,2 It encodes a 1620 amino acid protein that forms a single-chain transmembrane recep-
tor comprising an extracellular ligand-binding domain, a transmembrane region, and an 
intracellular kinase catalytic domain (Figure 8-1).1,2 The protein has high homology with the 
intracellular domains of leucocyte tyrosine kinase, as well as c-ROS and insulin-like growth 
factor-1 receptor kinase.1,2 Upon binding ligand, the ALK receptor undergoes homodi-
merization, tyrosine phosphorylation in the kinase domain, and subsequent activation of 
multiple downstream signaling pathways, including phosphoinositide 3-kinase (PI3K)/Akt, 
PI3K/phospholipase C-gamma, Janus kinase/signal transducer and activator of transcrip-
tion (JAK/STAT), and RAS/mitogen-activated protein kinase (MAPK), with roles in cell 
growth, differentiation, and survival.3-5 Both pleiotrophin and midkine have been proposed 
as physiologic ligands for ALK, although there is some uncertainty with others unable to sub-
stantiate the findings.4-8 Mammalian signaling through ALK is involved in development of 
the nervous system and cell survival.1,2,9 Protein expression occurs in the nervous system 
during development and reduces postnatally with expression seen in some nerves in adults.1,2,9

Type of Alterations and Role in Oncogenesis
Like other receptor tyrosine kinases, the oncogenic potential of ALK results from activat-
ing genetic variants, including rearrangements, mutations, or amplification. It was origi-
nally described in anaplastic large cell lymphomas where it was found to form an oncogenic 
fusion gene with nucleophosmin (NPM1::ALK) caused by a translocation between chromo-
somes 2 and 5 (2;5)(p23;q35).1,2 Oncogenic activating translocations have subsequently been 
described in a variety of malignancies including non-small cell lung carcinoma (NSCLC), 
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inflammatory myofibroblastic tumors, and less commonly in melanomas, mesotheliomas, 
and a variety of carcinomas, including colorectal carcinoma and breast carcinoma.4,10,11

In a subset of lung adenocarcinomas, oncogenic translocations involving ALK may 
occur, most commonly because of a small inversion in chromosome 2 fusing the 3′ end of 
ALK, containing the cytoplasmic kinase domain (exons 20-29) with the N-terminal end of 
echinoderm microtubule-associated protein-like 4 (EML4), which encodes a 120 kDa pro-
tein crucial for microtubule formation (Inv[2] [p21;p23]).12-14 At least 13 EML4::ALK-fusion 
variants have been described to date, all incorporating the same portion of ALK encoding 
the intracellular tyrosine kinase domain (TKD) and variable lengths of EML4 that include 
the coiled-coil domain(Table 8-1).13,15-19

Table 8-1. Commonest EML4::ALK Variant Fusions

Variants EML4::ALK-fusion types Frequency (%)

1 E13;A20 55

2 E20;A20 10

3a/b E6a/b;A20 30

4 E14;ins11del49A20 3

5a/b E2:A20 (5a), E2ins117A20 (5b) 1

6 E3;ins69A20 1

7 E14;del12A20 <1

8a/b E17;ins30A20 (8a), E17ins30;ins65A20 (8b) <1

Adapted from Choi et al and Li et al.18,19
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Figure 8-1. Physiologic ALK signaling following ligand binding to the extracellular domain (left) and 
constitutive EML4-ALK signaling without ligand binding (right). Abbreviations: JAK = Janus kinase;  
MAPK = mitogen-activated protein kinase; PI3K = phosphoinositide 3-kinase; PLCγ = phospholipase 
C-gamma; STAT = signal transducer and activator of transcription; TKD = tyrosine kinase domain.
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In addition to EML4, which accounts for approximately 95% of ALK-fusion partners in 
NSCLC, at least 90 different novel partners have been identified to date, with increasing use 
of next-generation sequencing (NGS) accelerating identification of novel partners.12 Fusion 
partners are most commonly located on the short arm of chromosome 2 but may also be 
on other chromosomes and include KIF5B, TFG, KLC1, PTPN3, HIP1, STRN, TPR, DCTN1, 
SQSTM1, NPM1, BCL11A, and BIRC6.10-12,15,20 The oncogenic fusion genes encode aber-
rant oncoproteins, mostly with constitutive kinase activity, leading to oncogenic properties 
including uncontrolled proliferation and survival.3,15 Aberrant fusion genes characteristi-
cally lead to overexpression of ALK protein. Increased ALK gene copy number has also been 
described in several tumors including NSCLC.10 ALK translocations are mutually exclusive 
with other oncogenic alterations, apart from rare case reports in the literature. Secondary 
acquired point mutations may occur in NSCLC following ALK tyrosine kinase inhibitor 
(ALKi) therapy as a mechanism of acquired resistance.10

Epidemiologic, Clinical, and Histologic Characteristics
ALK-rearranged lung adenocarcinoma constitutes 4% to 5% of lung adenocarcinoma, with 
a similar incidence reported in Asian and non-Asian populations.13,21 ALK fusions occur 
more commonly in never-smokers or light smokers where the incidence is 12%, but they are 
less strongly associated with female sex than EGFR mutations.22 The median age of patients 
with ALK-rearranged lung cancer is about 10 years younger than other NSCLC patients, and 
a higher proportion of people present with advanced-stage disease.21 ALK rearrangement in 
lung cancer is strongly associated with adenocarcinoma histology, in particular with acinar 
and/or solid growth pattern, or with cellular features of signet-ring cell carcinoma.21

Testing Strategies
Immunohistochemistry (IHC), fluorescence in 
situ hybridization (FISH), reverse transcrip-
tion polymerase chain reaction (RT-PCR), 
or NGS assays can be used to identify ALK- 
rearranged NSCLC.

Fluorescence In Situ Hybridization
FISH was the first companion diagnostic test used 
to detect ALK fusions in NSCLC. Break-apart 
probes, rather than dual-fusion signal probes, were 
adopted for detecting a rearrangement regardless 
of the fusion partner (Figure 8-2). In the most 
common EML4::ALK fusion, split FISH signals are 
often observed in close proximity because of the 
small inversion on chromosome 2. A positive cell 
by FISH is defined by split signals with separation 
at least twice the diameter of the largest signal or 
loss of the 5′ signal in at least 15% of cells with a 
minimum of 50 cells counted (Figure 8-3).

Spectrum
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Spectrum
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ALK
breakpoint

region
2p23

3'

5'
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Figure 8-2. Schematic of ALK break-apart fluo-
rescence in situ hybridization (FISH) probe design 
with orange-labeled probe binding to the 3′ end 
of ALK and green-labeled probe binding to the 
5′ end of ALK, with each probe on either side of 
the breakpoint.
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Immunohistochemistry
ALK IHC using high-sensitivity clones, such as D5F3 or 5A4, can be used reliably as a sur-
rogate for functional ALK rearrangement in NSCLC (Figure 8-4).23 Early studies found the 
expression of fused ALK protein was lower in NSCLC than in lymphoma, and high-affinity 
clones using more sensitive detection methods are required for ALK IHC in NSCLC. ALK 
IHC assays are now a clinically standard tool, and commercial IHC assays, such as Ventana 
ALK D5F3, have been approved as companion diagnostics for selection of the anti-ALK 
inhibitor alectinib in some countries. Potential pitfalls when interpreting ALK IHC include 
false-negative interpretation because of cytoplasmic intracellular mucin and positive stain-
ing in some neuroendocrine carcinomas despite lack of ALK fusions.24 While ALK IHC 
using appropriate clones is highly sensitive for ALK rearrangements, there have been numer-
ous reports on discrepant results between FISH and IHC, and there is some data suggesting 
ALK IHC-positive/FISH-negative cases are less responsive to treatment, even in the context 
of a proven fusion event by NGS.25,26 The basis for this discrepancy and apparently adverse 
impact on clinical outcomes is unclear.

(C)(B)(A)

Figure 8-3. ALK fluorescence in situ hybridization (FISH) using a break-apart probe. (A) Two fused signals 
indicating a cell lacking ALK rearrangement. (B) One normal pair of fused signals and a split red 3′ and green 
5′ signals indicating a cell with an ALK rearrangement, regardless of the fusion partner. (C) One normal 
pair of fused signals and a single red 3′ signal with the ALK-kinase domain also indicates a cell positive for 
ALK rearrangement.

(A) (B)

Figure 8-4. (A) ALK-positive adenocarcinoma with cribriform architecture and a few signet-ring cells. 
(B) Immunohistochemistry for ALK (D5F3 clone) shows positive cytoplasmic staining, most likely indicating 
an ALK rearrangement.
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Reverse Transcription Polymerase Chain Reaction
RT-PCR was initially not recommended for routine clinical identification of ALK fusions 
because of difficulty obtaining high-quality RNA from formalin-fixed paraffin-embedded 
(FFPE) tissue and the presence of multiple fusion patterns/partner genes and subsequent risk 
of false-negative results.27 However, RNA may be relatively well preserved in routine FFPE 
specimens handled with standardized pre-analytic methods and improved extraction tech-
niques, and several RT-PCR assays using a melting curve are now commercially available. 
The main limitation of RT-PCR is the inability to identify novel fusions not included in the 
assay design. Furthermore, RNA-based NGS assays, with improved clinical sensitivity, also 
confirmed reliable detection of ALK fusions using FFPE-derived RNA.

Next-Generation Sequencing Assays
ALK fusions can be detected by NGS using DNA- or RNA-based assays from FFPE and 
enable detection of known variants (amplicon-based assays) or both known and unknown 
fusion variants. NGS assays have the advantage of identifying the fusion partner/variant 
as well as the ability to concurrently test for alterations in other genes in addition to ALK. 
Limitations of NGS assays in identifying ALK-rearranged NSCLC include:

• Requirement of relatively large amounts of tissue: Small biopsy or scant cytology sam-
ples may not be suitable for hybrid capture-based NGS assays given relatively high 
nucleic acid requirements. Amplicon-based hot-spot panels and anchored multiplex 
PCR (AMP)/NGS have the advantage of lower DNA/RNA requirements. AMP/NGS 
is a form of targeted NGS that allows detection of oncogenic fusions without prior 
knowledge of fusion partners.

• False negatives in DNA-based NGS assays: Genomic breakpoints in DNA are more 
diverse compared to fusion patterns on RNA. Therefore, some ALK fusions may poten-
tially be missed by DNA NGS and may require RNA sequencing for identification.28

• Suboptimal sensitivity for specimens with low tumor cell content: As NGS is based 
on allele frequencies of interest, detection of fusions in specimens with low propor-
tions of tumor cells can be difficult although this is not unique to assessment of ALK. 
Molecular barcoding and deep sequencing are useful in the attempt to overcome 
this challenge.

Clinical Implications
ALK-rearranged NSCLCs are exquisitely sensitive to ALKi therapies. Landmark phase 
3 clinical trial evidence first supported the ALKi crizotinib as a superior standard of care 
over platinum doublet chemotherapy in 2014 with a marked progression-free survival (PFS) 
and tolerability advantage, before overall survival (OS) was confirmed superior with 57% of 
patients alive at 4 years with first-line crizotinib.29,30

As experience evolved, it was reported that 70% treated with crizotinib encountered cen-
tral nervous system (CNS) progression31; inherently, ALK-rearranged NSCLC carries a pro-
pensity to metastasize to the brain, with approximately 25% having CNS disease at diagnosis.29

Next-generation ALKi therapies were consequently developed first to be active at crizo-
tinib failure in overcoming mechanisms of drug resistance, to be highly brain penetrable, 
and to deliver greater “on-target” affinity to ALK.32-37
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With safety and efficacy post crizotinib demonstrated, second-generation ALKi  
therapies—ceritinib, alectinib, brigatinib, and ensartinib—rapidly moved to frontline 
phase 3 investigation. All demonstrated superiority to their comparator arm, which was 
chemotherapy with ceritinib and crizotinib for the remainder as standard of care at trial 
design.38-41 Given inferior numerical median survival with ceritinib compared to alternative 
second-generation ALKi therapies, and poorer tolerability, ceritinib’s place in the empiric 
treatment paradigm for ALK has diminished. Cross-trial comparison of alectinib, brigatinib, 
and ensartinib, however, conclude comparable PFS, with a signal for greater CNS efficacy 
with alectinib and brigatinib over ensartinib. The longest median PFS to date has been seen 
with alectinib at 35 months (investigator-assessed) as well as mature OS rate phase 3 data, 
with 63% alive at 5 years, and median OS rate all-comers expected to exceed 8 years.42

Toxicity profiles among ALKi therapies carry some consistent class effects and poten-
tial adverse effects unique among ALKi therapies, which may become clinically relevant in 
selecting an alternative ALKi in the circumstance of unacceptable toxicity.

Third-generation single-arm phase 1 and 2 data with highly active and brain-penetrant 
ALKi lorlatinib have now established efficacy in pretreated individuals after 1 to multiple 
prior lines of ALKi.36,43 Lorlatinib is effective in the context of common mutations confer-
ring resistance to prior-generation ALKi therapies.44 First-line phase 3 investigation with 
lorlatinib (vs crizotinib) has now delivered interim positive data, with median PFS not yet 
reached; however, landmark data demonstrate 64% are progression free at 3 years, and 50% 
in those with baseline CNS metastases. These are the most compelling immature first-line 
survival data to date.45,46

In 2022, fourth-generation ALKi therapies have entered early phase investigation, 
demonstrating preclinical activity in ALK-compound resistance mutations, including those 
pan-resistant to prior ALKi therapies.47,48 Novel combination therapy prospective clinical 
trials are underway, including ALKi therapies with an additional, often targeted therapy, 
investigating whether this strategy may prevent or overcome the emergence of drug resis-
tance, improve survival, and preserve tolerability.

At present, there are no additional molecular biomarkers that routinely guide the selec-
tion of a specific ALKi in routine clinical practice. The presence of baseline brain metastases 
or intent to protect the brain may assist in selecting the optimal ALKi therapy. Most indi-
viduals will receive each line of therapy in an empiric manner based on drug availability and 
limited sequencing data.

Resistance Mechanisms
Despite superior efficacy and tolerability of ALKi in advanced disease, drug resistance 
remains inevitable. The mechanism behind this is in part explained by these therapies 
harboring greater cytostatic than cytotoxic properties, giving rise to the phenomenon of 
clonal selection.

The mechanisms of drug resistance were first described with crizotinib and broadly 
categorized into primary and acquired (secondary) resistance and in “acquired” to 
“ALK-dependent” or “ALK-independent” mechanisms.49,50 Primary resistance is rare and 
may be caused by false-positive genotyping or a molecularly or histologically diverse pheno-
type. In secondary resistance, histologic transformation may rarely occur, including small 
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cell, squamous, or neuroendocrine, and is probably more frequent with latter-generation 
ALKi therapies, which are more potent against ALK.51,52

ALK-dependent mechanisms commonly involve the emergence of an ALK-resistance 
mutation, frequently occurring in the intracellular drug-binding pocket of the TKD. These 
have been described in 25% to more than 50% of cases treated with first- and second-generation 
ALKi therapies and may involve 1 or multiple mutations evolving in the same tumor cells 
or in differing tumor cell clones.53 To determine the mechanism of resistance, either a tissue 
and/or liquid biopsy is required utilizing a broad molecular gene sequencing panel, captur-
ing both clinically relevant non-ALK genes and the ALK-kinase domain as comprehensively 
as possible.

For crizotinib, the most common TKD is the gatekeeper L1196M mutation, directly 
blocking drug binding, whereas with second-generation ALKi therapies, the most common 
is the solvent-front G1202R mutation, which repels drug binding via steric hindrance.44 
There have been more than 50 ALK-resistance mutations described, and preclinical and clin-
ical data are establishing the sensitivity of ALKi therapies in the presence of an array of 
emerging resistance mutations that often differ between ALKi exposures, given their unique 
molecular structures and properties. When multiple TKD mutations occur, these are more 
likely to be resistant to early generation ALKi therapies, and if co-occurring with G1202R, to 
be also resistant to lorlatinib.54

The individual ALK-fusion variant may further predispose ALKi durable efficacy and 
give rise to a unique resistance profile because of differing oncoprotein stabilities and genetic 
vulnerabilities. There have been reports preclinically and clinically to suggest the particular 
fusion variant may predict ALKi performance, with the most common EML4::ALK variant 
1 suggesting superior PFS with first- and second-generation inhibitors; however, EML4::ALK 
variant 3, as compared to variant 1, shows superior outcomes with lorlatinib.55-59 Intriguingly, 
the variant harbored may also predispose to differing resistance manifestations, with more 
ALK-dependence in variant 3 and ALK-independence in variant 1.57 Outside ALK-resistance 
mutations, another mechanism of ALK-dependent resistance may be ALK gene copy num-
ber gain and heightened expression of the ALK oncoprotein; these features are not routinely 
tested, nor are the optimal techniques and thresholds to define clinically relevant gene copy 
or protein-level gain established.

ALK-independent resistance mechanisms (activation of bypass-pathway-mediated mech-
anisms) may occur in isolation or, more commonly, in concert with ALK-dependent resis-
tance variants and can be demonstrated in over 50% of patients treated with next-generation 
ALKi (Figure 8-5). ALK-independent resistance increases in frequency with lines of ther-
apy received and later-generation ALKi exposure. ALK-independent resistance mechanisms 
include aberrant pathway activation secondary to alterations in KRAS, ERBB2, BRAF, EGFR, 
MET, MEK, KIT, and more.49,50,60-63 Certain non-ALK co-mutations in the context of ALK 
rearrangement predict for an attenuated response to ALKi monotherapy, the most estab-
lished being TP53 mutation.58 In the circumstance of ALK-independent resistance, the 
best therapeutic strategies remain to be determined. Preclinical data and few case reports 
describe effective targeted therapy combinations; however, access to these combination strat-
egies in practice may be limited.63,65-67 Clinical trials are exploring all-comer combination 
therapeutic strategies not in a biomarker-informed personalized manner. Such trials listed 
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on ClinicalTrials.gov include administering ALKi therapies with a vascular endothelial 
growth factor (VEGF), SHP2, or MAPK inhibitor; a second ALKi; or with chemotherapy 
or radiotherapy.
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9ROS1
By Sylvie Lantuejoul, Luis E. Raez, Yuchen Han, and Sai-Hong Ou

Gene Structure and Function
ROS proto-oncogene 1 (ROS1) is a receptor tyrosine kinase (RTK) that belongs to the insulin 
receptor family and is evolutionarily close to the ALK family. The ROS1 gene is located on 
chromosome 6 (region 6q22.1) and encodes a transmembrane receptor protein with unique 
features. The extracellular N-terminal domain spans exons 1 through 32, which makes it 
one of the largest extracellular domains among all the human RTK family. The C-terminal 
portion of ROS1 encodes a kinase domain (KD) and a single transmembrane (TM) domain 
(Figure 9-1). Very little is known about the physiologic role of wild-type ROS1 protein, and 
its ligands have not been identified in humans.1,2

Type of Alterations and Role in Oncogenesis
Oncogenic ROS1 gene rearrangements occur at the 5ʹ end of exons 32, 34, 35, or 36, or introns 
31 or 33.3,4 The extracellular coil-coil domain is not included in ROS1 fusions, in contrast with 
the intracytoplasmic KD, which fuses with the N-terminal end of gene partners. The main 
partner genes identified are CD74 (38%-54%), EZR (13%-24%), SDC4 (9%-13%), SLC34A2 
(5%-10%), TPM3 (3%-15%), and FIG or GOPC (2%-3%), with up to 28 other partners also 
reported to date but accounting for less than 1% each.5 The ROS1 fusion protein is an activated 
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C terminus

Figure 9-1. Schematic of ROS1 gene on chromosome 6. Abbreviations: KD = kinase domain; TM = 
transmembrane.
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kinase with oncogenic properties, which can activate different signaling pathways through 
phosphorylation such as the phosphoinositide 3-kinase (PI3K)-AKT-mechanistic target of 
rapamycin kinase (mTOR) pathway, which is involved in cell differentiation, proliferation, 
growth, and survival. Oncogenic ROS1 fusions can occur in a large variety of cancers other 
than non-small cell lung carcinoma (NSCLC), including glioblastoma, cholangiocarcinoma, 
and inflammatory myofibroblastic tumor. No activating ROS1 gene mutations or amplifi-
cation have been reported in NSCLC, and ROS1 rearrangements occurring with oncogenic 
co-mutations are extremely rare, mainly represented by EGFR or KRAS mutations.6

Epidemiologic, Clinical, and Histologic Characteristics
ROS1 fusions are very uncommon in lung cancer with a frequency ranging from 0.9% to 
2.9%. These fusions are more prevalent in young patients, women, and never-smokers.7,8 
They are usually diagnosed in patients with advanced-stage thyroid transcription factor-1 
(TTF1)-positive adenocarcinomas1,9 and are only very rarely found in squamous cell or large 
cell carcinomas.10 ROS1-rearranged tumors usually have a solid architecture often with crib-
riform features, a psammoma-rich stroma, and signet-ring tumor cells.10 Patients may have 
an increased risk of thromboembolic events and disseminated intravascular coagulation.11,12

Testing Strategies
Fluorescence in situ hybridization (FISH) is the gold standard for ROS1 fusion detection, and 
most laboratories use dual-color break-apart probes (eg, ROS1 Dual Color Break Apart Probe 
[CytoCell], ZytoLight SPEC ROS1 Dual Color Break Apart Probe [ZytoVision/Zytomed], or 
Vysis ROS1 Break Apart FISH Probe [Abbott]). The principle is to label the 3ʹ (centromeric) 
part of the fusion breakpoint with 1 fluorochrome and the 5ʹ (telomeric) part with another 
fluorochrome. Two ROS1-rearrangement patterns are considered diagnostic. One is the clas-
sic break-apart pattern, with 1 fusion signal (native ROS1) and 2 separated 3ʹ and 5ʹ signals. 
The other one, called atypical, takes into account an isolated 3ʹ (green) signal, with 1 fusion 
signal (native ROS1) and no 5ʹ signal.2,13,14 At least 50 tumor cells, ideally 100, have to be 
analyzed, and the threshold of positivity is 15% or more of positive cells. A count of 5 to 25 
positive cells is considered as equivocal and needs a second analysis by another observer.

As ROS1 rearrangements are rare, and FISH is time-consuming and not implemented 
in all pathology laboratories, immunohistochemistry (IHC) can be used as a screening 
technique.15 Three commercialized anti-ROS1 antibodies are available: clone D4D6 (Cell 
Signaling Technology), used in clinical studies; clone SP384 (Roche Tissue Diagnostics, for-
merly Ventana); and clone 1A1 (Origene). They all have a high sensitivity (90%-100%) com-
pared to FISH and next-generation sequencing (NGS), but with lower specificity, ranging 
from 70% to 90%, and FISH or other molecular techniques are required to confirm ROS1 
rearrangement in IHC-positive tumors.2 The use of a positive external control, such as a 
ROS1-rearranged tumor sample or cell line, is highly recommended, as well as participation 
in external quality control programs. While there is no universally accepted scoring system, 
diffuse strong cytoplasmic staining is more likely to indicate a ROS1-rearranged tumor than 
patchy staining.16 While staining is usually cytoplasmic and granular, Golgi body or mem-
brane staining have been reported in some variants (CD74 and EZR).14 Of note, normal type 
II pneumocytes and macrophages are often stained, as well as one-third of EGFR-, ALK-, or 
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MET-driven NSCLC13,17 (Figure 9-2). Confirmation of ROS1 fusion in IHC-positive tumors 
is required and can be undertaken by FISH or molecular techniques. The latter include 
multiplex reverse transcription polymerase chain reaction (RT-PCR) and NGS.15 Hybrid 
DNA-RNA or RNA-based NGS designed for detecting rearrangements in intron regions 
are favored.18 Interestingly, comprehensive genomic profiling technologies are now able to 
detect any fusion in up to 92% of circulating tumor DNA (ctDNA) samples and 10 of 13 
ROS1 fusions.19

Clinical Implications: Treatment of ROS1 Tumors in NSCLC Patients
Crizotinib and entrectinib are the 2 agents that the US Food and Drug Administration 
(FDA) and European Medicines Agency (EMA) approved for treating ROS1-rearranged 
NSCLC,20-23 although other agents have also been developed (Table 9-1).

Crizotinib has activity against ALK- and ROS1-rearranged tumors and was approved 
based on the PROFILE 1001 trial in metastatic ROS1-rearranged NSCLC, with an overall 
response rate (ORR) of 72%, a disease control rate (DCR) of 90%, a median duration of 
response (DOR) of 24.7 months, and a median progression-free survival (PFS) and overall 
survival (OS) rate at 19.3 and 51.4 months, respectively.24 The phase 3 AcSé trial found an 
ORR of 47.2%, with median PFS and OS, respectively, at 5.5 and 17.2 months.25 EUCROSS 
and METROS studies showed ORR of 70% and 65%, respectively, with median PFS at 20 and 
22.8 months.26,27 The most common side effects, all of grade 1 and 2, were vision distur-
bances (82%), diarrhea (44%), and nausea (40%). Because crizotinib has low central nervous 

(A)

(C)

(B)

(D)

Figure 9-2. (A) ROS1 immunohistochemistry (IHC) (clone D4D6) in a lung adenocarcinoma with CD74::ROS1 
fusion; strong and diffuse cytoplasmic staining. (B) ROS1 IHC (clone D4D6) in a lung adenocarcinoma with 
exon 21 p.L858R EGFR gene mutation; no staining. (C) ROS1 IHC (clone D4D6) in a lung adenocarcinoma with 
exon 21 p.L858R EGFR gene mutation; faint and focal cytoplasmic staining. (D) ROS1 IHC (clone D4D6) in a 
lung adenocarcinoma with KIF5B::RET fusion; faint and focal cytoplasmic staining.
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system (CNS) penetration, brain metastasis developed in up to 47% of patients on top of the 
36% of patients with ROS1-rearranged NSCLC who had brain metastases at diagnosis.9,28

Ceritinib has activity against ALK- and ROS1-rearranged tumors29 and in a phase 2 
study, 32 ROS1-rearranged NSCLCs, most in first-line (1L) settings, achieved an ORR of 62% 
and a median PFS of 9.3 months30; 8 patients with brain metastases had an ORR of 63%. The 
toxicity profile was acceptable with 37% grade-3 adverse events.

Entrectinib targets ROS1, ALK, and NTRK fusions in NSCLC.23 The phase 2 study 
STARTRK-2 confirmed entrectinib efficacy in 172 patients with ROS1-rearranged 
NSCLCs,31,32 with an ORR of 69%, a median PFS of 17.7 months, and a median 1-year OS of 
81%. Because of its CNS penetration, the ORR was 79.2% for patients with brain metastases. 
Most frequent adverse events were dysgeusia (41.4%), fatigue (27.9%), vertigo (25.4%), and 
constipation (23.7%).

Lorlatinib has activity against ALK and ROS1, with an ORR in 1L patients of 62%, a 
median PFS of 21 months, and brain ORR of 64%.33-35 In patients already treated with crizo-
tinib, ORR, median PFS, and intracerebral ORR were of 35%, 8.5 months, and 50%, respec-
tively. The most common adverse events of grades 3 or 4 occurred in 43% and 6% of the 
patients, respectively, the most frequent being hypercholesterolemia (65%), hypertriglyceri-
demia (42%), peripheral edema (39%), and peripheral neuropathies (35%).

Repotrectinib can target ROS1, NTRK, or ALK and has CNS activity. Preclinical 
models showed antitumor activity against brain metastases, treatment-naïve tumors, 
ceritinib-resistant tumors, and tumors with 1G2032R-resistant mutation.36 A clinical phase 1 
and 2 trial is ongoing.

Table 9-1. ROS1 Inhibitors (Approved and in Development)

TKI Phase (Clinical Study) N ORR (%)
mPFS 

(months)
mOS 

(months)

Crizotinib 1 and 2 (Profile 1001)

1 and 2 (AcSé)

2 (EUCROSS)

2 (METROS)

53

36

34

26

72

47

70

65

19

6

20

23

51

17

NR

NR

Ceritinib 2 32 62 19 24

Entrectinib 2 (STARTRK 1/2, ALKA 372) 172 69 18 NR

Lorlatinib 1 and 2 69 62a

35b

21

9

NA

NA

Cabozantinib 2 6 33 NA NA

Taletrectinib 2 40

21

90c

47d

NA

NA

NA

NA

Repotrectinib 2 55 86 30.9 NA

Ensartinib 2 59 27 NA NA

TQ-B3101 2 111 78 15 NA

Abbreviations: mOS = median overall survival; mPFS = median progression-free survival; NA = not applicable; NR = not 
reported; ORR = overall response rate; TKI = tyrosine kinase inhibitor.
a First-line setting.
b Second-line setting and beyond.
c Crizotinib naïve.
d Crizotinib resistance.
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Ensartinib (X-396) is a tyrosine kinase inhibitor (TKI) with proven efficacy against 
ALK,37 and a phase 2 trial of ROS1-positive NSCLCs showed low efficacy with an ORR of 
27% but CNS activity in three-fourths of patients.38

Resistance Mechanisms
On-target resistance mechanisms include acquired ROS1 mutations,39-45 with G2032R as 
the most common followed by D2033N, and both are solvent-front mutations. Importantly, 
L2086F is emerging as an important resistance mutation as it confers resistance to all type I 
ROS1 TKIs (crizotinib, lorlatinib, taletrectinib).43-45 Other rarer acquired resistance muta-
tions include gatekeeper mutations L2026M, G2032K, S1986F/Y, L2000V, and F2004V.39-45

Lorlatinib has efficacy against the K1991E- or S1986F-resistant mutations but is more 
limited against the G2032R mutation33,46 and after failure on entrectinib.47 Sequential use of 
crizotinib and lorlatinib has led to compound mutations of G2032R/L2086F, but fortunately, 
cabozantinib is expected to overcome these compound mutations.44,48 It selectively targets 
MET, VEGFR2, RET, ROS1, and AXL, with good brain penetration. It can be used to over-
come the resistance against crizotinib, ceritinib, and entrectinib despite the presence of resis-
tance mutations, such as D2033N or G2032R.30,49,50 Brigatinib, another ROS1 inhibitor, has 
demonstrated antitumor activity against several crizotinib-resistance mechanisms,51 includ-
ing L2026M mutation but not against the G2032R mutation.51-53 Taletrectinib is a ROS1 
and NTRK inhibitor targeting resistant ROS1-rearranged NSCLCs,48 with in vitro activity 
against G2032R, L1951R, S1986F, and L2026M mutations, but less against D2033N mutation.

Off-target resistance mechanisms involve MET amplification, KRAS mutations, and 
small cell lung transformation.46,54,55 Finally, like all RTK fusion-positive NSCLC, progres-
sion in the CNS is always a resistance mechanism,56 and ROS1 TKIs that confer CNS activity 
plus overcome many of the predicted acquired ROS1 mutations in ROS1-rearranged NSCLC 
should be the treatment of choice in this setting.

Recently, data from TQ-B3101, a novel small-molecule RTK inhibitor, which targets to 
ALK, ROS1, and MET was released during the European Lung Cancer Congress (ELCC) 
2022 showing that in 111 patients with ROS1-rearranged NSCLC, it can achieve ORR 78.4% 
and DCR of 87.4%. Median PFS 15.6 months and median DOR was 20.3. Median OS has not 
been reached and the 12- and 24-month OS rate were 98.1% and 88.1%, respectively. No data 
has been released regarding resistance yet.57
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10BRAF
By Paul Hofman, Anja C. Roden, Jin-Haeng Chung, and David Planchard

Gene Structure, Signaling, and Function
V-Raf murine sarcoma viral oncogene homolog B (BRAF) gene encodes BRAF kinase, 
a member of the RAF family of serine/threonine kinases that are components of the 
RTK-RAS-RAF-MEK-ERK growth factor signaling pathway (RAS/MAPK signaling).1 The 
BRAF kinase is an important step in intracellular signaling after activation of EGFR. BRAF 
is a 95 kDa serine/threonine kinase protein encoded in the long arm of chromosome 7 (7q). 
Globally, BRAF plays a central role in regulating cell proliferation, division, and death. In 
normal tissues, the BRAF kinase is generally silenced via negative feedback once the signal 
has moved on to the next point in the cascade. BRAF mutations lead to activation of the 
RAS-RAF-MEK-ERK pathway resulting in uncontrolled cell growth and proliferation.

Type of Alterations and Role in Oncogenesis
Mutations
Nearly 300 distinct BRAF mutations have been identified in various tumors and cancer 
cell lines including melanoma, colorectal cancer, papillary thyroid cancer, and non-small 
cell lung carcinoma (NSCLC). Most of these mutations occur in the activation loop near 
the V600 codon, or in the phosphate-binding loop at residues 464 through 469 and have 
been classified into 3 classes.2 Classes of BRAF mutations are reported based on key aspects: 
(1) kinase activity, (2) status of dimerization, and (3) RAS dependency.

Class I BRAF mutations are considered RAS-independent because of their high kinase 
activity even in their monomeric status. Point mutations in codon 600 of exon 15 (BRAF 
V600) belong to this class, which result in the substitution of valine with other amino acids 
such as glutamate (V600E), lysine (V600K), aspartate (V600D), methionine (V600M), leu-
cine (V600L), and arginine (V600R). Class I mutants promote constitutive activation of 
the mitogen-activated protein kinase (MAPK) pathway, causing strong activation of BRAF 
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kinase. These types of mutations are usually highly sensitive to BRAF and MAPK kinase 
(MEK) inhibitors.

Class II BRAF mutations are characterized by an intermediate kinase activity that 
allows RAS independency but requires homodimer formation to be fully active. The class 
II mutants, including K601, L597, G464, and G469 mutations, are located in the activation 
segment or P-loop and signal as RAS-independent dimers.

Class III BRAF mutations have a compromised kinase activity, thus requiring RAS acti-
vation and wild-type CRAF heterodimer formation to be fully functional. These class III 
mutants occur in the P-loop, catalytic loop, or DFG motif, and have impaired BRAF kinase 
activity. Class II and III mutations are non-V600 mutations. Approximately 50% of BRAF 
mutations in NSCLC are non-V600 mutations.

Concurrent Mutations in BRAF-Mutant NSCLC
Simultaneous genetic alterations may be identified in up to 90% of patients with BRAF-mutant 
NSCLC. TP53, STK11, KRAS, NF1, and some tyrosine kinase receptors are the most fre-
quently co-altered genes both in tissue specimens and cell-free DNA (cfDNA). Alterations 
in SMAD4 and PIK3CA are associated with BRAF V600E, whereas alterations in KEAP1, 
NF1, MET, RICTOR, KRAS, MYC, STK11, and TP53 occur more frequently with non-V600E 
BRAF mutations.

Deletions
BRAF deletion mutations can occur in solid tumors and may serve as a type of resistance 
mechanism to BRAF inhibitors and MEK inhibitors. Deletion mutations happen adjacent 
to the αC helix in the kinase domain of BRAF, resulting in enhanced kinase activity by sup-
pressing the αC helix in its active conformation.

Fusions
At least 18 different 5ʹ fusion partners have been found across different cancer types includ-
ing NSCLC. The most common fusion partner is AGK in NSCLC. The rate of occurrence of 
BRAF fusions is less than 1% in NSCLC, and all NSCLCs with BRAF fusions are adenocar-
cinomas.3 Most BRAF fusion patterns are in-frame with breakpoints in the BRAF kinase 
domain. Activating BRAF fusions occur by truncation of the N-terminal CR1 auto-inhibitory 
domain, leading to the constitutive activation of the BRAF pathway that resembles class II 
BRAF mutants.

Amplifications
Acquired resistance to MEK1/2 inhibitors (MEKi) arises through amplification of BRAF 
V600E or KRAS to reinstate ERK1/2 signaling. BRAF V600E amplification and MEKi 
resistance are reversible following drug withdrawal. Cells with a BRAF V600E amplifica-
tion are addicted to MEKi to maintain a precise level of ERK1/2 signaling that is optimal 
for cell proliferation and survival and tumor growth in vivo. BRAF V600E amplification 
confers a selective disadvantage after drug withdrawal, validating intermittent dosing to 
forestall resistance.
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Epidemiologic, Clinical, and Histologic Characteristics
BRAF mutations are present in 8% of human cancers, predominantly in hairy cell leukemia 
(100%), melanoma (40%-50%), thyroid carcinoma (10%-70%, depending on the histologic 
subtype), colorectal cancer (10%), and NSCLC (3%-8%).

In NSCLC, BRAF mutations are detected in 3.7% of male patients and in 4% of female 
patients.4,5 BRAF mutations have been associated with a history of smoking and are detected 
in around 4.7% of former or current smokers and in 3% of never-smokers. Adenocarcinoma 
represents the most common histologic pattern as BRAF mutations are detected in approxi-
mately 4% of adenocarcinomas and in 0.6% of non-adenocarcinomas.4,5 BRAF mutations are 
detected in approximately 4% of patients with stage I or II disease and in 7.6% of patients with 
stage III or IV cancers. BRAF V600E mutations account for 54% of all the BRAF mutations 
in NSCLC, with a higher prevalence in female patients (71% vs 38% in male BRAF-mutant 
cases) and stage III or IV disease (57% vs 48% for stage I-II BRAF-mutant cases). Globally, 
BRAF mutations are more associated with female patients, but non-V600E mutations seem 
to occur with a higher frequency in male patients.5 Most patients with BRAF-mutant NSCLC 
are current or former smokers but with differences in prevalence: 20% to 30% of patients har-
boring V600E mutations are never-smokers, and almost all patients with non-V600E alter-
ations are heavy smokers.5

BRAF-mutated NSCLC has a propensity toward involvement of the central nervous sys-
tem. Of note, the incidence of brain metastases at diagnosis is significantly lower for patients 
with class I alterations compared with classes II and III. The prognostic significance of BRAF 
mutations in NSCLC is unclear. In early stages, patients resected for BRAF V600E-mutated 
NSCLC show shorter disease-free survival and overall survival (OS) rates compared with 
patients with wild-type mutations, but such a difference did not emerge when comparing all 
patients with BRAF mutations (both V600E and non-V600E) with the wild-type population. 
In the metastatic setting, no differences in progression-free survival and OS between patients 
with BRAF-mutated and wild-type disease have been identified, but a poorer clinical out-
come after platinum-based chemotherapy is reported for patients with BRAF V600E-mutated 
tumors compared with non-V600E.

Testing Strategies
Immunohistochemistry
The antibody used for immunohistochemistry (IHC) for the mutant BRAF protein is clone 
VE1 (Figure 10-1).6 The aim of IHC is to identify a qualitative change (ie, the presence or 
absence of the protein). The limitation of this test is that it can only test for the BRAF V600E 
mutation and not non-V600E mutations.7-9 Data are limited, but the VE1 clone has the 
potential to stain between 90% and 100% of p.V600E-mutant adenocarcinomas.10 Currently, 
no standard recommendation or consensus has been made for the use of BRAF p.V600E IHC 
testing of NSCLC.

Molecular Testing
BRAF mutations are identified by DNA sequencing techniques such as the allele-specific 
polymerase chain reaction (PCR) or next-generation sequencing (NGS). These 2 methods 
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possess a comparable sensitivity, specificity, and concordance rate in tissue specimens; how-
ever, because of its ability to simultaneously identify multiple oncogenic alterations, NGS is 
widely considered the preferred test.

Polymerase Chain Reaction
The most commonly used assay is reverse transcription (RT)-PCR. Currently, the Cobas 
4800 BRAF V600 Mutation Test (Roche Diagnostics) and THxID-BRAF kit (Biomérieux) 
are US Food and Drug Administration (FDA)-approved companion diagnostic tests. Other 
laboratory-developed tests have also been utilized to test for BRAF mutation status, and 
depending on local approvals, confirmatory tests via other methods may or may not be nec-
essary for reimbursement purposes. The major advantages of RT-PCR are faster turnaround 
time, reproducibility, specificity, sensitivity, and a lower cost compared with gene sequencing 
methods. However, some of these methods are merely for the BRAF V600E mutation located 
in exon 15. Therefore, they may lack the ability to detect exon 11 mutations that are also seen 
in NSCLC.

Next-Generation Sequencing
NGS with a multiple gene panel should be used to evaluate the BRAF V600E mutation and 
non-V600E mutations that can occur in exon 11 and exon 15.11 In addition, with the discovery 

(A) (B)

(C) (D)

Figure 10-1. (A and B) Solid adenocarcinoma (lung tumor resection, ×40). (A) Hematoxylin and eosin (H&E). 
(B) Immunoperoxidase (anti-BRAF V600E; VE1 clone). (C and D) Invasive mucinous adenocarcinoma (bron-
chial biopsy). (C) H&E. (D) Immunoperoxidase (anti-BRAF V600E; VE1 clone).
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of more novel rare driver genes, there is an increased need for multigene testing compared to 
single-gene approaches. The advantages of NGS include:

• Requires relatively little tumor tissue
• Facilitates testing of multiple biomarkers
• Includes emerging biomarkers for enrollment in clinical trials
• May detect co-mutations occurring with BRAF mutations

Generally, it is also more economical than sequential testing. However, because of the 
amount of data, interpreting NGS reports may be complex, and NGS is not universally avail-
able. The turnaround time of NGS is longer than that of RT-PCR and IHC assays.

BRAF Testing with Liquid Biopsies
BRAF V600E mutations can be detected in cfDNA via droplet digital PCR or RT-PCR.12 BRAF 
V600E and non-V600E mutations can also be detected using NGS in circulating free DNA. 
Data are lacking as to whether cfDNA could be an alternative analyte for identifying BRAF 
mutations if tissue specimens are unavailable. Matching plasma to tumor formalin-fixed 
paraffin-embedded samples resulted in a high concordance rate for BRAF mutations when 
using PCR or NGS techniques.13

Clinical Implications
The treatment of patients with BRAF-mutated NSCLC is mainly divided into 2 types, 
one for the BRAF V600 mutation, the other for BRAF non-V600 mutated cases. Current 
approved targeted drugs were specifically designed around the structure of BRAF V600E, 
while novel therapeutic strategies continue to be explored for class II/III BRAF non-V600E 
in clinical trials.

Targeted Therapy
The identification of BRAF mutations and the implication of the MAPK pathway in NSCLC 
has led to the development of several highly potent and selective adenosine triphosphate 
(ATP)-competitive MAPK inhibitors, specifically designed to bind to the ATP-binding 
pocket of the active conformation of BRAF, especially BRAF V600E, including vemurafenib 
or dabrafenib.14 However, despite their effective anti-tumor activity, resistance to BRAF 
inhibitors eventually develops, mostly because of the reactivation of the downstream MEK/
REK pathway. The addition of MEK1/2 inhibitors such as trametinib, significantly improved 
treatment outcomes (overall response rate [ORR] and median progression-free survival 
[mPFS] of 33% and 5.4 months vs 68% and 10.2 months for dabrafenib or dabrafenib plus 
trametinib, respectively, in patients with previously treated BRAF V600E-mutant metastatic 
NSCLC).15,16 To date, FDA and European Medicines Agency (EMA) have approved dual tar-
geted therapy (dabrafenib and trametinib) for BRAF V600E-mutant NSCLC, which is also 
recommended by the National Comprehensive Cancer Network (NCCN) and European 
Society for Medical Oncology (ESMO) guidelines.17-21
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Immunotherapy
Very few data on the benefit of immune checkpoint inhibitors (ICIs) in the BRAF-mutant 
population are available. The results of retrospective studies are generally disappoint-
ing. The international IMMUNOTARGET study showed poor outcomes in patients with  
BRAF-mutant disease, with an ORR of 24% and a mPFS of 3.1 months.22 In another ret-
rospective study, ORR to ICI was 9% in class I-altered tumors and 26% in class II/III, with 
median time on treatment of 1.9 months in both groups.23 Prospective clinical trials are 
necessary to identify the optimal use of ICIs with or without BRAF-targeted therapy for 
these patients.23 Results reinforce the strong place of targeted therapies in patients with 
BRAF-mutant V600E NSCLC.

Chemotherapy
Chemotherapy outcomes are little known in this population. There is no clear evidence that 
BRAF status influences PFS or OS in patients treated with chemotherapy.24

Resistance Mechanisms
As with other targeted therapies for NSCLC, resistance to BRAF pathway inhibitors inev-
itably occurs, leading to disease progression.2,25,26 The underlying resistance mechanisms 
to BRAF inhibitors are still poorly understood in the context of NSCLC. Reactivation of 
extracellular signal-regulated kinase (ERK) signaling through the MAPK pathway rep-
resents the main mechanism that involves secondary resistance to BRAF inhibitors and can 
occur either upstream or downstream of BRAF kinases. The mechanisms involved include 
secondary mutations in other genes involved in the MAPK signaling pathway leading to 
BRAF-independent reactivation of ERK signaling, such as NRAS/KRAS or MEK1/2 muta-
tions or BRAF splice variants and gene amplifications that increase the level of BRAF V600E 
homodimers. Acquired mutation in the BRAF gene has been rarely described as a resistance 
mechanism. Bypass activation is the main cause of secondary resistance of targeted ther-
apy. Phosphatase and tensin homolog (PTEN) lack-of-function alterations may contribute to 
resistance to combinations of dabrafenib and trametinib in BRAF V600E tumors.
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11NTRK
By Lukas Bubendorf, Alexander Drilon, and Mari Mino-Kenudson

Gene Structure and Function
The neurotrophic tropomyosin receptor kinase (NTRK) genes, NTRK1 at 1q21-22, NTRK2 at 
9q22.1, and NTRK3 at 15q25, encode TRKA, TRKB, and TRKC, respectively. These proteins 
belong to the receptor tyrosine kinase (RTK) family. Like other RTKs, TRK (which herein-
after refers to TRKA, TRKB, and TRKC) has extracellular ligand binding, transmembrane, 
and intracellular kinase domains. Neurotrophin ligand binding and TRK activation lead to 
homodimerization of the receptor and downstream signaling including the mitogen-activated 
protein kinase (MAPK), phosphoinositide 3-kinase (PI3K), and/or protein kinase C (PKC) 
pathways.1,2 TRK receptors are involved in central nervous system development, including 
cell proliferation, migration, differentiation, and apoptosis. In adult tissues, TRK expression 
is restricted to neuronal tissue and the testes.3

Type of Alterations and Role in Oncogenesis
Activating NTRK fusions lead to constitutive overexpression of TRK proteins and are highly 
predictive of response to TRK inhibitors. In such oncogenic gene fusions, the C-terminal 
tyrosine kinase domain of NTRK fuses with the 5ʹ region of a partner gene, and the chimeric 
protein leads to constitutive activation of downstream pathways in a ligand-independent 
manner. Oncogenic NTRK fusions can result in strong TRK protein overexpression that is 
detectable by immunohistochemistry (IHC).4,5 More than 80 different NTRK fusion part-
ners have been described so far across various tumor types. The specific partners can vary 
between tumor types. In particular, ETV6-NTRK3 is prevalent in 90% of secretory breast 
carcinomas and secretory carcinomas of the salivary glands (previously known as mam-
mary analog secretory carcinoma) for which the fusion serves as both a diagnostic and pre-
dictive marker. In lung cancer, at least 16 NTRK1, NTRK2, or NTRK3 fusion partners have 
been identified.2,4,6-9
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Epidemiologic, Clinical, and Histologic Characteristics
NTRK fusions are extremely rare and have been found in only 0.1% to 0.3% of non-small cell 
lung carcinoma (NSCLC).10 Although data on the distribution of fusions across the 3 NTRK 
genes are still scarce, fusion can involve any of the 3 genes. NTRK1 and NTRK3 fusions seem 
to be more common than NTRK2 fusions.4 NTRK fusions are enriched in cancers in the 
absence of canonical driver mutations.7,11 While NTRK fusions have mostly been found in 
lung adenocarcinomas, these can also occur in other histologies such as squamous cell car-
cinomas and neuroendocrine carcinomas.12 While NTRK fusions are regarded as mutually 
exclusive with other de novo drivers in NSCLC, they can emerge as resistance mechanisms 
to tyrosine kinase inhibitor (TKI) therapy such as third-generation EGFR TKIs.13 NTRK 
fusions have mostly been reported in middle-aged nonsmokers or never-smokers but can 
also occur in any NSCLC patients.12

Testing Strategies
Several methods are available to detect NTRK gene fusions. Each technique has its merits 
and limitations, and the choice of assays depends on resources and the clinical context.14 
Generally, comprehensive molecular profiling (nucleic acid-based sequencing using appropri-
ate next-generation sequencing [NGS] panels) is the recommended method for NTRK testing 
in tumors where NTRK fusions are uncommon such as NSCLC.14 RNA-based NGS is prefer-
able over DNA-based NGS, as the latter cannot cover large intronic regions of NTRK3 thus 
leading to reduced sensitivity. In addition, a lower level of purity is tolerated for RNA-based 
NGS because of gene fusion overexpression. Conversely, unstable RNA quality can be a 
concern, especially in aged, archived material. Other RNA-based methods are also available, 
such as the multiplexed digital color-coded barcode technology (nCounter [NanoString]) 
on a tissue section.15,16 Reverse transcription polymerase chain reaction (RT-PCR) has been 
used mainly for detecting canonical ETV6-NTRK3 fusions in tumor types enriched for such 
alterations.17

Fluorescence in situ hybridization (FISH) is a well-established method to detect gene 
fusions. For NTRK, separate testing for the NTRK1, NTRK2, and NTRK3 is necessary. FISH 
is used primarily for confirmatory analysis in the high-prevalence setting (ie, for tumors 
with a high probability of containing an NTRK gene fusion), but it is not the first choice 
for NSCLC.

Pan-TRK protein expression detected by IHC is a surrogate for the presence of an NTRK 
fusion as wild-type TRK is not highly expressed in many nonneoplastic tissues. The com-
mercially available pan-TRK clones are EPR17341 (Abcam) and A7H6R (Cell Signaling 
Technology). A Ventana in vitro diagnostic (IVD) pan-TRK assay is also available (Roche 
Tissue Diagnostics). IHC is cost effective, has a fast turnaround time, and can easily be inte-
grated into diagnostic laboratory workflows. Moreover, IHC requires only a relatively small 
number of tumor cells on tissue sections or cytologic specimens.18 TRK expression by IHC 
can show variable intensity and subcellular localization (cytoplasmic, nuclear, or membra-
nous), which might depend on the 5ʹ fusion gene partner.14 IHC can serve as a useful screen-
ing tool for tumor types with a low prevalence, especially when NGS is not available or not 
routinely performed (Figure 11-1).
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Few studies have been published regarding the staining protocol, sensitivity, and spec-
ificity of TRK IHC. The currently reported sensitivity of TRK IHC for NTRK1 or NTRK2 
fusions is 96% and 100%, respectively, but only 55% to 79% for NTRK3.4,8 While the specific-
ity of TRK IHC in NSCLC was 100% (24:24) in 1 study, others reported TRK staining in the 
absence of an NTRK fusion in approximately 1.8% (11/617) of cases, corresponding to an esti-
mated positive predictive value of 10%.15 The prevalence and significance of TRK expression 
in the absence of an NTRK fusion requires further studies. Interestingly, 3% to 4% of NSCLCs 
harbor NTRK1 gene amplification according to cBioPortal.19 It remains to be studied if such 
amplifications can explain TRK expression in NSCLC. Notably, a partial response to the 
TRK inhibitor larotrectinib was reported in an NTRK-amplified esophageal carcinoma.20

Most studies have used a cutoff of at least 1% tumor cell staining above background.5 
However, there is currently no consensus on how to best define TRK positivity by IHC. 
Thus, any expression by IHC requires confirmation by an orthogonal, preferably nucleic 
acid-based, test.4

Figure 11-2 shows a proposed diagnostic testing algorithm for non-squamous NSCLC. 
This algorithm is in line with European Society for Medical Oncology (ESMO) recommen-
dations14 and guideline-recommended broad molecular testing for predictive alterations 
including oncogenic mutations or rearrangements. In most advanced lung squamous cell 

(A) (B)

(C)

Figure 11-1. Examples of immunohistochemistry (IHC) using the pan-TRK antibody 17341 (Ventana [Roche 
Tissue Diagnostics]). (A) Bone metastasis of lung adenocarcinoma with strong cytoplasmic TRK stating. 
Confirmed CLIP1-NTRK1 fusion (RNA-based next-generation sequencing [NGS] by Archer FusionPlex Custom 
kit [Diagnóstica Longwood]). (B) Lung adenocarcinoma with distinct membranous TRK staining. NTRK fusion 
was not confirmed despite using several methods (RNA-based NGS by Archer and Oncomine [ThermoFisher 
Scientific] comprehensive, and fluorescence in situ hybridization [FISH] using 3 FISH probes against NTRK1, 
NTRK2, and NTRK3). (C) Pan-TRK IHC-negative brain metastasis of lung adenocarcinoma; adjacent neuronal 
brain tissue serving as positive internal staining control.
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carcinomas, broad molecular testing is not yet a standard; however, molecular testing includ-
ing NTRK should be considered based on clinical profile (young patient and, never-smoker 
or light smoker).

Clinical Implications
TRK inhibitors are highly active in patients with NTRK fusion-positive cancers. Response 
is quickly achieved in many patients, and durable disease control is observed. The overall 
response rate (ORR) to larotrectinib in all NTRK fusion-positive cancers is 75%, regard-
less of the age of the patient or the tumor type.22 In NTRK fusion-positive lung cancers, 
the ORR is 83% with a median duration of response (DOR) and a median progression-free 
survival (PFS) that have not been reached. The median overall survival is approximately 41 
months. In patients with NTRK fusion-positive solid tumors, the ORR of entrectinib, a TRK  
and TROS1 inhibitor is 57%.23 In NTRK fusion-positive lung cancers, the ORR is 69%, the 
median DOR has not been reached, the median PFS is 15 months, and the median overall 
survival (OS) is 15 months.

These studies led to the US Food and Drug Administration (FDA)’s and European 
Medicines Agency (EMA)’s landmark approvals of the first-generation TRK inhibitors, laro-
trectinib and entrectinib, in patients of various ages with advanced NTRK fusion-positive 
solid tumors, regardless of tumor histology. In fact, the use of a TRK inhibitor in NTRK 
fusion-positive cancers is currently approved or authorized in up to 40 countries around 
the world.

Resistance Mechanisms
Despite these rapid and durable responses to TRK inhibitors, resistance unfortunately devel-
ops in most patients. Known mechanisms of resistance are either on- or off-target. On-target 
resistance involves NTRK1/2/3 mutations that lead to amino acid substitutions at different 
regions: solvent front, gatekeeper, or the DFG motif characterized by 3 sequential amino 
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Targeted DNA panel

Driver mutation
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Driver mutation
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Pan-TRK IHC

Positive/
Equivocal
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Figure 11-2. Proposed diagnostic testing algorithm for NTRK gene fusions in lung adenocarcinoma or 
NSCLC, NOS. Alternative to sequential testing, simultaneous DNA- and RNA-based NGS testing is an option 
depending on local practice environment and coverage of extra costs. Abbreviations: IHC = immunohisto-
chemistry; NGS = next-generation sequencing; NSCLC, NOS = non-small cell lung carcinoma, not otherwise 
specified. (Adapted from Koehne de González et al.21)
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acids—aspartic acid (D), phenylalanine (F), and glycine (G)—of the TRK kinase domain.24 
Such on-target mutations can be targeted by next-generation TRK inhibitors such as seli-
trectinib, repotrectinib, and taletrectinib among others.2 Off-target mechanisms involve 
acquired MAPK-pathway mutations or amplifications, such as KRAS G12D, BRAF V600E 
or MEK mutations, or MET amplification.2,25,26 Data regarding the spectrum of off-target 
mechanisms in NSCLC remain to be described, but combination targeted therapies (eg, a 
TRK inhibitor with a second small molecule directed against bypass resistance) have demon-
strated proof of concept activity in selected patients with off-target resistance.26
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By Sanja Dacic, Jessica J. Lin, and Mauro Papotti

Gene Structure and Function
The REarranged during Transfection (RET) gene on chromosome 10q11.21 was originally 
identified through a NIH3T3 fibroblast cell line transfection assay with human lymphoma 
DNA. Its product is a membrane receptor containing extracellular (with 4 cadherin-like 
repeats, 1 calcium-binding site, and a cysteine-rich site), transmembrane, and intracellular 
domains (Figure 12-1). The latter contains a juxtamembrane portion, the tyrosine kinase, 
and 2 RET tails (RET-9 and RET-51) generated by alternative splicing, determining 2 RET 
protein isoforms. RET ligands include the glial cell line-derived neurotrophic factor (GDNF) 
family that binds to coreceptor GFRα and GDF15, which binds to coreceptor GDNF family 
receptor a-like (GFRAL), forming a ternary complex with RET extracellular domain and 
triggering RET dimerization and tyrosine phosphorylation and activation. Downstream 
signal transduction involves the RAS/MAPK, PI3K/AKT/mTOR, and JAK/STAT pathways. 
Physiologically, RET plays a role in development of the kidneys and enteric nervous system.1,2

Type of Alterations and Role in Oncogenesis
RET mutations, fusions, and amplifications were found in 39%, 31%, and 25% of tumors, 
respectively, according to a large study of more than 4800 diverse cancers.3 Germline muta-
tions of RET cause hereditary diseases and tumors, including multiple endocrine neoplasia 
(MEN) types 2A and 2B. Somatic alterations, including mutations and fusions, occur across 
malignancies.4

RET gain-of-function mutations resulting in aberrant RET activation occur in sporadic 
or hereditary medullary thyroid carcinoma (MTC) and are rarely described in other can-
cers. These mutations affect the cysteine-rich portion of the extracellular domain in the case 
of familial MTC and MEN2A or the tyrosine kinase domain in the case of MEN2B and 
sporadic cases.
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Figure 12-1. (A) RET oncogene structure and ligand-receptor interactions. (B) Genetic alterations include 
mutations and gene rearrangements with different partners. Abbreviations: CLD = cadherin-like domain; 
CRD = cysteine-rich domain; EC = extracellular portion; GDNF = glial cell line-derived neurotrophic 
factor; GFRα = GDNF factor coreceptor alpha 1; IC = intracellular portion; JM = juxtamembrane segment; 
P = phosphorylation site; TKD = tyrosine kinase domain; TM = transmembrane portion. (Adapted from 
Ferrara et al and Radonic et al.1,5)
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RET fusions most commonly involve intrachromosomal rearrangements but rarely 
can involve interchromosomal rearrangements, resulting in fusion of the RET kinase 
domain-encoding region on the 3ʹ end to the 5 -́terminal region of various gene partners.4 
These fusions result in a constitutively active chimeric fusion oncoprotein. RET fusions have 
been described in papillary thyroid carcinoma and non-small cell lung carcinoma (NSCLC), 
in addition to other tumor types including colorectal, salivary gland, and ovarian adenocar-
cinomas. In lung cancer, the most common RET fusion partners are KIF5B (72%), CCDC6 
(23%), NCOA4 (2%), EPHA5 (1%), and PICALM (1%).6 In contrast, in papillary thyroid can-
cer, CCDC6 and NCOA4 are the more common upstream partner genes.7-10

Amplifications of RET have been rarely reported in pancreatic and breast carcinomas 
(among others), with a high but heterogeneous RET protein expression even in the absence 
of a RET fusion.11

Epidemiologic, Clinical, and Histologic Characteristics
RET fusions have been identified in 1% to 2% of lung adenocarcinomas.6 Patients with RET 
fusion-positive lung cancers tend to be younger (≤60 years) with relatively equal gender 
distribution. Most patients are never-smokers, although incidence in current and former 
smokers has been reported.12 No association with therapeutic radiation exposure has been 
observed in lung adenocarcinomas with RET fusions.13

Testing Strategies
The screening methods to detect RET fusions have not yet been standardized. Immuno- 
histochemistry (IHC), reverse transcription polymerase chain reaction (RT-PCR), fluores-
cence in situ hybridization (FISH), and DNA/RNA-based next-generation sequencing (NGS) 
have all been used to identify RET fusions. Of note, in contrast to ALK IHC, RET IHC has 
low sensitivity (55%-65%) and variable specificity (40%-85%).11,13,14 The sensitivity of IHC 
may also vary according to the fusion partner.11 Thus, RET IHC to screen for RET fusions or 
mutations is not currently recommended in lung adenocarcinoma.15

RET FISH is generally highly sensitive (100%), albeit with lower sensitivity for the 
uncommon NCOA4-RET fusion (66.7%).11 RET FISH specificity has been reported to range 
from 55% to 100%.13,14 As RET fusions in lung cancers can involve a variety of partner genes; 
break-apart probes are preferred to fusion probes. The guidelines for RET FISH testing and 
scoring are similar to those for other fusion gene detection. The assay is positive if more than 
15% of the tumor cells show either split signal or single 3ʹ signal.

While RT-PCR is specific, it is limited to the detection of known fusions. NGS-based 
testing offers the advantage of identifying RET fusions, including with novel fusion partners, 
and additionally enabling multiplex testing for other actionable targets.16 DNA-based NGS 
has limitations in identifying complex fusions, and here, RNA-based NGS can add value. 
NGS-based testing of cell-free DNA (cfDNA) can also detect RET fusions, and a positive 
result should be considered indicative of the presence of a RET fusion.17,18

Therapeutic Targeting of RET Fusions in NSCLC
Initial efforts to target RET in RET fusion-positive NSCLC focused on repurposing multiki-
nase inhibitors with anti-RET activity (eg, vandetanib, cabozantinib, lenvatinib).19-24 While 
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variable degrees of efficacy were reported, responses were typically modest. Furthermore, 
tolerability was limited by toxicities related to multikinase inhibition such as of vascular 
endothelial growth factor receptor 2 (VEGFR2).

Selpercatinib (formerly LOXO-292) and pralsetinib (formerly BLU-667) are oral tyrosine 
kinase inhibitors (TKIs) that were developed to potently and selectively target oncogenic 
RET fusions and mutations. Consistent with their selectivity, selpercatinib and pralsetinib 
demonstrated favorable safety profiles in phase 1 and 2 trials.25,26 In the registrational phase 
1 and 2 LIBRETTO-001 trial, selpercatinib demonstrated robust efficacy in advanced RET 
fusion-positive NSCLC, with overall response rates (ORRs) of 85% among treatment-naïve 
and 64% among platinum-based chemotherapy-pretreated patients.25 In the registrational 
phase 1 and 2 ARROW trial, pralsetinib similarly had robust efficacy with ORRs of 70% and 
61%, respectively, in these populations.26 Of note, both selpercatinib and pralsetinib showed 
activity against brain metastases. Based on these results, selpercatinib and pralsetinib have 
received line-agnostic accelerated approvals by the US Food and Drug Administration for the 
treatment of advanced RET fusion-positive NSCLC. These agents have additionally received 
conditional authorizations by the European Medicines Agency for the immunotherapy- or 
platinum-based chemotherapy-pretreated indication for selpercatinib and line-agnostic 
indication for pralsetinib.

Mechanisms of Resistance to Selective RET Inhibitors
Despite their efficacy, the emergence of resistance to RET TKIs remains a major challenge. 
Both on-target and off-target mechanisms of resistance have been identified. The earliest 
reported resistance mechanism was the RET G810 solvent front mutation, which causes ste-
ric interference with TKI binding and has been identified in 7% to 11% of post-progression 
biopsies.27-30 Y806C/N mutations at the hinge region of RET also cause resistance to selp-
ercatinib and pralsetinib.30,31 L730V/I mutations at the roof region have been identified in 
pralsetinib-resistant samples but are predicted to remain sensitive to selpercatinib.28,32 Novel 
RET inhibitors are in clinical development and may help to address on-target resistance (eg, 
LOXO-260 [NCT05241834], TAS0953/HM06 [NCT04683250], TPX-0046 [NCT04161391]).

Off-target mechanisms of resistance to selpercatinib and pralsetinib are also being delin-
eated and thus far appear predominant compared to on-target mechanisms (83%-90% vs 
10%-17%, respectively).28-30 MET amplification has been recurrently identified in patients 
progressing on selpercatinib and pralsetinib.28-30,33 Case reports suggest that dual RET and 
MET inhibition may represent a viable therapeutic approach in these cases.33 KRAS ampli-
fication or mutations, BRAF V600E mutation, FGFR1 amplification, and NTRK3 fusion 
have also been identified.28-30,34 However, mechanisms of resistance to RET-selective TKIs 
remain undetermined for a substantial proportion (40%-80%) of cases, underscoring the 
need for further studies to elucidate the biology and optimal treatment strategies for RET 
TKI-resistant cancers.
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Gene Structure and Function
MET protooncogene receptor tyrosine kinase (MET), also known as hepatocyte growth factor 
receptor, encodes for the MET protein, a growth factor receptor expressed predominantly 
on endothelial and epithelial cells with essential roles in development, regeneration, and 
homeostasis. Dysregulation of MET is a well-established driver of oncogenesis in many can-
cer types including lung cancer.1,2 Initially cloned from an induced oncogenic fusion in an 
osteosarcoma cell line, MET and its ligand, hepatocyte growth factor (HGF), subsequently 
became known for their roles in morphogenesis (tubular branching, including in the liver, 
kidney, and lung), motility and invasion (carcinoma), and mitogenesis (including hepatocyte 
regeneration).3-7

MET is a single-pass transmembrane receptor protein defined by an extracellu-
lar ligand-binding (Sema) domain; a plexin-semaphorin-integrin (PSI) domain; an 
immunoglobulin-like-plexin-transcription factor domain; and transmembrane, intracellu-
lar juxtamembrane and tyrosine kinase domains.7 Upon binding of its ligand, HGF, MET 
homodimerizes, leading to phosphorylation of tyrosines 1234/1235 (kinase domain) and 
1349/1356 (docking domain), with subsequent downstream activation of mitogen-activated 
protein kinase (MAPK) and PI3K-mTOR-AKT pathways.8 Critically, the regulation of MET 
protein expression at the cell surface is mediated by the E3 ubiquitin ligase, Cbl, which binds 
to phosphorylated Y1003 in the receptor’s juxtamembrane domain.9 Cbl-mediated ubiquiti-
nation triggers receptor endocytosis10 (Figure 13-1); interestingly, transit of MET into the 
endosomal compartment appears necessary for activation of the full range of downstream 
signals, including via extracellular signal-regulated kinase-1, -2 (ERK1/2) and signal trans-
ducer and activator of transcription-3 (STAT3).11
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Type of Alterations and Role in Oncogenesis
Dysregulation of the MET pathway in lung cancer occurs through a variety of molecular 
mechanisms including gene mutations, amplifications, protein overexpression, and fusions.13 
Several mutational mechanisms of oncogenesis have been described in MET, including at 
kinase domain hotspots F1200I, Y1230X, and M1250T in papillary renal cell carcinoma and 
potentially within the extracellular Sema domain in several tumor types.14,15 The dominant 
mechanism in non-small cell lung carcinoma (NSCLC), however, is the introduction of a 
diversity of missense and deletion-insertion mutations in and around the splice sites flank-
ing exon 14, which lead to “exon 14 skipping” and loss of the regulatory juxtamembrane 
domain containing the Cbl binding site16 at Y1003 (Figure 13-2). Persistent oncogenic signal-
ing through the surface-bound MET receptor is associated with increased cellular invasion 
and metastasis.16,17

MET amplifications can be mainly classified into 2 subtypes: de novo and acquired. De 
novo MET amplification occurs in 1% to 5% of NSCLC and is associated with poor prog-
nosis.18,19 Notably, the prevalence of MET amplifications varies among different studies, 
depending on the cutoff value and diagnostic assays used. In a subset of cases, exon 14 
skipping mutations are accompanied by selective amplification of the mutated allele, an 
event that likely facilitates the oncogene addiction state.20-22
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Receptor internalization
and degradation

5' 5'3' 3'
MET exon 14

Polysomy

CEP7 MET

Amplification
MET exon 14 alteration

(A)

(B)

(C)

(D)

(E)

Figure 13-1. A schematic representation of the most common modes of MET gene activation. (A) Following 
ligand binding, Met surface expression is normally downregulated by binding of Cbl to the phosphorylated tyro-
sine at codon 1003 in the Met juxtamembrane domain, leading to internalization and degradation. (B) MET exon 
14 skipping mutations preferentially affect the splice regions flanking exon 14, leading to deletion of the juxtam-
embrane region containing Y1003 and preventing interaction with Cbl. Alternatively or concomitantly, (C) MET 
may undergo relative copy number increase, caused by chromosome 7 (D) undergoing one or more rounds of 
reduplication leading to polysomy or (E) caused by focal amplification of MET. The latter is more strongly associ-
ated with Met activation and oncogenic dependence. (Adapted from Drilon et al.12)



137MET

c.
28

88
-4

6_
28

88
-

29
de

lC
A

TG
A

TA
G

C
C

G
…

c.
28

88
-4

3_
28

88
-

3d
el

in
sA

A
TC

TT
T

c.
28

88
-3

6_
28

88
-1

8d
el

c.
28

88
-2

8_
28

88
-

13
de

lC
A

A
G

C
TC

TT
TC

TT
TC

T

c.
28

88
-2

3_
28

88
-

6d
el

TC
TT

TC
TT

TC
TC

TC
TG

TT

c.
28

88
-2

2C
>G

c.
28

88
-2

2_
28

96
de

lC
TT

TC
TT

TC
TC

TC
TG

TT
TT

A
A

G
A

TC
TG

G
G

C
A

c.
28

88
-2

1_
28

88
-7

de
lT

TT
C

TT
TC

TC
TC

TG
T

c.
28

88
-2

1_
28

88
-6

de
lT

TT
C

TT
TC

TC
TC

TG
TT

c.
28

88
-2

1_
28

88
-1

de
lT

TT
C

TT
TC

TC
TC

TG
TT

TT
A

A
G

in
sT

TT
A

G
A

c.
28

88
-2

0_
28

88
-9

de
l

c.
28

88
-2

0_
28

88
-1

2d
el

TT
C

TT
TC

TC

c.
28

88
-1

8_
28

88
-3

de
lC

TT
TC

TC
TC

TG
TT

TT
A

c.
28

88
-1

7_
28

88
-6

de
lT

TT
C

TC
TC

TG
TT

c.
28

88
-1

6_
28

88
-3

de
lT

TC
TC

TC
TG

TT
TT

A
c.

28
88

-1
3_

28
88

-2
de

lT
C

TC
TG

TT
TT

A
A

c.
28

88
-1

2_
29

11
de

l

c.
28

88
-3

de
lA

c.
28

88
-4

_2
91

4d
el

TA
A

G
A

TC
TG

G
G

C
A

G
TG

A
A

TT
A

G
TT

C
G

C
TA

C
G

c.
28

88
-1

G
>X

c.
28

95
_2

89
6i

ns
A

G
TG

A
A

TT

c.
29

06
_2

91
9

de
lT

TC
G

C
TA

C
G

A
TG

C
A

in
…

c.
29

42
_2

94
9d

el
A

TA
G

G
C

TT
c.

30
02

_3
02

8+
5d

el
TA

G
A

C
TA

C
C

G
A

…

c.
30

17
_3

02
8d

el
C

TT
TT

C
C

A
G

A
A

G
(p

.T
10

06
_D

10
10

de
lin

sN
)

c.
 3

01
 8

_3
02

8+
3d

el
TT

TT
CC

AG
AA

G
…

c.
30

19
_3

02
8+

11
de

lT
TT

C
C

A
G

A
A

G
G

TA
TA

TT
TC

…

c.
30

19
_3

02
8+

5d
el

TT
T…

c.
30

20
_3

02
8d

el
TT

C
C

A
G

A
A

G
(p

.F
10

07
_D

10
10

de
lin

sY
)

c.
30

28
G

>X
(p

.D
10

10
X)c.
30

28
+

1G
>X

c.
30

28
+

2T
>C

c.
30

28
+

3A
>G

024681018 16 14 12

Ex
on

 14
In

tro
n 

13
In

tro
n 

14

Fi
gu

re
 1

3-
2.

 L
ol

lip
op

 p
lo

t r
ep

re
se

nt
in

g 
th

e 
di

ve
rs

it
y 

of
 m

ut
at

io
ns

 d
et

ec
te

d 
in

 in
tr

on
 1

3,
 e

xo
n 

14
, a

nd
 in

tr
on

 1
4 

of
 th

e 
M

ET
 g

en
e 

th
at

 g
iv

e 
ris

e 
to

 M
ET

 e
xo

n 
14

 s
ki

pp
in

g 
an

d 
lo

ss
 o

f t
he

 ju
xt

am
em

br
an

e 
re

gu
la

to
ry

 d
om

ai
n 

in
cl

ud
in

g 
th

e 
Cb

l b
in

di
ng

 s
ite

 a
t Y

10
03

. H
ot

sp
ot

s 
ar

e 
de

si
gn

at
ed

 w
ith

 o
ra

ng
e 

lo
lli

po
ps

. D
at

a 
fr

om
 7

1 
pa

tie
nt

s 
is

 d
er

iv
ed

 fr
om

 
th

e 
D

an
a 

Fa
rb

er
 C

an
ce

r I
ns

tit
ut

e’
s 

O
nc

oP
an

el
 n

ex
t-

ge
ne

ra
tio

n 
se

qu
en

ci
ng

 te
st

 fr
om

 2
01

7 
to

 2
02

1.
 (D

at
a 

ar
e 

pu
bl

ic
ly

 a
va

ila
bl

e 
fr

om
 A

AC
R 

Pr
oj

ec
t G

en
ie

.23
)



138 IASLC ATLAS OF MOLECULAR TESTING FOR TARGETED THERAPY IN LUNG CANCER

Uncommonly, de novo wild-type MET amplification is implicated as the sole oncogenic 
driver; more typically, MET amplification is observed with a co-occurring mitogenic driver 
alteration, including in EGFR and KRAS.24 Acquired MET amplification can be identified 
in 5% to 20% of patients with epidermal growth factor receptor (EGFR)-mutant NSCLC 
upon progression with first-, second- and third-generation EGFR-tyrosine kinase inhibitors 
(TKIs),25-27 and is now recognized as a recurrent mechanism of acquired resistance to ALK, 
RET, and ROS1 targeted therapies.28

Intergenic fusions involving MET are rare, but a variety of fusion partners have been 
identified. Such fusions have largely been described in tumors other than NSCLC, including 
glioma, papillary renal cell carcinoma, and thyroid.29 The exact frequency of MET fusion 
in NSCLC is poorly defined; best estimates suggest that these occur in 0.5% of otherwise 
oncogene-negative lung adenocarcinomas.30 The breakpoints within the MET gene appear 
to be enriched in intron 14, and the fusion products juxtapose a 5′ partner containing a 
coiled-coil domain to facilitate homodimerization with an intact Met kinase domain.29,30 
Evidence regarding the predictive role of MET fusions for Met-targeted therapies is largely 
derived from case reports and small series but suggests that these strategies hold promise.31

MET overexpression is common in NSCLC and can be detected in approximately 20% 
to 48% of patients by immunohistochemistry (IHC).32-35 However, the correlation between 
MET overexpression and MET alterations or amplification is weak, and only a subset of MET 
exon 14 skipping mutation-positive tumors demonstrate significant MET protein expres-
sion (Figure 13-3A-D). Further, high-level expression can be observed in the context of other 
oncogenic driver alterations21,36,37 (Figure 13-4A,B).

Epidemiologic, Clinical, and Histologic Characteristics
MET exon 14 skipping mutations occur in 3% to 4% of patients with NSCLC in White pop-
ulations, while in China, the frequency is only 0.9%.38-40 Limited systematic sequencing 
in other populations precludes confident estimates of MET exon 14 mutation frequency. 
Large-scale sequencing efforts have uncovered possible enrichment of MET mutations and 
amplifications in patients of Ashkenazi Jewish ancestry.41 MET exon 14 skipping muta-
tions are most commonly reported in lung adenocarcinomas, but are also reported in lung 
squamous cell carcinomas where they may possibly be enriched in patients with a light or 
never-smoking history.42,43 Several studies have identified an apparent enrichment in pul-
monary sarcomatoid carcinoma in 5% to 32% of cases.21,44,45 The median age of patients with 
MET exon 14 skipping mutations (>70) is high relative to those with other oncogene-driven 
tumors.21,23 Most studies indicate that MET mutations occur independent of smoking sta-
tus.23,41 MET exon 14 skipping mutations are usually mutually exclusive with other oncogene 
driver mutations; however, KRAS G12X co-mutations have been reported in approximately 
4% of cases.21,23,38,46

Testing Strategies
Given the diversity of activating MET alterations, comprehensive assessment of actionable 
MET biomarkers requires an integrated diagnostic approach. It is important to consider the 
suitability and limitations of each assay and to implement a testing strategy that ensures 
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broad coverage across different classes of MET alterations including amplification, muta-
tions, alternative transcripts, and fusions (Table 13-1).

Important diagnostic concepts for detecting pathogenic MET alterations in the clinic 
and a testing strategy are shown in Figure 13-5. Given the growing adoption of DNA-based 
next-generation sequencing (NGS) as the standard diagnostic assay for NSCLC and its ability 

(A) (B)

(C) (D)

Figure 13-3. Two examples of lung adenocarcinomas with MET exon 14 skipping alterations and highly 
variable levels of MET protein expression (immunohistochemistry clone SP44 [Spring Bioscience]). (A) Lung 
resection showing acinar-predominant lung adenocarcinoma with (B) barely perceptible levels of total MET 
protein expression. (C) Lung core biopsy showing detached clusters of poorly differentiated lung adenocar-
cinoma with micropapillary features and (D) strong, diffuse expression of MET protein.

(A) (B)

Figure 13-4. Lung adenocarcinoma with KRAS mutation showing strong, diffuse MET protein expression 
and MET amplification in the form of signal clusters (homogenously staining regions) by chromogenic in situ 
hybridization (black signals = MET; red signals = CEN 7).
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to detect multiple types of MET alterations, we propose a potential diagnostic workflow using 
DNA-based NGS as the initial screening assay for MET profiling.

When assessing for MET amplification, high-level amplification and lack of amplifica-
tion in the context of sufficient tumor purity represent reliable results that do not require 
further testing. However, in cases with borderline amplification or lack of amplification in a 
case with low tumor purity, further testing using fluorescence in situ hybridization (FISH) 
may provide a more granular analysis and help confirm the NGS results. For MET exon 
14 skipping and MET fusions, detection of canonical variants provides sufficient informa-
tion for clinical management. However, negative results and variants of unknown signifi-
cance should be further assessed by RNA-based testing. Alternatively, testing approaches 
that offer parallel DNA- and RNA-based analysis can circumvent the need to follow a 

Table 13-1. Clinical Assays for Detecting MET Biomarkers

Assay Amplification Exon 14 skipping Gene fusion Overexpression

Tissue-based testing DNA-NGS

FISH

DNA-NGS

RNA-NGS

RT-PCR

DNA-NGS

RNA-NGS

FISH

RT-PCR

IHC

Liquid/plasma-based 
testinga

ctDNA-NGS ctDNA-NGS ctDNA-NGS N/A

Abbreviations: ctDNA = circulating tumor DNA; FISH = fluorescence in situ hybridization; IHC = immunohistochemistry; 
N/A = not applicable; NGS = next-generation sequencing; RT-PCR = reverse transcriptase polymerase chain reaction.
a While liquid biopsy methods using ctDNA may be used to detect MET amplification, exon 14 skipping, and fusions, the 
limited sensitivity for copy number analysis and fusion detection requires that negative results be confirmed on tissue.

DNA-based NGS

RNA-based NGS

MET amplification MET exon 14 skipping
MET gene fusion

NegativeDetected

NegativeDetected
Borderline or
negative with

low purity

FISH for MET
amplification

Detected Negative

Canonical
variants
detected

Negative
Variants of
unknown

significance

Figure 13-5. Potential testing strategy for detecting MET biomarkers. Abbreviations: FISH = fluorescence in 
situ hybridization; NGS = next-generation sequencing.
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sequential testing strategy. RNA-based assays optimized for fusion detection can uncover 
occult fusions missed by DNA-based NGS and provide functional confirmation for variants 
of uncertain pathogenicity.

MET exon 14 skipping is mediated by pathogenic mutations in donor/acceptor splice 
sites and large genomic deletions that result in an alternative MET transcript lacking exon 
14. In most cases, these alterations can be detected by DNA-based NGS if there is suffi-
cient coverage of splice sites and intronic regions flanking exon 14.47 Given that there are 
cryptic splice-altering mutations in deep intronic regions, complete coverage of introns 13 
and 14 (in addition to exon 14) may be needed for optimal sensitivity.38,48 However, this 
can be challenging because of the large size of introns and presence of repetitive sequences, 
both of which can affect the accuracy of DNA-based sequencing. For this reason and others, 
hybrid capture-based NGS is preferred over amplicon-based NGS because of technical issues 
including sequencing bias and allelic dropout.49,50 However, even with hybrid capture-based 
NGS, DNA sequencing is known to miss exon 14 skipping alterations and can detect novel, 
noncanonical variants where their effect on splicing is unclear.51

In contrast, RNA-based sequencing and reverse transcription polymerase chain reaction 
(RT-PCR) can circumvent these challenges associated with DNA-level analysis and directly 
assess for the oncogenic by-product of altered splicing, thus enabling a more sensitive and 
functional approach52 (Figure 13-6). Hence, RNA-based testing may be important to confirm 
negative results from DNA-based NGS and to further assess noncanonical intronic muta-
tions. However, low-level false-positive exon 14 skipping events have been observed53,54; thus 
for mutation-negative cases, it may be important to incorporate a validated lower threshold 
for exon 14 skipping detection at the RNA level to ensure specificity and to correlate these 
findings with DNA-sequencing data.

MET gene amplification has been traditionally assessed using FISH. Different scoring 
systems have been proposed including MET gene copy number (GCN) and MET to CEP7 
ratio, with the latter method being able to distinguish amplification from polysomy of chro-
mosome 7.55,56 While there are no standardized thresholds for MET amplification that are 

MET splice-site mutation
c.3028+1G>A
p.X1010_splice

 
DNA-based

NGS

MET mRNA transcript
lacking exon 14

RNA-based
NGS Exon 13 Exon 15 Exon 16Exon 12

Exon 14 Intron 14

Figure 13-6. DNA- and RNA-based next-generation sequencing (NGS) detects the splice-site mutation and 
exon-skipping event at the RNA transcript level, respectively. The RNA-based sequencing strategy offers 
direct evidence of a splicing abnormality, whereas the effects of a mutation at the DNA level can only be 
inferred based on location within the splice region.
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used to guide therapy, studies have shown that high-level MET amplification as defined by a 
MET/CEP7 ratio of 4 to 6 or more and/or GCN of 10 or higher may predict response to MET 
inhibition in de novo and acquired resistance settings.57-59

More recently, DNA-based NGS has been increasingly used to screen for MET amplifica-
tion.60,61 Similar to FISH, there is no consensus on the methodology and cutoffs for calling 
MET amplification. Advantages of NGS over FISH include the ability to provide (1) a more 
comprehensive copy number assessment across the entire tumor section, thereby overcom-
ing potential heterogeneity and (2) multiplexed analysis of additional alterations in MET 
and other actionable genes. However, NGS-based copy number analysis is limited by tumor 
purity requirements for reliable copy number calling (~20% tumor purity).62 Negative cases 
with low tumor content or borderline results from NGS may benefit from additional FISH 
testing as it provides a higher-resolution analysis at a single-cell level (Figure 13-7A,B).

MET gene fusions can be detected using a variety of DNA- and RNA-based methods. 
Break-apart FISH represents a rapid and inexpensive method for identifying gene rear-
rangements involving MET. However, this technique does not reveal the fusion partner, the 
breakpoint, or the location of the kinase domain, which may be important for confirming 
pathogenicity. Alternatively, DNA-based NGS can be used to detect structural variants (SVs) 
that are predicted to form pathogenic fusions. As with other gene fusions, the genomic 
breakpoints underlying MET fusions mostly occur in introns, thus limiting the sensitivity 
of DNA-based sequencing.30,63 Furthermore, specificity can be an issue for novel or complex 
fusions of uncertain significance. In general, these limitations can be resolved by RNA-based 
methods that directly assess for the oncogenic fusion transcripts. While RT-PCR typically 
requires the knowledge of the fusion partner and the breakpoint, RNA-based NGS lacks 
these requirements and can detect fusions with novel partners and breakpoints.

Many studies have shown that MET protein overexpression by IHC is a poor surrogate 
for MET amplification and MET exon 14 skipping.34,37,64 However, there are emerging data 
suggesting that MET overexpression may predict sensitivity to MET-targeted therapies in 
patients with MET exon 14 skipping alterations.65 While there is currently no role for MET 
IHC as a surrogate biomarker, the therapeutic significance of MET expression in patients 
with activating MET alterations may evolve with future data.

(B)(A)

Figure 13-7. (A) Increased signals in MET (green) and CEP7 (red) suggesting polysomy of chromosome 7. 
(B) Heterogeneity of MET amplification. Tumor cell in the far right shows high levels of MET copies compared 
to other tumor cells with varying levels of MET gain and amplification.
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Clinical Implications
MET TKIs are divided into 2 groups that are distinguished by binding mechanism.50 Type 
I Met inhibitors (eg, crizotinib, capmatinib, tepotinib, savolitinib) target MET in its active 
configuration. Among type I TKIs, crizotinib is unique in its reliance on interactions with 
the G1163 residue, leading to its designation as a type Ia inhibitor to distinguish it from 
the remaining type I inhibitors, which are considered type Ib agents. In contrast to type I 
MET inhibitors, type II inhibitors (eg, cabozantinib, merestinib, glesatinib) bind MET in its 
inactive conformation.

To date, prospective clinical studies evaluating MET inhibitors in MET-altered NSCLC 
have largely explored the efficacy of type I inhibitors. These studies have independently 
assessed efficacy in patients with NSCLCs harboring either MET amplification or MET 
exon 14 skipping alterations. Notably, in the absence of a standardized definition of MET 
amplification, the criteria used to define this genetic event have varied across clinical stud-
ies. Efficacy of type I MET inhibitors, including intracranial activity, has been particularly 
encouraging in the subset of tumors harboring exon 14 skipping alterations.

For example, capmatinib-induced objective responses were reported in 41% of pre-
viously treated patients in the phase 1 and 2 GEOMETRY mono-1 study, with a median 
progression-free survival (PFS) of 5.4 months.57 Among patients with untreated NSCLC who 
received capmatinib, the overall response rate (ORR) and median PFS were 68% and 12.4 
months.57 In the phase 2 VISION study, an ORR of 46% and median PFS of 8.5 months were 
observed with tepotinib, with comparable efficacy across lines of previous therapy.66 On the 
basis of these 2 studies, capmatinib and tepotinib gained line-agnostic global regulatory 
approvals for treatment of NSCLCs harboring MET exon 14 skipping. The multikinase type 
Ia MET TKI crizotinib has also demonstrated promising activity in cohorts of patients with 
MET exon 14 positive (ORR 32%) or MET-amplified NSCLC (ORR 28.9%) in the PROFILE 
1001 study.59,67 In both the PROFILE 1001 and GEOMETRY mono-1 studies, MET TKI 
activity was greatest for tumors with higher-level MET amplification.57 For example, capma-
tinib ORR improved from 12% to 40% and median PFS increased from 2.7 to 4.1 months as 
the MET GCN cutoff was extended from 6 to 9 copies to 10 or more copies.57

In addition to MET TKIs, MET antibodies and antibody-drug conjugates have also 
undergone clinical testing in MET-altered NSCLC, including MET-overexpressing NSCLC. 
Historically, anti-MET antibodies have demonstrated limited efficacy.68,69 However, inves-
tigational MET antibody-drug conjugates and bispecific antibodies with MET activity have 
shown early promising results in patients with NSCLCs with MET overexpression or MET 
exon 14 mutations in ongoing studies.70

Resistance Mechanisms
As described earlier, MET TKIs are classified into several groups on the basis of binding 
mechanics. The 2 approved MET TKIs (capmatinib and tepotinib) bind the receptor in its 
active conformation in a configuration that relies on interactions with the receptor hinge 
region and the Y1230 residue in the kinase activation loop. Binding is facilitated by a salt 
bridge, involving D1228 and K1110 residues, that stabilizes the activation loop. Recurring 
mutations involving D1228 and Y1230, which are anticipated to destabilize the salt bridge or 
alter the position of Y1230, have been identified in clinical specimens from patients who have 
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developed resistance to type I inhibitors, including capmatinib and crizotinib.71-73 As these 
mutations confer cross-resistance to type I inhibitors, benefit from sequential therapy with 
existing type I MET TKIs is limited.65,74

In contrast, preclinical studies and case reports suggest that type II MET TKIs (eg, 
cabozantinib, merestinib, glesatinib, and foretinib) do not rely on interactions with the 
activation loop and, thus, retain efficacy against MET D1228 and Y1230 mutations.72,75,76 
In addition to these more common mutations, MET G1163R has been identified in a 
crizotinib-resistant specimen.77 The solvent front G1163 residue is critical to binding of 
crizotinib but is not as essential for binding of other MET TKIs.

In addition to acquired on-target alterations, MET-independent resistance mecha-
nisms contribute to both acquired and intrinsic resistance to MET selective inhibitors.66 
The bypass mechanisms described to date include MAPK pathway reactivation and ampli-
fication of EGFR/ERBB2/ERBB3.46,65,77,78 Identification of KRAS G12X mutations in a small 
subset of NSCLC with MET exon 14 skipping in the pretreatment setting highlights KRAS 
activation as a form of primary resistance to MET-targeted therapy.46 KRAS mutations 
and amplifications represent approximately one-third of secondary resistance mechanisms 
to MET-targeted therapies.72 Both KRAS and EGFR amplification have been observed in 
patients with MET exon 14 skipping with progression on crizotinib therapy; interestingly, 
FISH studies in this context demonstrate that the amplification events occur in independent 
cell populations, suggesting a role for paracrine signaling between distinct populations of 
drug-resistant cells.79 MET inhibition in the context of KRAS pathway activation appears to 
drive preferential signaling through phosphoinositide 3-kinase (PI3K); PI3K pathway muta-
tions (including in PIK3CA and phosphatase and tensin homolog [PTEN]) also represent 
common mechanisms of acquired resistance to MET-targeted therapies.80 The role for com-
bined therapy using MET with EGFR or PI3K inhibitors is under investigation.80,81
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Gene Structure and Function
RAS (rat sarcoma viral oncogene homolog) encodes a membrane-bound protein, initially 
described by Harvey1 and Kristen2 as a retroviral oncogene involved in cell proliferation, dif-
ferentiation, and survival.3 RAS belongs to a class of protein called small guanosine triphos-
phatase (GTPase), which is expressed in all mammalian cells.4,5 The RAS gene family consists 
of 3 members (HRAS, NRAS, and KRAS) that code for corresponding isoforms.5 However, 
notably, the KRAS (Kristen rat sarcoma viral oncogene) isoform represents approximately 
75% to 80% of all RAS mutations in cancer, followed by NRAS (12%), and, irregularly, HRAS 
(3%).6,7 RAS protein is composed of 3 major elements:

1. G-domain is highly conserved between RAS isoforms and contains switch 1 and 
2 loops. It is responsible for guanosine triphosphate (GTP)-guanosine diphosphate 
(GDP) exchange.

2. C-terminal domain, referred to as the hypervariable region, shows significant varia-
tions among RAS isoforms.

3. C-terminal CaaX box drives post-translational modifications.8-11

RAS protein acts as a molecular switch, cycling between an active GTP-bound state 
and an inactive GDP-bound state.8,12 The conversion of RAS protein to its active form is 
facilitated by guanine nucleotide exchange factors (GEFs) while GTPase-activating proteins 
(GAPs) have a role in maintaining RAS in its inactive state through activating RAS-GTPase 
and GTP hydrolysis.8,12 When KRAS is mutated, RAS protein is locked into the GTP-bound 
active form, which in turn constitutively activates downstream signaling pathways, such as 
the RAF-MEK-ERK and PI3K-AKT-mTOR pathways, conferring malignant phenotype8,12 
(Figure 14-1).
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Type of Alterations and Role in Oncogenesis (Mutations, Fusions,  
Amplification, Protein Expression)
KRAS is the most frequently mutated oncogene in cancer.14 Similarly, activating mutations in 
KRAS are the most prevalent oncogenic drivers in both early and advanced lung adenocarci-
noma, occurring in approximately 25% to 32% of tumors.15,16 Most KRAS point mutations 
occur at exons 2 and 3, mainly affecting codons G12, G13, and Q61.6 In lung cancer, G12C 
(ie, mutation from amino acid glycine to cysteine) is the most common (41%), whereas G12V 
and G12D represent 21% and 17% of KRAS mutations, respectively17 (Figure 14-2). The bio-
logic and clinical significance of KRAS mutations varies depending on the mutation sub-
type in lung cancer. For example, G12C and G12D have significant affinities for binding 
to RATGDS-Ral-FLIP and PI3K-AKT-mTOR pathways, respectively.18 In addition, KRAS 
G12C mutations showed higher extracellular signal-regulated kinase-1 and -2 (ERK1/2) 
phosphorylation than those with the KRAS G12D.19

As seen with other actionable driver mutations in lung adenocarcinoma, KRAS muta-
tions do not usually coexist in the context of other oncogene drivers, including EGFR, ALK, 
and ROS-driven tumors. Although KRAS and EGFR mutations typically occur in a mutually 
exclusive fashion in lung cancer,17,20 anecdotal reports show evidence of co-occurrence of 
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Figure 14-1. A diagrammatic representation of cellular membrane-bound KRAS protein and some of its 
relationships with other proteins and signaling pathways. (Note: The generic representation of the mem-
brane receptor tyrosine kinase [RTK] is for illustration only.) There are many ligands and RTKs, including the 
EGFR/HER family, which can form homo- and heterodimers (see relevant chapters). Wild-type KRAS may be 
activated to its guanosine triphosphate (GTP)-bound state, facilitating downstream signaling via RAF/MEK/
ERK and via PI3K/AKT/TSC1-2. This activation is mediated by guanine nucleotide exchange factors (GEFs), a 
major one of which is SOS1, and related proteins such as GRB2 and SHP2. Mutations in KRAS result in reduc-
tion of both hydrolysis of GTP and interaction with guanosine triphosphatase (GTPase)-activating proteins 
(GAPs) (not shown in diagram). These changes maintain KRAS protein in an activated state, driving onco-
genesis. Several points in this complex pathway are being therapeutically exploited (see text). The most 
clinically advanced in this setting are drugs such as sotorasib and adagrasib, which function to maintain 
KRAS in a GDP-bound inactive state.3,13 Abbreviation: PTEN = phosphatase and tensin homolog. (Adapted 
from Punekar et al.13)
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KRAS and EGFR mutations in lung cancer patients.21-23 KRAS mutations have been described 
in ALK-translocated lung cancer mostly associated with mechanisms of resistance to ALK 
tyrosine kinase inhibitors (TKIs).24 KRAS G12C and other KRAS mutations more frequently 
co-occur with MET amplification in both localized25 and metastatic26 treatment-naïve 
non-small cell lung carcinoma (NSCLC). ERBB2 amplification (P = 0.002) and ERBB4 muta-
tions (P = 0.025) were more frequently found in KRAS G12C-mutated tumors when com-
pared to tumors without KRAS G12C3,26

KRAS copy number alterations, including allelic imbalance and increased copy num-
ber, have been also reported in NSCLC.27,28 KRAS amplification was also shown to be a 
mechanism of resistance to epidermal growth factor receptor (EGFR) TKIs.28 Concomitant 
mutations in the KRAS gene are common as they were observed in about 3.4% of tumors 
with a KRAS mutation and 8% of the KRAS G12C mutation. The most frequent co-occurring 
mutation associated with KRAS G12C were KRAS G12F and G12V.29 In this study, the pres-
ence of co-occurring mutation led to increased resistance to a specific G12C inhibitor. In 
about half of tumors with KRAS mutations, and especially in those occurring in smokers, 
several other mutations may also be found, so-called co-mutations, which may have biologic 
significance.3,26

Current data show that co-occurring genetic alterations significantly impact biologic 
evolution, clinical outcomes, and response to treatments.15,30-34 Large-scale sequencing 
studies have established a census of major KRAS co-mutations in lung adenocarcinoma.15 
Co-occurring mutations in TP53 (~40%), STK11 (ie, serine/threonine kinase 11; 20%), and 
KEAP1 (ie, Kelch-like ECH-associated protein 1; 13%-24%) are the most frequent.26,30 These 
3 subsets are associated with different biologic properties and therapeutic sensitivities15 and 
could act via intrinsic RAS signaling pathways as well as on the tumor microenvironment. 
In particular, KRAS/TP53-mutated NSCLC demonstrated increased levels of inflammatory 
markers and immune checkpoint effector molecules, while KRAS/KEAP1 showed lower lev-
els of immune markers, including programmed death–ligand 1 (PD-L1).15
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Figure 14-2. Prevalence of the most common KRAS mutations in pulmonary adenocarcinoma
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In addition to promoting tumorigenesis through downstream effectors, mutant KRAS 
cells have been found to interact with the tumor microenvironment. In colorectal cancers, 
KRAS mutations can mediate downregulation of major histocompatibility class 1 molecule 
expression, an effect of which is to interfere with tumor antigen priming and presentation to 
T cells.3,35

Similarly, KRAS mutations are associated with higher PD-L1 expression in NSCLC, thus 
contributing to exhausted T cells.36,37 Notably, the PD-L1 tumor proportion score (TPS) of 
50% or more was reported in a range of 34% to 41% for KRAS G12C patients compared with 
20% to 26% among patients with KRAS wild-type tumors.38,39 In NSCLC cell lines with 
KRAS mutations, ectopic expression of PD-L1 was found to be modulated by the MAPK and 
STAT3 pathways downstream of KRAS.3,40

Epidemiologic, Clinical, and Histologic Characteristics
KRAS mutation distribution is usually cancer-type specific, and the frequencies are relatively 
stable worldwide in various cancer types, with the exception of NSCLC, particularly ade-
nocarcinoma histology.7 Geographic differences in KRAS prevalence in NSCLC have been 
observed worldwide with the highest incidence in Europe followed by North America and 
lowest incidence in East Asia regions and India.6,7 This contrasts with EGFR prevalence, 
suggesting the impact of genetics or environment with growing research currently ongoing.7 
Likewise, it was reported that KRAS G12C mutations were more frequent in Black and White 
patients rather than Asian patients (P < 0.001), while in NSCLC, KRAS mutations are more 
frequent in adenocarcinoma histology (32%)6,25,41 and very unfrequently (≤1%) reported in 
squamous cell carcinoma when rigorous pathology assessment is performed.39,42,43

In adenocarcinoma, higher frequencies of KRAS mutations have been described in inva-
sive mucinous carcinomas (61%-71%).44,45 KRAS mutations in NSCLC are often associated 
with tobacco history (ie, 7% in never-smokers vs 32% and 37% in former and current smok-
ers, respectively46), and the distribution of variant type in NSCLC varies between smokers 
and never-smokers.39 In the case of KRAS G12C, commonly seen in the smoker population 
(41% of KRAS mutations), it has been related to signature 4 (a smoking-related signature), 
which is associated with C>A transitions.47 Moreover, KRAS G12C mutation seems to be 
more frequent in women (ie, 43%; P = 0.007) and younger patients (ie, median age 63 years 
old; P = 0.0092) compared with other KRAS mutations25,42 and KRAS wild type. G12D muta-
tions mostly occur in never-smokers at 56% of KRAS mutations.41 Despite some conflicting 
results,38,45,46 KRAS mutations in NSCLC seem to be associated with worse prognosis.47-49 
It has been reported that patients with G12C-mutated NSCLC have a poorer prognosis when 
compared to cases with other KRAS mutations or KRAS wild type.25 In addition, KRAS 
G12C-positive patients present a higher rate of metastasis at diagnosis compared with 
patients with KRAS wild type (ie, 94% vs 88%).38

Testing Strategies
Detection of KRAS mutation, including the G12C variant, in lung cancer, from DNA 
extracted from tumor tissue, cell specimens (cytology), and cell-free DNA (cfDNA) obtained 
from blood and other fluids (ie, pleural effusion, cerebrospinal fluid) is straightforward. 
KRAS point mutations are harbored in hotspots in codons (12, 13, and 61), which are easily 
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covered using gene panels probed by both polymerase chain reaction (PCR)-based and 
next-generation sequencing (NGS) approaches.48-51 When used with adequate nucleic acid 
input (10-100 ng of DNA and 5%-15% tumor content), most of the different commercial plat-
forms, either PCR-based or NGS, showed an excellent overall accuracy and a high level or 
concordance, although NGS seems to show a slightly superior performance when compared 
to non-NGS assays.52-57 As recommended by several guidelines, for tumor tissue diagno-
sis, NGS panels are a preferred approach. cfDNA could be used as an alternative comple-
mentary approach when the tissue specimen is exhausted, the tumor is not accessible for a 
biopsy, or the yield of tumor or DNA is not enough for proper molecular testing.51 Molecular 
analysis could be used to identify genomic-related mechanisms of resistance emerging from 
KRAS-targeted therapy approaches, such KRAS G12C inhibitors.

Clinical Implications
Despite thorough preclinical and clinical research, KRAS mutations have long been con-
sidered an undruggable target. Recently, however, several covalent KRAS G12C inhibitors, 
including AMG510 (sotorasib) and MRTX849 (adagrasib), have been developed for KRAS 
G12C-mutant tumors.58-60 The action of these agents targeting G12C relies on covalent 
binding to cystine 12 and the switch-2 binding pocket region when KRAS G12C is in its 
inactive GDP-state.61 Several studies have shown that KRAS G12C inhibitors trap KRAS 
in its inactive GDP-bound state by reducing its susceptibility to nucleotide exchange fac-
tors62,63 and that efficacy of KRAS G12C inhibition requires intact GTPase activity.62,63 Of 
note, the CodeBreaK100 clinical trial showed a beneficial effect of sotorasib in patients with 
advanced NSCLC harboring KRAS G12C mutations,64 and in May 2021, the US Food and 
Drug Administration (FDA) approved sotorasib for KRAS G12C-positive NSCLC patients 
who had received at least 1 prior systemic therapy.

Conversely, KRAS G12C inhibitors do not provide durable responses, and the median 
progression-free survival (PFS) time of NSCLC patients treated with sotorasib was 6.8 
months.64 In the phase 3 CodeBreaK 200 trial, sotorasib demonstrated an improvement in 
PFS versus docetaxel in patients with KRAS G12C-mutated NSCLC who had progressed after 
prior platinum-based chemotherapy and a checkpoint inhibitor (hazard ratio [HR], 0.66; 
95% CI, 0.51-0.86; P = 0.002), with also a higher overall response rate (ORR; 28.1% vs 13.2%) 
with a more favorable safety profile.65 No difference was observed, however, in overall sur-
vival (OS) between both arms, although the study was not powered for OS, and crossover was 
permitted (affecting 34% of patients).

Adagrasib is the second irreversible and selective KRAS G12C inhibitor to have entered 
in clinical trials, showing clinical efficacy (ORR, 42.9%; PFS, 6.5 months), without new 
safety signals in single-arm clinical trials,66 thus leading to FDA approval in December 
2022 for KRAS G12C-mutated locally advanced or metastatic NSCLC, as determined by an 
FDA-approved test, for patients who have received at least one prior system therapy; this drug 
was optimized to exhibit long half-life and extensive tissue distribution.67,68 Several studies 
are currently ongoing, assessing the efficacy of these KRAS G12C inhibitors versus conven-
tional therapy in phase 3 studies and also other early clinical trials seeking synergies with 
combinations to other therapies (eg, immunotherapy, chemotherapy, etc). Interestingly, it 
has been shown that STK11 and KEAP1 mutations confer worse clinical outcome to immune 
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checkpoint inhibition69 and chemotherapy70 among patients with KRAS mutations, includ-
ing G12C variant.70

Resistance Mechanisms
The ORRs obtained for either sotorasib or adagrasib are markedly lower compared to those 
obtained with EGFR and ALK inhibition in NSCLC,71,72 suggesting the presence of intrin-
sic mechanisms of resistance to KRAS G12C inhibitors. Although still under investigation, 
several intrinsic mechanisms of resistance to both inhibitors have been reported, including 
adaptive feedback reactivation of RAS signaling pathways such as RAS-MAPK.73 Regarding 
acquired mechanisms of resistance, both using laboratory models and/or testing tumor spec-
imens from treated patients suggest 3 main mechanisms:

1. On-target mechanisms, represented by the detection of other KRAS-activating 
mutations (ie, sotorasib, G13D, R68M, and A59S; adagrasib, Q99L, Y96D, and 
R68S0)24,74-76

2. Bypass mechanisms, including the activation of receptor tyrosine kinases and 
RAS downstream signaling pathways, via MET (including gene amplification) and 
hepatocyte growth factor (HGF),77 insulin-like growth factor receptor-1 (IGFR-1), 
and fibroblast growth factor receptor-1 (FGFR-1)-related mechanisms68

3. Lineage plasticity and acquisition of features of epithelial-to-mesenchymal tran-
sition, including initial reports of change from adenocarcinoma to squamous cell 
carcinoma histology76 and the downregulation of E-cadherin and upregulation of 
vimentin,68 respectively.
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By Maria E. Arcila, Federico Cappuzzo, Sabina Berezowska, and Yasushi Goto

Gene Structure and Function
The human epidermal growth factor receptor 2 (HER2/ERBB2) is a receptor tyrosine kinase 
of the ERBB family, which is involved in the control of cell growth, survival, differentiation, 
and migration.1,2 Encoded by the ERBB2 gene (v-erb-b2 avian erythroblastic leukemia viral 
oncogene homolog 2) on the long arm of chromosome 17 (17q11.2-q12), this protein shares 
extensive structural homology with all other members of its family, both along the catalytic 
intracellular domain and the extracellular putative ligand-binding regions (Figures 15-1 and 
15-2). In contrast to other members, however, HER2 has no identified direct ligand and, 
instead, functions as the preferred dimerization partner for all other ERBB-family recep-
tors.3-5 Ligand binding to the extracellular domain of EGFR (HER1), HER3, and HER4 
results in the formation of catalytically active homo- and heterodimers, that in turn activate 
several downstream pathways that facilitate cellular proliferation signaling. In addition to 
the observed superior ability for heterodimerization, HER2 is also less prone to internaliza-
tion and degradation, conferring longer activated kinase activity and signal transduction.

Types of Alterations and Role in Oncogenesis
Deregulation of the HER2 gene, through protein overexpression, gene amplification, and 
mutations, has been well described in non-small cell lung carcinoma (NSCLC).6-8 In contrast 
to other solid tumors, the biology of HER2 in NSCLC seems more complex, and explicit 
roles of some alterations remain unclear. The common consequence of oncogenic HER2 
alterations is receptor hyperactivation, leading to uncontrolled cell proliferation. Mutations 
occur primarily in the intracellular domain within exon 20, with the A775_G776insYVMA 
being the most common variant. Several other mutations have been identified across the 
intracellular, transmembrane, and extracellular domains (Figure 15-1; Table 15-1),9,10 albeit 
at far lower frequencies, and many are categorized as variants of unknown significance.
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Epidemiologic, Clinical, and Histologic Characteristics
The incidence rates of both amplification and overexpression of HER2 vary widely across 
studies. Amplification has been demonstrated in 2% to 22% of NSCLC cases while over-
expression is reported between 2.4% and 38%.12-15 This variation may be influenced by the 
method of evaluation, country or region, as well as the clinical and pathologic setting, and 
further investigation is warranted. In contrast to other malignancies, most notably breast 
and gastric/gastroesophageal junction (GEJ) carcinomas, where gene amplification and pro-
tein overexpression on the cellular membrane are highly correlated, this association is poor 
in lung cancer. While some studies document significant associations,16-18 others report 
them as unrelated events.15,19,20 Similarly, several studies demonstrate a negative association 
between HER2 mutations and amplification,15,21 with only a minor proportion of reports 
showing mutations concurrent with amplification.22-24 Overall, this poor concordance sug-
gests that each of the alterations may represent distinct clinicopathologic subsets.

HER2 amplification may be identified as a de novo alteration in approximately 2% to 3% 
of treatment-naïve NSCLC cases15 or as a resistance mechanism to first-generation EGFR 
tyrosine kinase inhibitors (TKIs), where it can be found in up to 13% of patients.25 Overall, no 
distinct clinicopathologic characteristics are observed in patients with HER2 amplification 
or HER2 expression in the de novo setting16,19,22,26 while, in the setting of resistance, char-
acteristics are driven by the original sensitizing driver.

HER2 mutations are detected in less than 2% of all NSCLC and have been primarily asso-
ciated with adenocarcinoma histology, nonsmoking or never-smoking status, and female sex. 

KIIII IVII
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Figure 15-1. Schematic depicts the structure of HER2 (ERBB2), the domain distribution and prevalence of the most com-
mon somatic alterations in non-small cell lung carcinoma (NSCLC). The structural domains coding for the extracellular, 
transmembrane, and cytoplasmic components of the protein are shown. The HER2 protein is 185 kDa and is composed of 
1255 amino acids (aa), which are coded by 27 exons. The extracellular ligand-binding domain (aa 1-652), the transmem-
brane domain (aa 653-675), and the intracellular domain (aa 676-1255) share significant structural homology with mem-
bers of the same family. The prevalence of the most common HER2 mutations in non-squamous NSCLC and location are 
displayed based on publicly available data from the cBioPortal.11 The most common mutations are insertions in exon 20; 
the Y772_A775 duplication, also named A775_G776insYVMA is the most common, followed by insertions at codon G776. 
Missense mutations in exons 8, 17, and 19 are seen at frequencies between 2% and 5%. Rare mutations outside these 
regions are primarily categorized as variants of unknown significance (VUS).
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Figure 15-2. Human epidermal growth factor receptor 2 (HER2) structure, signaling, and treatment targets. HER2 is acti-
vated by the formation of homodimers or heterodimers with other receptors from the same family. Dimerization results 
in phosphorylation of specific tyrosine residues in the intracellular domains, which, in turn, leads to the activation of 
the Ras/Raf/mitogen-activated protein kinase, the phosphoinositide 3-kinase/Akt, and other pathways. Various targeting 
strategies have emerged for inhibiting HER2: (1) single-epitope monoclonal antibodies that bind to a single extracellular 
domain, such as trastuzumab (binding to domain IV); (2) antibody-drug conjugates, such as trastuzumab deruxtecan; 
and (3) small-molecule inhibitors, such as afatinib, dacomitinib, neratinib, poziotinib, designed to bind to the intracellular 
tyrosine-kinase domain of HER2.

Table 15-1. List of Common Mutations in HER2 (ERBB2)

Location Type Mutation 

Exon 8 SNV p.S310F

Exon19 SNV

Indel

p.D769H, p.D769N, p.D769Y, p.I767M/F, p.L755A/M/P/S/W

p.L755_E757delinsS, p.L755_T759delLRENT

Exon 20 SNV

Indel

p.I767M, p.G776C, p.G776S, p.G776V, p.V777L, p.V777M

p.T798I

p.A775_G776insV, p.A775_G776insYVMA (p.Y772_A775dup), p.A775_G776insTVMA 
(p.Y772_V773VMAT), p.G776_V777insL, p.G776_V777insVC, p.G776_V777insVGC 
(p.G778_S779CVG), p.G776>LC, p.G776delinsVC (p.G776>VC), p.G778dup (p.V777_
G778insG), p.G778_P780dup (p.P780_Y781GSP, V777_G778insGSP), p.G778_S779insCPG 
(p.V777_G778insGCP), p.G778_S779insLPS, p.S779_P780insVGS, p.V777_G778insCG

Abbreviations: indel = insertion and/or deletion; SNV = single nucleotide variant. 
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Patients with HER2 mutant tumors often develop brain metastases, reported in up to 47% 
of cases.27 Mutations are mutually exclusive with other driver molecular alterations and are 
not commonly associated with HER2 amplification or overexpression.21,28,29 The percentage 
of patients with concurrent HER2 mutations and PD-L1 expression (tumor proportion score 
[TPS] ≥ 1%) is lower compared to other oncogene-addicted tumors, with no more that 20% of 
cases displaying high levels of expression (TPS ≥ 50%).30 In contrast to HER2 amplification, 
HER2 mutations or HER2 overexpression have not been associated with acquired resistance 
to targeted therapies.

Testing Strategies
Methods used to assess HER2 alterations vary depending on the alteration type and 
encompass various polymerase chain reaction (PCR)-based and sequencing techniques 
(next-generation sequencing [NGS] and non-NGS), immunohistochemistry (IHC), and flu-
orescence in situ hybridization (FISH).25,31-35 A summary of the methodology is presented 
in Table 15-2, along with current suggested criteria for interpretation of IHC and FISH.36 

Table 15-2. Summary of Methods for Detection of HER2 (ERBB2) Alterations and Clinical Implications

Genetic 
alteration Mutations Amplification Overexpression

Description Point mutations

Insertions 

Abnormally high number of HER2 (ERBB2) gene 
copies

Abnormally high  
expression of the protein 
receptor on the surface 
of tumor cells

Testing 
method

Sequencing:

• Sanger

• NGS (preferred)

Other:

• Fragment analysis

• ARMS-PCR

• dPCR

FISH: preferred and recommended method for 
testing in NSCLC-related clinical studies

HER2 amplification criteria by FISHa

• HER2 to CEP17 ratio >2.0 or HER2 signals connect-
ed into clusters: HER2 amplification positive

• HER2 to CEP17 ratio <2.0: HER2 copy number 
>6.0: HER2 amplification positive

• HER2 copy number <4.0: HER2 amplification 
negative

• HER2 copy number >4.0 but <6.0: amplification 
status cannot be determined

Other methods: qPCR, NGS

• In current clinical practice, NGS is a commonly 
used method for detecting HER2 amplification 
in NSCLC

• Criteria for interpretation not yet developed 

IHC is the standard meth-
od and can be scored 
as for breast carcinoma; 
however, HER2 IHC is not 
currently indicated in 
clinical practice in NSCLC

Clinical 
implication 

Oncogenic drivers, 
mutually exclusive 
with other drivers

Trastuzumab derux-
tecan FDA approved 
for second-line treat-
ment in HER2 (ERBB2) 
mutant advanced 
NSCLC

Oncogenic driver—de novo or secondary as resis-
tance mechanism

Treatment implications under investigation

Amplification and expres-
sion are independent, 
unlike breast carcinoma, 
and there are currently 
no clinical implications 
for assessing HER2 
expression in NSCLC

Abbreviations: ARMS-PCR = amplification refractory mutations system–polymerase chain reaction; CEP17 = chro-
mosome 17 centromere; dPCR = digital PCR; FDA = US Food and Drug Administration; FISH = fluorescence in situ 
hybridization; HER2 = human epidermal growth factor receptor 2; IHC = immunohistochemistry; NGS = next-generation 
sequencing; NSCLC = non-small cell lung carcinoma; qPCR = quantitative PCR.
a Cutoffs for HER2 FISH not strictly established for NSCLC. Criteria from breast cancer have been adapted.
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Tumor tissue is the preferred template for HER2 testing. However, when tissue is unavail-
able or too limited, cell-free DNA may be used35-37 and allows detection of mutations and 
amplifications, if there is sufficiently high circulating tumor DNA (ctDNA), but precludes the 
assessment of HER2 expression. 

Clinical Implications
The prognostic implications of HER2 mutations, as a whole, remain controversial as available 
data is still scant and conflicting. A trend for a negative prognostic effect has been observed 
in some studies,29,38 while others report a possible indolent outcome for mutated cases when 
compared to an unselected NSCLC population.28 When stratified into subsets, the specific 
mutation may influence prognosis as reported in a recent study that identified worse sur-
vival associated with A775_G776insYVMA compared to less common HER2 alterations.39 
Overall, HER2 mutated tumors seem less sensitive to pemetrexed,40 an agent generally effec-
tive in other oncogene-addicted NSCLC. Available data on sensitivity to immunotherapy, 
largely retrospective, also suggest that HER2 mutant tumors are less sensitive to checkpoint 
inhibitors, similar to findings in EGFR-mutated or ALK-rearranged NSCLC.41,42

Several targeted therapies have shown activity in patients with HER2 mutant tumors. 
Three dominant treatment strategies have emerged: TKIs, monoclonal antibodies, and 
antibody-drug conjugates (ADCs; Figure 15-2). HER2 TKIs, including afatinib, dacomitinib, 
neratinib, and poziotinib, have shown modest activity with consistent toxicity.13,43,44 More 
promising results have been observed with monoclonal antibodies, such as trastuzumab, in 
combination with chemotherapy, demonstrating remarkable activity only in retrospective 
investigations.31,45 Most recently, trastuzumab deruxtecan, a HER2 ADC, was shown to pro-
vide durable anticancer activity in patients with previously treated HER2-mutant NSCLC,32 
leading to the first drug to be approved by the US Food and Drug Administration (FDA) 
for treatment of HER2-mutant NSCLC. Efficacy was observed in most patients regardless of 
HER2 IHC expression or amplification status.46,47

Of note, the differential efficacy of targeted treatment regimens on specific mutation types 
is an area of active investigation but remains largely undefined. Tumors harboring the HER2 
mutation A775_G776insYVMA have been noted to be least responsive to HER2-targeting 
TKI therapy in previous studies.48,49 By contrast, longer overall survival and better response 
were recently reported for this mutation, compared to less common alterations when using 
trastuzumab-based therapies in a single-center real-world retrospective cohort.39

Resistance Mechanisms
Historically, HER2 amplification has been regarded as one of the bypass resistance mecha-
nisms of EGFR TKIs, detected in 13% of patients who progressed after treatment.25 At pres-
ent, the degree to which amplification can confer resistance remains ill-defined as study 
results are controversial, some of them reporting even better response to EGFR TKIs in 
HER2-amplified tumors.50

In the setting of de novo HER2-altered NSCLC treated with targeted therapies, evi-
dence of secondary resistance mechanisms is currently scant. One in vitro study, investi-
gating an acquired resistance to the HER2-inhibitor poziotinib, identified the secondary 
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HER2 mutation, C805S, at the covalent binding site of the drug as a potential mechanism of 
acquired resistance, with HSP90 inhibitors presenting a possible therapeutic strategy.51

With the exception of a few mutations, most HER2 exon 20 insertions have exhibited 
primary resistance to available pan-HER TKIs. While mechanisms of resistance remain 
largely undefined, structural and molecular dynamics analysis suggest that the conforma-
tional landscape of the insertion affecting the kinase domain has variable effects in the affin-
ity and sensitivity to the TKI.49 The A775_G776insYVMA mutation, for example, leads to a 
high conformational rigidity that renders the adenosine triphosphate (ATP) binding site less 
accessible to small-molecule TKIs compared to other mutations.
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16NRG1
By Natasha Rekhtman, Stephen V. Liu, and Jason C. Chang

Gene Structure and Function
The neuregulin-1 (NRG1) gene, located on chromosome 8, is approximately 1.4 Mb in length 
and represents one of the largest human genes.1 The gene contains large intronic regions, 
and only 0.3% of the gene encodes protein (neuregulin-1), representing 1 of 4 proteins in the 
neuregulin family that interact with the ErbB family of receptors.1 The NRG1 protein is pro-
duced in at least 31 different isoforms as a result of alternative splicing; however, all isoforms 
share an epidermal growth factor (EGF)-like domain, which allows them to bind and acti-
vate ErbB3 (HER3), and less commonly, ErbB4 (HER4).2-4 Upon ligand binding, the ErbB3 
receptors form homodimers or heterodimers with ErbB2 (HER2), leading to activation of 
the PIK3-AKT and MAPK pathways.5,6 The various NRG1 isoforms are essential during 
embryogenesis and play a central role in the proliferation, differentiation, and survival of 
glial cells, neurons, and cardiomyocytes.1

Type of Alterations and Role in Oncogenesis
Driver alterations involving NRG1 occur in the form of fusions. NRG1 fusions can involve 
many different partner genes, with CD74 being the most common partner, accounting for 
approximately 30% of the cases.7-9 The NRG1 component contributes the EGF-like domain, 
which serves as a ligand for ErbB3, while the partner gene typically contributes a transmem-
brane domain that tethers the chimeric protein to the cell membrane.7 The chimeric protein 
retains its EGF-like domain, enabling it to interact with ErbB3 on the same cell or an adja-
cent cell and leading to activation of downstream pathways.7

Epidemiologic, Clinical, and Histologic Characteristics
NRG1 fusions occur at low frequencies in multiple tumor types, with overall incidence in 
solid tumors of 0.2%.9 Among non-small cell lung carcinomas (NSCLCs), NRG1 fusions 
occur with a rate of 0.3%.9 NRG1 fusions occur primarily in light or never-smokers and 
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tumors with the histotype of invasive mucinous adenocarcinomas (IMAs), formerly known 
as mucinous bronchioloalveolar carcinomas.8,11-13 Among IMAs, NRG1 fusions occur with a 
frequency of 7%, and they are mutually exclusive with KRAS mutations and other oncogenic 
drivers. Among KRAS-wild type IMAs, NRG1 fusion frequency is 17% to 25%.11,13

Among IMAs, NRG1 fusions are associated with more aggressive histologic and clinical 
features, including a higher rate of distant metastases and worse survival compared to IMAs 
harboring KRAS mutations.13

Although rare, NRG1 fusions also occur in various other types of solid tumors, includ-
ing pancreatic adenocarcinoma, gallbladder carcinoma, renal cell carcinoma, ovarian carci-
noma, breast carcinoma, and bladder carcinoma and sarcoma; the incidence of NRG1 fusions 
in these tumors is 0.1% to 0.5%.9 Similar to lung adenocarcinoma, NRG1 fusions in pan-
creatic adenocarcinoma are mutually exclusive with KRAS mutations and are thus highly 
enriched in KRAS wild-type tumors.14

Table 16-1 outlines the testing strategies for NRG1 tumors.

Clinical Implications
The presence of an NRG1 fusion in NSCLC has been associated with poor outcomes to 
standard therapy. In the eNRGy1 Global Multicenter Registry of more than 100 cases of 
NRG1 fusion–positive NSCLC, response to platinum-doublet chemotherapy was only 
13% with a median progression-free survival (PFS) of 5.8 months.12 Median PFS with 
chemo-immunotherapy was even shorter, at only 3.3 months. There are, however, emerg-
ing therapeutic options that target the HER2/HER3 pathway triggered by the NRG1 fusion 
protein. Afatinib, a pan–ErbB kinase inhibitor, has shown clear efficacy with a response rate 
(RR) of 25% in the retrospective eNRGy1 registry.12 Multiple case reports and series have 
also demonstrated responses to afatinib in NRG1 fusion–positive tumors,15-17 with prospec-
tive studies underway. The HER2–HER3 bispecific antibody zenocutuzumab showed early 
efficacy in NRG1 fusion–positive tumors including responses in both NSCLC and pancreatic 
cancer.18 The ongoing phase 2 eNRGy trial reported an initial RR of 34% (n = 79) with a 
median duration of response of 9.1 months.18 The HER3 monoclonal antibody seribantumab 
is being studied in NRG1 fusion–positive tumors and has reported an RR of 33% (n = 12).19 
Both zenocutuzumab and seribantumab were awarded fast track designation by the US Food 
and Drug Administration.

Table 16-1. Testing Strategies

Type of assay Advantages Drawbacks

FISH10 Technique available in most laboratories

Short turnaround time (2-3 days)

Single-gene assay

Extensive hands-on time

Requires expertise in interpretation

Does not provide information on fusion 
partner

Targeted DNA-based NGS7,9 Multigene assay provides information 
on other drivers

Low sensitivity for NRG1 fusion due to poor 
coverage/lack of coverage

Targeted RNA-based NGS7,9 Highest sensitivity

Multigene assay provides information 
on other drivers

Requires adequate RNA quality 
(older samples are suboptimal due to RNA 
degradation)

Abbreviations: FISH = fluorescence in situ hybridization; NGS = next-generation sequencing.
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Resistance Mechanisms
Little is known about acquired or intrinsic resistance to any of the preceding investigational 
agents, and this remains an area of active study.
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17New Targets and Technologies
By Kurt A. Schalper and David M. Hwang

Novel and emerging therapeutic avenues to treat patients with lung cancer comprise a wide 
array of strategies, leveraging molecular tumor characteristics in a variety of ways, including:

• Exploiting the differential expression of proteins in tumor relative to non-tumor cells 
to direct and locally enrich cytotoxic agents using antibody-drug conjugates (ADCs)

• Using small molecules to target mutant proteins present in cancer cells with oncogenic 
effect or involved in critical metabolic processes (eg, KRAS [non-G12C], PIK3CA, 
STK11, KEAP1)

• Providing immunostimulatory therapies that modulate co-stimulatory T-cell recep-
tors or regulatory enzymes, using modified pro-inflammatory cytokines with favor-
able therapeutic indexes, vaccines targeting tumor-specific neoantigens, or selective 
recognition and elimination of tumor cells expressing specific surface proteins using 
modified chimeric entigen receptor (CAR) T cells

From these, ADCs have shown prominent clinical activity in multiple tumor types, 
including lung cancer, bringing with them the potential need for new biomarker tests and 
diagnostic approaches. In addition, novel molecular analysis platforms allowing for the 
simultaneous interrogation of numerous alterations with high sensitivity, singe-cell resolu-
tion, and/or preservation of the spatial context are expanding the arsenal of tools to discover 
and develop novel biomarkers for patient selection and monitoring.

Antibody-Drug Conjugates
ADCs consist of 3 fundamental components: (1) a humanized monoclonal antibody tar-
geting an antigen that is overexpressed in tumor cells but demonstrates limited expression 
or is absent in normal cells, (2) a cytotoxic drug payload, and (3) a covalent linker join-
ing the cytotoxic agent to the antibody1-4 (Figure 17-1). Presently, the targets of ADCs in 
clinical development for lung cancer include numerous proteins expressed in tumor cells 
such as HER2, HER3, MET, TROP2, CEACAM5, DLL3, mesothelin, EGFR, and PTK7. The 
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cytotoxic payload components of ADCs fall broadly into 3 categories based on the mechanism 
of action: microtubule inhibitors (eg, DM1, the drug payload of emtansine), topoisomerase 
inhibitors (eg, DXd, the drug payload of deruxtecan), and DNA cleavage agents (eg, cali-
cheamicin, ozogamicin).2,4 A growing number of ADCs are under active investigation for 
the treatment of both non-small cell lung carcinoma (NSCLC) and small cell lung carcinoma 
(SCLC)4 (Figure 17-2), including:

• Human epidermal growth factor receptor 2 (HER2 or ERBB2)-targeted ADCs: 
Ado-trastuzumab emtansine and trastuzumab deruxtecan have been studied in 
HER2 protein overexpressing5-7 and/or HER2 mutant5,8,9 tumors, with higher activ-
ity demonstrated in HER2-mutant tumors, with or without demonstrable HER2 
protein overexpression.8,9 In August 2022, the US Food and Drug Administration 
(FDA) granted accelerated approval of trastuzumab deruxtecan for adult patients 
who had received prior systemic therapy for unresectable or metastatic NSCLC 
with activating HER2 (ERBB2) mutations, as detected by an FDA-approved test.10 
FDA-approved companion diagnostics for this indication were the Oncomine Dx 
Target Test (ThermoFisher Scientific) for tissue-based testing and the Guardant360 
CDx (Guardant Health) for plasma-based testing.

• Human epidermal growth factor receptor 3 (HER3 or ERBB3)-targeted ADCs: While 
HER3 demonstrates aberrant expression in multiple cancer types, it has been of 
interest as an ADC target primarily in the setting of EGFR-mutant lung cancers that 
have developed resistance to EGFR tyrosine kinase inhibitors (TKIs).11 Patritumab 
deruxtecan is a HER3-targeted ADC that has demonstrated activity in tumors with 
both known and unknown EGFR TKI resistance mechanisms across a range of 
HER3 protein expression.12 In December 2021, patritumab deruxtecan received FDA 
breakthrough therapy designation for treatment of patients with metastatic or locally 
advanced EGFR-mutated NSCLC with disease progression on or after treatment with 
a third-generation TKI and platinum-based therapies.13

• Hepatocyte growth factor receptor (MET)-targeted ADCs: Various MET onco-
genic driver alterations in NSCLC have been discussed elsewhere in this atlas (see 
Chapter 13). Telisotuzumab vedotin monotherapy demonstrated promising antitumor 
activity in patients with MET-overexpressing tumors as assessed by immunohisto-
chemistry (IHC)14 and is under active investigation in a number of settings, including 

Target antigen

Antibody

Linker

Cytotoxic drug

Key functions

Recognition of target
cancer cells
Guidance system for
cytotoxic drugs

Bridge between antibody
and drugs and to control
the release of drugs
inside cancer cells

Warhead for destroying
cancer cells

Figure 17-1. Structure and characteristics of antibody-drug conjugates (Source: Fu et al.3)
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EGFR-mutant NSCLC demonstrating MET overexpression.15 In January 2022, teli-
sotuzumab vedotin received FDA breakthrough therapy designation for treatment of 
patients with advanced/metastatic EGFR-wild type, nonsquamous NSCLC with high 
levels of MET, whose disease progressed on or after platinum-based therapy.16

• Trophoblast cell surface antigen 2 (TROP2)-targeted ADCs: TROP2 is a transmem-
brane glycoprotein overexpressed in many tumors including lung cancer. Datopotamab 
deruxtecan is a TROP2-targeted ADC that is under investigation in NSCLCs, both 
with17 or without18 actionable genomic alterations. Sacituzumab govitecan is another 
TROP2-targeted ADC that is under investigation in a number of clinical trials for 
NSCLC4 and has also demonstrated activity in patients with SCLC in a basket trial.19

• Carcinoembryonic antigen-related cell adhesion molecule 5 (CEACAM5, or 
CD66e)-targeted ADCs: CEACAM5 is a glycoprotein that demonstrates increased 
expression in some lung cancers. SAR408701 (tusamitamab ravtansine) showed prom-
ising antitumor activity and is being evaluated in a phase 3 trial for CEACAM5-positive 
nonsquamous NSCLC.20

• NOTCH ligand delta-like protein 3 (DLL3)-targeted ADCs: DLL3 is highly 
expressed in most SCLCs. Rovalpituzumab tesirine showed modest activity against 
DLL3-expressing SCLCs in a third-line setting in a phase 2 trial,21 but exhibited 
inferior overall survival rates compared with topotecan in the second-line setting.22 
Investigation of rovalpituzumab tesirine and other DLL3-targeted ADCs in various 
SCLC treatment settings is ongoing.4
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Figure 17-2. Mechanisms of various antibody-drug conjugates (ADCs) being studied in non-small cell and small cell 
lung carcinoma (Source: Desai et al.4 © 2021 Elsevier B.V. All rights reserved.)
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Novel Agents Targeting Oncogenic Mutations
Multiple efforts are ongoing to effectively target oncogenic mutations commonly recognized 
in lung carcinomas such as KRAS non-G12C and PIK3CA variants (see Chapter 14). These 
therapeutic strategies show variable results and include directly targeting the mutant pro-
tein(s) using small molecule inhibitors or modulating downstream activation signals such 
as MEK, AKT, mTOR, SOS1, and SHP2.23-25 Additional studies are ongoing to target genes 
frequently co-mutated in lung carcinomas and associated with intracellular metabolic alter-
ations and worse prognosis such as STK11 and KEAP1.23,24,26 To date, these therapies are 
under investigation and have not received regulatory approval for clinical use.

Novel Immunostimulatory Therapies
Although myriad new immunotherapy strategies have been proposed to treat patients with 
solid tumors, monoclonal antibodies targeting 1 or more co-stimulatory T-cell/natural 
killer (NK)-cell receptors or immune suppressive enzymes are currently being evaluated in 
patients with NSCLC such as LAG3, TIM3, TIGIT, NKG2A, and CD73.27-32 Currently, these 
therapies are being tested in different treatment settings and have not received regulatory 
approval for clinical use.

New Technologies for Molecular Analysis with Diagnostic Potential
The increasing incorporation of therapeutic modalities and targets has been paralleled 
by the rapid development of novel molecular analysis tools to interrogate the expression/
location of such therapeutic targets or identify additional markers with biomarker poten-
tial. These developments include (1) the expansion of the multiplexing capacity of assays 
to simultaneously accommodate numerous markers, (2) increase in the sensitivity of the 
marker(s) identification to improve the limit of detection/quantification, (3) the implementa-
tion of high-dimensional molecular analysis tools with preservation of spatial context and/or 
single-cell resolution, and (4) interrogating tumor morphology using artificial intelligence to 
predict mutation or gene fusion events. Marked progress in computational methods to sys-
tematically extract information and integrate high-dimensional data are commonly required 
to interpret the results.

Quantitative and Spatial Molecular Analysis of Tumor Samples
Traditionally used platforms for in situ analysis of molecular markers in fixed histology sec-
tions with preservation of morphologic context include chromogenic IHC and in situ hybrid-
ization (ISH or fluorescence ISH [FISH]) of DNA segments or messenger RNA (mRNA) 
transcripts. The expanded use of digital pathology has increased the use of computational 
tools, such as artificial intelligence, to quantify the IHC/ISH/FISH staining using tissue seg-
mentation steps, coupled to enumeration of individual cells and measurement of the sig-
nal intensity in user-defined tissue compartments. The advantages of these analyses include 
their quantitative output, objective nature, and enhanced reproducibility relative to semi-
quantitative pathologist-based signal scoring. The automation of signal assessment from IHC 
stained slides has been explored for therapeutic targets such as HER2 and PD-L1.33-37 The 
major limitations for such platforms include challenges with the implementation, achieving 
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consistent and rapid tissue/cell segmentation, and the presence of uncertainties about opti-
mal reporting of continuous scores and regulatory framework.

Multiplex immunofluorescence (mIF) has been increasingly used in translational 
research and for biomarker identification. This method is conceptually similar to IHC and 
uses antibodies conjugated with fluorophores to detect proteins or nucleic acids in tissue 
slides. However, and different from IHC, mIF is an emissive signal generation method that 
increases its sensitivity and dynamic range.38,39 In addition, the mIF signal is generally eval-
uated using multispectral microscopes containing specific fluorescence filters, allowing for 
the objective separation of signal channels and independent measurement of multiple mark-
ers included in the same assay/panel.

Multiple studies have analyzed the expression of therapeutic targets such as HER2, 
PD-L1, and EGFR within specific cell populations or tumor tissue compartments defined by 
simultaneous co-staining of additional markers40-42 (Figure 17-3). Identification of specific 
cell populations with biomarker potential such as tumor infiltrating lymphocytes (TILs) is 
also possible.43,44 Current challenges for the systematic clinical use of mIF include the iden-
tification of assays with a clear biomarker value beyond clinical single-plex IHC tests, imple-
mentation of robust automated staining protocols in clinical laboratories, standardization in 
the signal scoring and reporting; as well as availability of a regulatory framework to support 
the clinical use.

Additional developments in spatial molecular imaging of tissue samples include the use 
of high-plex methods to simultaneously measure numerous proteins and/or mRNA tran-
scripts using metal-labeling of antibodies or RNA probes followed by high-energy tissue 
ablation45-47 (Figure 17-4), cyclic staining protocols with or without microfluidics,48-50 and 
the use of molecular barcoding approaches to increase the assay multiplexing capacity and 

HER2 protein detection EGFR protein detection PD-L1 and TILs

(A) (B)

(C)

(D)

Figure 17-3. Localized analysis of therapeutic targets and tumor infiltrating lymphocytes (TILs) in human NSCLC 
using multiplex immunofluorescence. (A) Expression and co-localization of HER2 protein (red) in cytokeratin-positive 
tumor cells (CK, green). Nuclei are stained with DAPI. (B) Staining of EGFR protein (red) with membranous/perinuclear 
pattern in malignant lung adenocarcinoma cells. (C) Same tumor and field of view as in panel B stained with cyto-
keratin (green) and DAPI (blue). (D) Poorly differentiated lung carcinoma with simultaneous staining for DAPI (blue), 
cytokeratin (green), PD-L1 (red), CD8 (magenta), and CD20+ TILs (yellow).
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minimize molecular interference during staining.51-57 These platforms allow for the simul-
taneous detection of numerous markers ranging from tens to hundreds of proteins and up 
to several thousand mRNA transcripts (Figure 17-5). Although most of these platforms are 
currently being used in the research setting, it is expected that they will progressively be 
incorporated into clinical-like environments. The capacity of these platforms to simultane-
ously detect proteins and nucleic acids with spatial resolution opens new possibilities to map 
therapeutic targets and actionable molecular alterations in tumor cells, as well as measure-
ment of additional cell populations and tumor microenvironment features. The challenges 
for the implementation of these high-dimensional platforms include their elevated cost, lim-
ited throughput, difficult validation/standardization, and complex data analysis commonly 
requiring specialized personnel and resources.

Conclusion
New therapeutic targets and novel approaches for targeting them are constantly emerging. 
While existing technology, such as next-generation sequencing and IHC, may suffice for 
some, it remains possible that emerging, multiplex approaches will provide new data that 
might better inform selection of some drugs. Although increasingly complex technology 
allied to sophisticated tools for data analysis may provide biomarkers hitherto impossible 
to define, the practical implications of timely, cost-effective clinical delivery must always be 
borne in mind.
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18Molecular Testing Results and the 
Role of Multidisciplinary Molecular 
Tumor Boards
By Paul Hofman, Chien-Feng Li, Andrew G. Nicholson, and Shani Shilo

Molecular testing in thoracic oncology is rapidly becoming increasingly complex and 
requires a well-structured approach to be translated into appropriate diagnostic or 
therapeutic recommendations.

Reporting of Molecular Testing Results
Molecular reports should list the names of the genes and specific loci, exons, or hotspots 
tested; intronic sequences analyzed for genes occurring in translocating generating fusion 
genes; and if relevant, the genome space covered to assess the tumor mutational burden and 
type of microsatellites tested to assess the microsatellite instability.1 Interpretation of results 
must always be provided. Three scales for classifying molecular alterations based on poten-
tial clinical utility rank molecular targets into a level of clinical actionability:

1. Joint consensus recommendation of the Association for Molecular Pathology (AMP), 
American College of Medical Genetics and Genomics (ACMG), American Society 
of Clinical Oncology, and College of American Pathologists for reporting genetic 
variants in cancer

2. European Society for Medical Oncology scale for clinical actionability of molecular 
targets

3. OncoKB that distinguishes 4 levels of actionability and 3 levels of resistance1-3

This scaling would facilitate eventual convergence toward common standards to anno-
tate treatment decisions.4 All molecular findings need to be classified according to the most 
up-to-date evidence to distinguish benign or neutral alterations from pathogenic ones, even 
confirmed or likely. For this purpose, different online databases are available, including 
ClinVar, My Cancer Genome, Cosmic, or OncoKB.2,5-7 In particular, OncoKB is the first 
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somatic mutation archive approved by the US Food and Drug Administration.8 Of note, cer-
tain genomic alterations of potential medical significance may be identified which are unre-
lated to the primary purpose for testing (secondary findings), especially with larger panel 
testing. A list of secondary genetic findings (SF) has been recommended by the ACMG that 
should be reported in clinical genomic sequencing based on the phenotype, penetrance, and 
actionability.9-12 Based on the updated ACMG SF v3.1 list, certain genes related to cancer 
phenotypes, cardiovascular phenotypes, inborn errors of metabolism phenotypes, and mis-
cellaneous phenotypes (eg, hereditary TTR amyloidosis) should be reported.12 Accordingly, 
the subjects with confirmed secondary findings should be referred for further evaluation and 
management for the increased disease risk.13

Multidisciplinary Molecular Tumor Boards and Interpretation 
of Tumor Biomarker Results
Multidisciplinary tumor boards, also known as multidisciplinary teams (MDTs), meet to 
evaluate patients in an evidence-based organizational approach to implement more effec-
tive practice in oncology. Different specialists take part in these different tumor boards. 
Usually, clinical oncologists, pathologists, thoracic surgeons, radiologists, radiation oncol-
ogists, pulmonologists, and nurses, among others, participate in MDTs in thoracic oncol-
ogy. The same membership should also be involved in molecular tumor boards (MTBs), but 
alongside other specialists such as genetic pathologists, molecular scientists, biologists in 
information science, and pharmacists in oncology. Finally, as drugs can be accessed through 
clinical trials, a research/clinical trial coordinator may participate in the MTB. Thus, these 
boards are powerful tools to foster debate, discussion, and overall communication among 
different professionals, which is a major facilitator toward the development of precision 
thoracic oncology.

MTB meetings usually decide on the standard-of care (SOC) treatments for early or 
advanced lung cancer patients,14 thus MTBs are considered valuable tools in promoting the 
quality of care in thoracic oncology by reducing the vulnerability of a single person and pro-
moting teams and strong systems. In addition, members of the MTB identify and discuss all 
potential therapeutic strategies based on genetic analyses for patients.15-18 Thus, an MTB may 
be consulted if patients with advanced lung cancer need to be included in clinical trials.16,19 
MTBs provide recommendations that are always based on a multidisciplinary discussion, 
including specific molecular alterations in lung cancer as well as all features concerning the 
patient (eg, performance status and comorbidities).

Members of MTBs discuss the results from next-generation sequencing (NGS) along 
with any other relevant molecular tests, which may include reverse transcription poly-
merase chain reaction (RT-PCR) assays, array comparative genomic hybridization, or even 
whole-exome sequencing. MTBs usually deal with patients with difficult cases, and recom-
mendations should be clearly documented and may include parameters such as:

• Driver mutations/copy number/structural variations, including fusion genes
• Druggable molecular alterations
• Microsatellite instability
• Tumor mutational burden
• Alterations indicating drug resistance
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• Expression of proteins in tissue section, especially PD-L1
• MTB conclusions and recommendations
• Potential clinical trials

Treatment needs to be discussed according to the pathogenicity of the detected vari-
ant(s). The pathogenicity of a variant is determined by its disease-causing capacity.20 For 
lung cancer, a variant is pathogenic when it is known to contribute to malignant transforma-
tion. In this context, pathogenicity is classified using an adapted version of the 2015 ACMG/
AMP guidelines, which proposed a 5-tier scheme (pathogenic, likely pathogenic, variant of 
unknown or uncertain clinical significance [VUS], likely benign, benign).21 However, until 
now there has been no real (inter)national consensus on how the interpretation of pathoge-
nicity should be made. Moreover, it is important to look for and to report the different patho-
genic germline variants, as some of them can be associated with therapeutic relevance.22

Some platforms can use innovative cloud-based virtual MTB technology, including a 
knowledge base and a collaborative environment for precision oncology-driven cancer 
care.23 MTB could also be used as a key educational tool in teaching or university hospitals, 
where presentation of challenging cases initiate consultation.24

Multidisciplinary Molecular Tumor Boards and the Quality of Care 
and Outcome of Patients with Lung Cancer
MTBs are critical, both at diagnosis and at tumor progression, for some patients, such as those 
with very rare or complex molecular alterations, patients with tumors carrying alterations 
without approval of targeted drugs in clinical practice, patients with oncogene-addicted neo-
plasms not responsive to available molecular drugs, or patients with rare thoracic neoplasms 
without recognized therapeutic approaches. Therefore, it is important to manage the turn-
around time of both testing and the MTBs in generating output. An appropriate turnaround 
time is mandatory to guarantee initiation of targeted therapy in a beneficial timeframe. 
According to international guidelines, the testing for biomarkers mandatory for optimal ini-
tial treatment of advanced non-squamous non-small cell lung carcinoma must be completed 
within 10 working days.25

At tumor progression, further discussion of the patient at the MTB may be appropriate. 
It may also be relevant to undertake additional molecular testing, possibly with larger gene 
panels; and thus, a balance is required between the urgency for treatment and the delay 
required in order to gather data and make an informed decision on the next treatment steps.

Moreover, adequate access to the MTB, facilitating best practices in thoracic oncol-
ogy, should also provide benefit to the wider oncology community, and not only patients 
hospitalized in academic centers. The creation, therefore, of a virtual global MTB may be 
beneficial in thoracic oncology.26 Patients receiving MTB-based therapy are better matched 
to the different genomic alteration than those having only a single physician choice.15,27 
Consequently, those patients managed through an MTB (vs physician choice only) have sig-
nificantly longer progression-free and overall survival rates.15,27

Challenges of Multidisciplinary Tumor Boards in Thoracic Oncology
Despite the recommended organization of lung cancer patient care based on MTB discus-
sion, some challenges still exist. Not every lung cancer service operates through an MTB. 
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This may be because of a lack of adequate resources, or even, in some situations, an unwill-
ingness to open up management discussions. More pertinent to this discussion is whether 
it is possible to operate an MTB, and how any functioning MTB might interact with the 
thoracic MDT. Some services manage to integrate molecular data discussions into the main 
MDT, others organize separate meetings. In the latter scenario, the MTB may be a specialist 
thoracic tumor discussion or a general MTB considering a range of tumor cases, including 
lung cancer.

The issue of clinically important turnaround time for both molecular testing and MDT/
MTB case assessment remains pertinent. Many patients are at risk of rapid clinical deterio-
ration because of the progression of their underlying lung cancer, therefore even small delays 
may be highly detrimental. Yet the increasing number of biomarker-determined treatment 
options and the incompatibility of some of these with each other through increased toxic-
ity, makes for a difficult wait while all required information is made available. The situa-
tion in cases with disease relapse can be even more difficult, with delays in obtaining repeat 
biopsies, repeating NGS analyses, and consideration of clinical trials (which usually requires 
mandatory repeat biopsy). Regarding clinical trials, complex inclusion criteria, lengthy 
screening procedures, and mandated central laboratory analysis may also add to delay, not 
least because many clinical trials, particularly industry-sponsored trials, require centralized 
laboratory testing for biomarker confirmation rather than accepting analyses performed in 
accredited local laboratories.

Despite there being molecular data for a patient that could support the use of either 
widely approved drugs or access to clinical trial or off-label treatment, some health systems 
offer relatively restricted access to treatments that may be available elsewhere; there is never 
universal access to trials that may leverage any appropriate molecular profile. Access to a 
drug may be a greater impediment to the delivery of biomarker-driven therapy than access 
to testing or appropriate discussion. MTBs may develop and use digital tools to help integrate 
clinical and genomic profiles and search for available clinical trials, and such developments 
could, in the future, use artificial intelligence to improve decision-making. Where resources 
allow, MTBs should include personnel facilitating access to drugs, as successfully carried out 
in the I-PREDICT trial.28

There are, currently, no international guidelines for molecular test reporting and MTB 
operations reports, which leads to considerable heterogeneity from country to country and 
institution to institution.29 Hence, considerable effort is required to better standardize the 
presentation and interpretation of molecular alterations in terms of actionability, therapeutic 
indications, and, later, the valuable recording of outcome data.

Finally, as the recommendations of the MTB may transcend guideline-based treatments, 
review, evaluation, and audit of the MTB operations and recommendations and their imple-
mentation is very important. Developing a registry of case reviews and outcomes can help 
this effort, should reinforce the educational value of MTBs, and assist in the evaluation of 
patterns of response in cohorts of lung cancer patients with rare actionable variants. In the 
end, MTB recommendations can benefit both the individual patient and, through research, 
future generations of lung cancer patients.
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Algorithms
By Ming-Sound Tsao, Fernando Lopez-Rios, Erik Thunnissen,  
Jhanelle E. Gray, Yasushi Yatabe, Teh-Ying Chou,  
Justin F. Gainor, and Ivy Elkins

With an increasing number of new biomarker-guided therapies receiving approval for the 
treatment of patients with lung cancer, molecular testing algorithms in lung cancer continue 
to evolve. This chapter focuses mainly on testing algorithms that involve tumor tissue biop-
sies or resection specimens, as algorithms involving liquid biopsy are covered in Chapter 4.

Immunohistochemistry-based tests for predictive protein biomarkers are also included 
in this chapter as part of molecular testing. There are many potential algorithms that might 
achieve the required end. This chapter presents some possibilities, but also the principles on 
which other versions may be developed to suit local needs. Readers are referred to the rele-
vant chapters for details of testing issues relating to specific genes.

Molecular Testing Algorithms in Lung Cancer Diagnosis
Predictive biomarker testing to guide therapies should only be conducted once a cancer diag-
nosis has been established; it should not be used to establish the diagnosis. In lung cancer, 
most molecular testing is conducted on biopsy specimens because 60% to 70% of patients 
are clinically diagnosed at an advanced stage (IIIB-IV). Throughout this process, whether 
limited or extensive testing is undertaken, there are 3 main principles in play:

1. Speed—turnaround time is paramount as patients with advanced lung cancer can 
deteriorate quickly.

2. Accuracy—important both in terms of cancer diagnosis and correct molec- 
ular profiling.

3. Appropriate testing—complete gene profiling to cover all of the targets for which 
drugs are available.
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In this setting, it is critical that pathologists are aware of the Pathology Best Practice 
consideration, introduced in 2011 by the International Association for the Study of Lung 
Cancer (IASLC) multidisciplinary experts that recommended “tissue specimens should 
be managed not only for diagnosis but also to maximize the amount of tissue available for 
molecular studies.”1 This principle has subsequently been adopted in the fourth and fifth 
editions of the World Health Organization (WHO) classification on lung and thoracic can-
cers.2,3 Consistent with this principle, algorithms (Figure 19-1) for the initial sectioning of 
formalin-fixed paraffin-embedded (FFPE) blocks of tumor biopsies have been introduced in 
previous IASLC atlases.4,5

The principle also encourages that a minimum set of diagnostic markers for lung can-
cer pathologic classification be performed, but only when required, as the use of TTF1 
and p40 can reduce the number of non-small cell lung carcinoma, not otherwise specified 
(NSCLC-NOS) cases to less than 5% to 10% (Figure 19-2).6 Along these lines, best practice 
recommendations for diagnostic immunohistochemistry in lung cancer have been released.7

H&E staining for 
histologic diagnosis

For IHC

(A) Biomarker/molecular testing sections prepared together with H&E section  

For molecular testing 
(special protocol to 
prepare sections for 
mutation testing)

H&E staining for 
histologic diagnosis

For IHC

For 
molecular 
testing

(B) Biomarker/molecular testing sections prepared after initial H&E assessment

Resectioning

Special 
protocol to 
prepare 
sections for 
mutation 
testing

Figure 19-1. Strategies for maximizing tissue for diagnosis and molecular biomarker testing. The number 
of unstained sections to be prepared is determined by the institutional/departmental strategy for optimal 
tissue use to reduce tissue sample loss and turnaround time. Many laboratories cut sections for DNA/RNA 
extraction on a dedicated microtome to prevent cross-contamination. Abbreviations: H&E = hematoxylin 
and eosin; IHC = immunohistochemistry. (Source: Tsao et al.8)



189MOLECULAR BIOMARKER TESTING ALGORITHMS

Molecular Testing in Advanced-Stage Non-Small Cell Lung Carcinoma
The most commonly used testing algorithm is based on current National Comprehensive 
Cancer Network (NCCN), European Society for Medical Oncology (ESMO), and College 
of American Pathologists (CAP)/IASLC/Association for Molecular Pathology (AMP) guide-
lines, which are mainly for patients with advanced-stage NSCLC (see also Chapter 6). 
Figure 19-3 provides a graphical illustration of 2 options for testing workflows, with option 
A using a more comprehensive next-generation sequencing (NGS) panel assay as the pri-
mary technology for molecular profiling, and option B using a combination of single-analyte 
polymerase chain reaction (PCR)-based assays and immunohistochemistry/fluorescence in 
situ hybridization (IHC/FISH) (ALK, ROS1, RET, NTRK) assays. The choice of NGS panel 
in option A and individual marker assays in option B is largely determined by multiple local 
considerations, including the available funding mechanism, amount of tissue, technical/
analytical platform and expertise for the various tests, local population prevalence of specific 
alterations (eg, EGFR mutations), number of approved marker-selected therapies, and the 
required turnaround time. In general, with a large number of molecular markers that need 
to be tested (eg, as currently recommended by the American Society of Clinical Oncology 
[ASCO], ESMO, NCCN), option A (NGS first) is more efficient and cost-effective than the 
combination of single analyte tests.9-11

Carcinoma 
(biopsy, cytology)

SCLC

Classic NSCLC morphology 
with no NE features

Poorly di
erentiated NSCLC

NSCLC favor ADC

NSCLC favor SQCC

NSCLC, consider ADSQC

NSCLC-NOS

Classic NE 
morphology

YES

NO

Immunohistochemistry:
TTF1, p40

NEGATIVE (<5% only)

POSITIVE
TTF1+

TTF1+, p40+

p40+

Morphologic assessment

NSCLC favor LCNEC

ADC

SQCC

NO

YES

Squamous

Glandular
Glandular or 
squamous 
morphology Comprehensive 

lung molecular 
testing

PD-L1

NE architecture and NE markers + 
(CD56, synaptophysin, chromogranin)

ADSQC
Mixed (10% 
minimum each)

Figure 19-2. Diagnostic algorithm to guide predictive molecular testing in lung cancer. All nonsquamous 
NSCLC should undergo comprehensive molecular testing. In some settings, SQCC and LCNEC should also 
be considered for molecular testing (eg, SQCC in a nonsmoker or never-smoker). Abbreviations: ADC = 
adenocarcinoma; ADSQC = adenosquamous carcinoma; LCNEC = large cell neuroendocrine carcinoma; 
NE = neuroendocrine; NOS = not otherwise specified; NSCLC = non-small cell lung carcinoma; SCLC = small 
cell carcinoma; SQCC = squamous cell carcinoma. (Adapted from Travis et al and WHO Classification of 
Tumours Editorial Board.2,3)
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Molecular Testing in Stage-Unknown Reflex and/or Early Stage NSCLC
Reflex predictive biomarker testing is often routinely performed at the time of diagnosis (see 
also Chapter 6). In such a situation, the information on clinical staging may be incomplete 
or unknown to the pathologist who orders the biomarker test; thus the algorithm could be 
stage-agnostic, but it may also apply to patients with early stage (I-IIIA) NSCLC who poten-
tially could undergo resection (Figure 19-4). Reflex testing has the advantage of making bio-
marker test results available sooner for therapeutic decision-making12,13 and, in the context 
of early disease, for identifying patients who may be candidates for neoadjuvant immuno-
therapy or adjuvant targeted therapy. Nonetheless, the whole multidisciplinary team should 
be aware of the challenges of predictive biomarker testing in the perioperative scenario.14

Molecular Testing in Special Circumstances and in Countries with High EGFR 
Mutation Prevalence
While guidelines (eg, NCCN, ESMO, CAP/IASLC/AMP, ASCO, etc) are often developed 
based on the latest clinical evidence available and are suited to countries with well-resourced 
health systems, there are many circumstances (Figure 19-5A) in which comprehensive 
molecular testing by NGS is not feasible or available. In such situations, alternate simplified 
or more practical testing algorithms may be adopted (Figure 19-5A). In places where EGFR 
sensitizing mutation is highly prevalent (eg, east Asian countries), testing algorithms that 
prioritize EGFR, and PD-L1, may also be more cost-effective15,16 (Figure 19-5B,C). However, 
the adoption of these alternate testing algorithms should only follow a multidisciplinary 

PD-L1

IHC

Single gene 
PCR assays

(EGFR, BRAF,
KRAS, HER2,
METex14 as
required/
possible)

ALK

IHC

FISH

RT-PCR

ROS1

IHC

RT-PCR

NTRK

IHC

RT-PCR

RET

FISH

RT-PCR

PD-L1

IHC

NGS panel
(include eg, 

EGFR, ALK, ROS1,
RET, NTRK,

BRAF, KRAS, 
HER2, MET–
panel type 
decided by 

platform 
availability)

Option A
(NGS first)

Option B
(Single gene

tests first)

Test methods and sequence is best determined by MDT in 
consultation with pathology laboratory 

Consider
broader gene 
testing by NGSIf initial tests are negative 

or full variant annotation needed

*

if +
FISH

if +
FISH/NGS

Figure 19-3. Testing workflows for patients with advanced NSCLC. (Option A) Up-front NGS and PD-L1 IHC is performed. 
Exact genes in the first NGS panels may vary and depend on available platforms/panels and DNA vs RNA approach. (Also 
see Chapter 5). (Option B) Single-analyte testing is initiated. Exact genes for single gene testing, assay choice, and order 
of testing depend on local resources, likelihood of identifying a mutation (local prevalence, eg, EGFR [see text]) and MDT 
preference. The tumor cell content in a specimen may also determine the optimal approach. Hybrid-capture NGS has 
sensitivity down to 20% tumor content. Sensitive targeted assays, such as droplet digital PCR, real-time PCR, and some 
amplicon-based NGS, have sensitivity down to 5%. (asterisk) A second larger NGS panel may also be considered, if possi-
ble, if the first NGS panel does not include additional genes/mutations with therapy available including in clinical trials. 
Abbreviations: FISH = fluorescence in situ hybridization; IHC = immunohistochemistry; MDT = multidisciplinary team; NGS 
= next-generation sequencing; PCR = polymerase chain reaction; RT-PCR = reverse transcription PCR.
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consensus decision. Another emerging, cost-saving practice, which is based on the mutual 
exclusivity of addictive oncogenic drivers, is to use a DNA-NGS panel first, and only when 
this fails to identify a driver mutation, would RNA-NGS for fusion genes (and possibly MET 
exon 14 skipping mutations) be undertaken. Any sequencing of testing does, however, mean 
delay in identifying those targets covered by later steps.

Conclusion
To achieve the most optimal benefit of precision oncology for patients with lung cancer, pre-
dictive biomarker testing is imperative. While comprehensive molecular testing that includes 
the use of NGS for EGFR, ALK, ROS1, RET, NTRK, BRAF, KRAS, MET, HER2, and PD-L1 
by IHC is desirable, many circumstances may influence the practicality of this full testing 
algorithm. These include tissue availability, funding, available platforms, technical expertise, 
and not least the availability of the drugs for biomarker-driven treatment. It is generally rec-
ommended that the adoption of any testing algorithm be based on multidisciplinary input 
taking into account these factors.
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20Summary and Future Perspectives
By Ming-Sound Tsao, James Chih-Hsin Yang, Lynette M. Sholl,  
Wendy A. Cooper, Daniel SW Tan, and Keith M. Kerr

In precision oncology, molecular testing is the engine that drives the implementation 
of biomarker-driven targeted therapies. In merely a decade, we have progressed from the 
necessity of testing a single marker (EGFR) in lung cancer to testing at least 10 markers 
(EGFR, ALK, ROS1, BRAF, KRAS, RET, NTRK, MET, HER2, PD-L1). Fortunately, remark-
able advances in molecular testing technologies have developed in parallel. While previous 
International Association for the Study of Lung Cancer (IASLC) atlases on predictive bio-
marker testing in lung cancer have individually covered 1 or 2 markers (ALK, ALK/ROS1, 
EGFR, PD-L1), it is no longer practical or realistic to publish separate atlases on individual 
markers. This specific edition is an attempt to crystallize the state of the art and science in 
molecular testing in lung cancer for targeted therapies.

It should be apparent that biomarker testing is complex and involves many stakeholders 
with expertise in sample acquisition and processing, testing technologies, assays develop-
ment, implementation, and clinical utility. Critically, testing strategies must be relevant and 
accessible to patients who would benefit from the results. Therefore, the various chapters 
have purposefully been composed by a multidisciplinary team of coauthors. Some of the 
chapters included in this atlas have been covered in 1 or more previous IASLC atlases, as 
these represent fundamental requirements for best practice in molecular biomarker testing. 
These include specimen acquisition and pre-analytical issues of processing, reporting, and 
interpretation of test results and requirements for analytical quality assurance.

In this edition, we have expanded the chapter on testing technology into next-generation 
sequencing, the currently most advanced analytical platform for multiplex testing of large 
numbers of genomic aberrations in cancers. With the increasing complexity of clinical oncol-
ogy whereby multiple drugs of similar class or different generations are available, we have 
included for each tractable gene, the description of state-of-the-art therapies to provide con-
text for the biomarker testing described. The complexity of delivery of molecular biomarker 
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testing has also been covered in chapters on global perspectives in testing guidelines and 
algorithms, albeit rather simplistically to fit the nature of this publication.

There is little doubt that with rapid advances in our knowledge on the molecular patho-
biology of lung cancer, nanotechnologies, computation, and informatics, molecular testing 
will continue to expand in scope, depth, and breadth. Such expansion has already started, 
and its progress will likely be rapid and exponential. Future challenges and potentials are 
hereby briefly discussed.

Future of Genomic Testing in Tumor Tissue
While liquid biopsy is presently the preferred first approach to identify potential resistance 
mechanisms in targeted therapies at therapeutic progression, there are efforts to elevate this 
approach to baseline testing at initial diagnosis.1-3 The latter is still somewhat limited by 
assay sensitivity, especially for fusions and gene copy number,4 which might be overcome by 
additional technological advances, for example, use of plasma cell-free or exosome-derived 
RNA for detection of gene fusions.5,6

While liquid biopsy seemingly might replace or render tumor tissue testing redun-
dant, it is more likely that tissue and blood testing will evolve in parallel as complementary 
approaches.7 Tumor diagnosis, subtyping, and immunohistochemistry biomarkers are fun-
damental requirements. Currently, liquid biopsy has issues with sensitivity and specificity 
regarding some genomic alterations and cannot provide categorical tumor diagnosis and 
classification. The implementation of parallel tissue and liquid testing is feasible only if cost 
and funding are not an issue; yet this will likely be a major barrier for most patients world-
wide, which requires deeper deliberation to develop future testing algorithms, including the 
challenge of assimilating the derived data and understanding the implications.

Minimal Residual Disease Detection and Monitoring Therapeutic Efficacy  
and Disease Progression
There is intense effort currently focused on the application of liquid biopsy for detecting min-
imal residual disease (MRD) and using MRD to monitor disease progression, prognosticate 
the likely outcome of patients, and potentially alter the course of therapy (see the “Clinical 
Application” section in Chapter 4). The noninvasive nature of this approach has accelerated 
the assessment for its clinical utility.8 Fundamental issues that need to be addressed to realize 
the promise of liquid biopsy for MRD testing include the sensitivity and specificity for such 
technology. While current works focus mainly on genomic DNA for testing, wider research 
using methylated DNA/RNA and circular RNA are ongoing.9-11

Lung Cancer Early Detection
Current state-of-the-art technology for early lung cancer detection uses low-dose spiral com-
puted tomography (CT), which remains considerably costly and low throughput, and has 
suboptimal specificity. Application of radiomics and artificial intelligence to enhance the 
performance of CT screening is an area of major research interest.12 The addition of com-
plementary tests with high sensitivity and specificity—such as for (epi)genomic markers in 
the blood or volatile organic compounds in the breath—could dramatically expand the abil-
ity to implement population-based early detection programs.13,14 Circulating tumor DNA is 
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being extensively investigated as a lung cancer early detection platform, yet the sensitivity 
and specificity is suboptimal for detection of early stage tumors.15 Similar to MRD detection, 
new markers involving methylated DNA and circular RNA are also being investigated.16,17

Machine Learning and Artificial Intelligence
With increasingly comprehensive genomic testing requiring more sophisticated and 
time-consuming bioinformatics, it is likely that artificial intelligence and machine learning 
techniques will be increasingly used in clinical genomic diagnostics. This could potentially 
include various steps in genomic analyses such as variant calling and classification, genome 
annotation, and genotype-phenotype predictions.18

Testing in Other Lung Cancer Types and Thoracic Cancers
Aside from special circumstances, current practice in genomic profiling is largely focused on 
nonsquamous, non-small cell carcinomas of the lung, but the impact of predictive biomarker 
testing in squamous cell carcinomas, small cell carcinoma, and other thoracic malignancies, 
such as mesothelioma and thymic tumors, is yet to be fully realized. These will likely emerge 
when new therapeutic vulnerabilities and the corresponding therapies are identified, such 
as those involving tumor metabolism, oxidative stress response pathway, and cellular and 
noncellular components of the tumor microenvironment.19-21

Conclusion
In this IASLC Atlas of Molecular Testing for Targeted Therapy in Lung Cancer, we have pro-
vided an overview of the individual genes currently relevant to targeted therapy in lung can-
cer as well as the factors impacting their assessment such as specimen acquisition, assay 
techniques, approaches to testing algorithms, and global variations in molecular testing. We 
have provided an up-to-date outline of clinically relevant molecular testing that will be of 
value to a wide variety of lung cancer health care professionals and their patients that will 
hopefully lay the foundation for further advances in the clinical care of lung cancer.
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