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Abstract

The combination of next-generation sequencing and advanced computational data analysis 

approaches has revolutionized our understanding of the genomic underpinnings of cancer 

development and progression. The coincident development of targeted small molecule and 

antibody-based therapies that target a cancer’s genomic dependencies has fuelled the transition of 

genomic assays into clinical use in patients with cancer. Beyond the identification of individual 

targetable alterations, genomic methods can gauge mutational load, which might predict a 

therapeutic response to immune-checkpoint inhibitors or identify cancer-specific proteins that 

inform the design of personalized anticancer vaccines. Emerging clinical applications of cancer 

genomics include monitoring treatment responses and characterizing mechanisms of resistance. 

The increasing relevance of genomics to clinical cancer care also highlights several considerable 

challenges, including the need to promote equal access to genomic testing.

Increased levels of precision are being achieved in the clinical care received by patients with 

cancer by including cancer genomics in diagnostic medicine. Over the past 8 years, the 

application of massively parallel or next-generation sequencing (NGS) to large-scale cancer 

genomics discovery projects has revealed extraordinary new information about the 

underlying genomic drivers of cancer development and progression across multiple 

anatomical locations. NGS and various analytical approaches are now being introduced into 

clinical practice to better inform the clinical care of patients with cancer. In this Review, 

various aspects of the clinical translation of cancer genomics are considered. In particular, 
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genomics-based assays are increasingly being used to guide the selection of the most 

appropriate targeted therapies for patients according to the genomes of their tumours and 

nonmalignant cells, and the findings of various studies have demonstrated that these assays 

provide a clinical benefit in terms of improved patient outcomes. Genomics-based assays 

also have the potential to inform the use of immunotherapeutic agents, thus broadening their 

potential clinical applicability. The resulting ‘big data’ obtained from preclinical discovery 

and clinical application should improve data mining efforts and further improve our 

understanding of cancer vulnerabilities, enable data integration approaches that combine 

genomic and clinical data, and improve our ability to predict the most effective therapies for 

patients in a scalable manner. However, several challenges exist to both the successful 

clinical implementation of NGS assays and the analysis and management of the data they 

provide, including pertinent aspects of data privacy and data sharing (Box 1) that are 

important to acknowledge. All of these aspects can influence the progress of genomics-

guided cancer medicine and ultimately will determine the extent of integration of genomics 

into clinical care.

NGS assays of cancer samples

Challenges and considerations.

The application of NGS technologies to the characterization of human tumours has provided 

unprecedented opportunities to understand the biological basis of different cancer types, 

develop targeted therapies and interventions, discover genomic biomarkers of drug response 

and resistance, and to guide clinical decision-making regarding the treatment of patients1,2. 

Furthermore, the versatility of NGS assays in addition to the diversity of upstream sample 

preparation methodologies has enabled the characterization of cancer genomes, 

transcriptomes, and epigenomes3. NGS can reveal sequence mutations, small insertions and 

deletions, copy number alterations, structural rearrangements, and loss of heterozygosity in 

tumour DNA samples. Sequencing of tumour-derived RNA enables the identification of 

differentially expressed genes, gene fusions, small RNAs, aberrantly spliced isoforms, and 

allele-specific expression patterns. Chemical modifications of DNA and/or histones, and 

changes in higher-order chromatin structure can also be mapped with increasing levels of 

precision. The algorithmic analysis of data from multiple NGS-based assays, in addition to 

the intrinsic genetic complexity of cancer, poses a major challenge to the clinical 

interpretation of NGS data. Not only does every class of alteration require a distinct 

computational approach for detection, but widespread copy number alterations and 

intratumoural heterogeneity (as observed in multiclonal tumours) might additionally lead to 

reduced mutant allele frequencies and, therefore, decreased levels of detection sensitivity. As 

such, NGS approaches used in cancer diagnostics typically demand a high depth of sequence 

coverage in order to increase the likelihood of detecting mutations that occur in a small 

fraction of cancer cells4.

Sample-specific challenges.

Technical challenges related to the quantity and quality of tumour tissue samples can further 

complicate the NGS-based characterization of cancer genomes. While attempts to sequence 

the genomes of nonmalignant cells benefit from ample sources of fresh cells, such as 
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peripheral blood and buccal swabs, tumour samples often provide only small amounts of 

genetic material, particularly when collected as biopsy samples or fine-needle aspirates. 

Such samples might also harbour low levels of tumour cellularity owing to the infiltration of 

non-malignant cells (such as immune cells, stromal cells, or vascular endothelial cells), 

leading to a loss of signal from somatic mutations and therefore a loss of sensitivity of 

detection. Additionally, although analyses of fresh-frozen tumour specimens can yield high-

quality nucleic acids, most tumours continue to be processed and stored as formalin-fixed, 

paraffin-embedded (FFPE) tissue blocks. This tissue preservation process was established 

long ago to enable the histopathological analysis and room temperature archiving of clinical 

specimens. However, the formalin fixation process typically leads to the fragmentation and 

chemical modification of DNA5,6, which might affect the achievable depth of coverage and 

can elevate certain types of false positive results owing to DNA damage. Early NGS research 

initiatives, including The Cancer Genome Atlas, mitigated against these issues by restricting 

their focus to large, high-quality, high-purity, frozen tumour samples7,8. However, clinical 

sequencing assays in molecular pathology laboratories must best utilize whatever FFPE 

specimens are available from a given patient no matter how small or impure these specimens 

might be. Fortunately, advances in sample preparation methodologies have led to reductions 

in the minimum DNA input requirements and have made FFPE samples more amenable to 

NGS analysis9,10. Several research groups have examined the effects of many pre-analytical 

factors on the performance and accuracy of NGS-based mutation profiling in an effort to 

maximize the reproducibility, sensitivity, and specificity of these assays11,12. Despite these 

technical challenges, the findings of validation studies have reaffirmed that NGS-based 

methodologies provide highly robust and reproducible data, even when quality-controlled 

FFPE-derived DNA is being assayed, and that NGS-based assays satisfy the reproducibility 

and accuracy requirements of regulatory guidelines and those of agencies governing clinical 

laboratories, such as the Clinical Laboratory Improvement Amendments (CLIA) and the 

College of American Pathologists (CAP)13–17.

NGS-specific challenges.

When to pursue a comprehensive versus a more-targeted approach to characterization is a 

key consideration regarding the use of NGS-based diagnostic cancer assays. Comprehensive 

approaches such as whole-genome, whole-exome, and whole-transcriptome sequencing 

provide ample opportunity for discovery and can reveal the full spectrum of oncogenic 

alterations in a given tumour10,18,19. However, these approaches typically have higher 

computational requirements and longer turnaround times, therefore also incurring higher 

costs than their more-targeted alternatives. Thus, owing to these practical considerations, 

analyses involving smaller gene panels that encompass dozens to hundreds of genes with 

established clinical or biological relevance to cancer are a preferred strategy of many 

molecular pathology laboratories15,20. By enabling high-throughput testing in a manner that 

is compatible with the analysis of low-quality specimens and limited amounts of input DNA, 

targeted panels can be used to screen larger populations of patients who might potentially 

benefit from the detection of clinically actionable mutations. Furthermore, the deeper 

sequence coverage enabled by targeted sequencing increases the sensitivity for critical 

mutations in the setting of heterogeneous (multiclonal) or low-purity tumour samples. 

Nevertheless, whole-genome and/or whole-exome sequencing approaches enable the 
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detection of greater total numbers of mutations and thus provide a more accurate indication 

of intratumoural heterogeneity and the presence of specific mutation signatures and of 

tumour-specific neoantigens, which all might be clinically informative21,22. However, the 

clinical significance of the various additional alterations revealed by these more-

comprehensive approaches is often unknown. Similar trade-offs in breadth versus depth of 

sequencing and throughput also exist for RNA sequencing-based approaches, especially 

following the availability of targeted RNA sequencing applications for the detection of gene 

fusions and for the profiling of small panels of cancer-associated genes23.

Following the adoption of targeted NGS panels for tumour profiling by various clinical and 

research laboratories, a proliferation of different strategies involving a variety of different 

technologies has occurred, including the development of gene-content and computational 

analysis pipelines for the detection and reporting of clinically relevant somatic mutations. 

Selected regions of interest can be enriched from genomic DNA using two main methods: 

amplicon capture and hybridization capture. Amplicon capture, involving multiplexed 

amplification using PCR, enables deep-coverage sequencing from small quantities of input 

DNA with a rapid turnaround time for high-sensitivity mutation calling in a limited number 

of genes or mutational ‘hotspot’ regions16. By contrast, hybridization capture, which 

involves annealing of complementary DNA or RNA probes to target regions, can scale to 

larger numbers of genes than can be analyzed using amplicon capture or even up to the 

whole exome24–26. Hybridization-capture panels can also provide more-precise assessments 

of copy number alterations by adding evenly spaced probes across each chromosome and 

can enable the detection of known structural rearrangements by including probes that 

correspond to specific non-coding sequences where genomic breakpoints tend to occur20. 

The appeal of large hybridization-based panels has been driven by the desire to detect 

multiple classes of sequence and/or structural alterations, the presence of rare and common 

alleles across entire genes (rather than just in hot spots), and complex genomic features such 

as hypermutation and/or microsatellite instability in a single, uniform assay. Ultimately, 

decisions regarding the breadth, content, and detection methodologies of targeted NGS 

panels must be made by individual clinical laboratories. These decisions are often focused 

on the definition of clinical actionability. Considerations of throughput, turnaround time, and 

cost per assay, as well as the interpretability of increasingly complex results in the clinical 

context, are all of equal importance. Finally, insurance reimbursement for these assays is an 

ever-evolving issue that must be considered carefully.

Sequencing a nonmalignant comparator.

The inclusion of patient-matched nonmalignant DNA is an important component of many 

large sequencing panels and of all comprehensive assay types. Nonmalignant comparators 

are typically obtained from peripheral blood samples or occasionally derived from 

nonmalignant tissue samples such as skin cells, buccal swabs, or fibroblasts. This matched 

nonmalignant DNA serves as a control to help distinguish somatic mutations from inherited 

germline variants. In the absence of a nonmalignant DNA sample, variants identified from 

tumour sequencing must be filtered and prioritized according to databases of recurrent 

somatic and germline variations, thus increasing the likelihood of false positive and/or false 

negative mutation calls in platforms extending beyond well-characterized mutation 
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hotspots21,27. Furthermore, matched sequencing of nonmalignant DNA samples can lead to 

the direct identification of pathogenic germline variants that increase cancer susceptibility in 

patients’ family members and, in some scenarios, might also influence the chances of a 

response to certain therapies, such as poly(ADP-ribose) polymerase (PARP) inhibitors28–30. 

With the increasing availability of evidence that germline susceptibility is more prevalent 

than previously understood across very large cohorts of both paediatric and adult patients 

with cancer29,31,32, the inclusion of a germline comparator in the clinical assay is becoming 

imperative, although this approach is not without attendant challenges. The possibility of 

incidental findings relating to an inherited susceptibility to cancer and/or other diseases has 

led institutions to consider different strategies concerning genetic counselling both before 

and after testing and to establish appropriate mechanisms for returning results in a manner 

that protects patients’ autonomy, privacy, and wellbeing33–35. Finally, when blood is used as 

the source of nonmalignant DNA, mutations indicative of clonal haematopoiesis can be 

detected. The clinical significance of such mutations remains an important unanswered 

question both for patients with cancer and for individuals without cancer36–40.

Computational analysis challenges.

Beyond important considerations about assay design and scope, the corresponding decisions 

regarding the computational data analysis pipeline that must accompany the NGS assay are 

similarly important. In general, as the NGS data that can be routinely generated increase in 

both complexity and scope (from panels of genes to the entire genome), the different types 

of genomic alterations that might be detected and, accordingly, the numbers of different 

algorithmic examinations of the data required to identify each type become equally more 

complex. Similarly, the time required to thoroughly review and interpret each variant of each 

type according to its veracity and implicated therapeutic, diagnostic, or prognostic 

implications also increases. One ramification of these questions of assay scope and likely 

turnaround time has led to variations in the implementation of NGS testing at different 

cancer treatment centres. For example, some laboratories aim to return information from the 

NGS assay in a clinically relevant time frame so that any information relating to either 

treatment, diagnosis, or prognosis can be considered by the oncologist as a component of 

medical evidence for determining the treatment of that patient. Alternatively, other centres 

aim to investigate the primary diagnostic biopsy sample or resection sample in a more 

relaxed time frame, in which any treatment-relevant information is included in the patient’s 

medical record and then taken into consideration if and/or when the patient develops a 

recurrent or metastatic cancer. In the latter approach, the relaxed time frame might better 

permit an increased scale of testing and appreciates two facts of cancer care: most patients 

are not eligible for alternatives to the standard-of-care approach until treatment with that 

standard fails and they have relapsed disease, and routinely obtaining a biopsy sample from 

a patient presenting with metastatic cancer that can help determine new options for the 

patient is often very difficult. Thus, having data from the primary diagnosis can provide an 

important source of evidence to guide future treatment decisions. In patients with a biopsy 

sample of a relapsed tumour available, of course, this is an optimal assay sample for the 

purposes of identifying a specific alternative treatment approach, but more rapid turnaround 

would be required for this information to be clinically utilized.
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Challenges in variant interpretation.

NGS assays designed to explore the mutation status of cancer-associated genes beyond 

specific hotspot mutation loci reveal variants whose implications, either for the resulting 

protein function or the response to targeted therapy, have not yet been characterized. 

Obviously, sharing data on the type and frequency of these variants, once known, is 

imperative to moving the field forward. Data sharing is particularly important in improving 

the treatment of patients with rare cancer types, including those with paediatric cancers. 

Genomic data are most valuable in patients when the genes and variants identified are linked 

with clinical data, including the type and number of previous treatments, previous responses 

to treatment and their duration, and other clinicopathological characteristics41–43. As such, 

proper consent must be obtained from all patients before their data can be made publicly 

available as fully anonymized information, including outlining the mechanism of data 

release and the planned efforts to maintain data privacy. Further challenges remain in terms 

of storage and presentation of these large data sets in a fashion that enables big-data queries, 

permits cross-comparisons, and otherwise facilitates easy access to specific data by 

researchers and clinicians (Box 1).

RNA as an analyte.

An increasing appreciation that assaying RNA from the tumour (in addition to DNA) can 

provide information that is important to clinical decision-making is an emerging 

complication in the spectrum of NGS assays. In particular, focused RNA-based assays 

designed to detect established gene-fusion partners are being implemented owing to both the 

difficulties associated with accurately identifying gene-fusion partners in DNA (breakpoints 

can often occur in different introns) and the increasing numbers of available small-molecule 

inhibitors that inhibit the resulting fusion proteins. Similarly, in tumours with a high 

mutational load, data from RNA sequencing can help to identify the mutated genes that are 

driving tumour progression or, more generally, can be interpreted to evaluate the biology of 

the tumour itself in terms of the cancer subtype, aggressiveness, potential to metastasize, and 

other biological aspects. However, the use of RNA-based assays (in addition to DNA-based 

assays) adds complexity, analysis time, and costs. Furthermore, because RNA is a more 

labile molecule than DNA, it requires a higher level of care during handling, including the 

use of preservation methods and quality assessments before conducting an assay.

Expanding assay scopes.

Importantly, the scope of clinical utility of NGS-based cancer assays is beginning to expand 

substantially. Initially, these tests revealed the presence of therapeutic targets in an era in 

which any cancer in any anatomical location had some chance of carrying pathogenic 

alterations in one or more proteins for which targeted therapies might be available, either as 

FDA-approved agents or in clinical trials. The information provided by NGS has become 

more valuable to therapy-related decision making, as we now better understand both the co-

occurrence and mutual exclusivity of mutations in genes associated with cancer (FIG. 1). 

With data from increasing numbers of correlative studies available that link mutational 

profiles with outcomes, the prognostic value of data from an NGS-based assay will continue 

to increase. For example, mutational load is associated with a response to immune-
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checkpoint inhibition44–46, and a high mutational load can indicate the presence of inherited 

or somatically acquired DNA mismatch repair defects, which also has therapeutic 

implications. However, attendant challenges to the use of NGS-based cancer diagnostics 

with an expanded scope also exist.

Clinical utility of NGS assays

Identifying therapeutic targets.

Large-scale tumour sequencing efforts have revealed the identity of new genomic 

aberrations that drive tumour growth and progression, and these driver mutations can 

increasingly be inhibited clinically using an expanding repertoire of molecularly targeted 

therapies2. Precision oncology entered a new era nearly two decades ago with the 

development and approval of two targeted therapies: trastuzumab to treat patients with 

HER2-amplified metastatic breast cancer and imatinib to treat patients with BCR–ABL-

fusion-positive chronic myelogenous leukaemia (CML)47,48. Currently, FDA-approved, 

genotype-directed therapies are available for many different tumour types. Inhibitors of 

EGFR, ALK, and ROS1 are routinely administered to patients with non-small-cell lung 

cancer (NSCLC) harbouring genomic alterations in one of those genes49–51. BRAF 
mutations, which occur in approximately half of all patients with cutaneous melanoma, can 

be targeted by multiple inhibitors of the MAPK signalling pathway52–54. Furthermore, in 

patients with metastatic colorectal cancer, EGFR-directed therapies such as cetuximab and 

panitumumab are specifically administered to patients without oncogenic mutations in 

KRAS and NRAS55. As the portfolio of targeted therapies expands, the appropriate 

administration of these therapies and the design of clinical trials to test the efficacy of new 

drugs requires rapid and sensitive approaches in order to profile targetable genomic 

alterations in all relevant tumour types. By creating databases of genes and their alterations 

present in tumours with different anatomical locations, clinical trial accrual processes can be 

projected with a higher level of precision, thus making the testing and approval of new 

therapies more efficient.

Complexity aspects.

The diversity and rapidly evolving landscape of clinically relevant mutations means that 

molecular profiling platforms must also be both comprehensive and flexible in order to 

incorporate all classes of genomic alterations and new targets following the emergence of 

new knowledge. Hotspot panels are widely used for the detection of recurrent actionable 

mutations in EGFR, BRAF, and/or other genes, although broader, hybridization-capture-

based panels are better suited for the detection of amplifications, deletions, and 

chromosomal rearrangements. Rearrangements that produce kinase gene fusions, in 

particular, are an important class of targetable alteration56. These fusions, while once 

associated exclusively with haematological malignancies (such as BCR–ABL-positive 

CML), are also now commonly found in several types of solid tumours, as exemplified by 

the presence of fusions containing ALK, RET, or ROS1 in patients with NSCLC57. Data 

from screening efforts have demonstrated that the genes encoding certain targetable kinases, 

such as FGFR2, BRAF, and NTRK1/2/3, are expressed in fusions across many different 

tumour types with different partner genes, thus underscoring the need for methods that 
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enable the detection of multiple different rearrangements, including distinct configurations, 

to ensure that all therapeutically actionable fusions can be detected56,58,59. Panel-based 

tumour sequencing approaches have also led to the discovery of new targetable alterations 

such as MET exon 14-skipping splice site mutations, which reduce the ubiquitin-mediated 

degradation of MET, confer sensitivity to crizotinib, and occur in ~3% of all NSCLCs60,61. 

More-comprehensive approaches, such as whole-exome and whole-genome sequencing, 

provide the greatest level of discovery potential and are a preferred approach in certain 

clinical contexts, such as paediatric cancers62,63, although the costs and complexity of such 

analyses currently limit their utility in widespread clinical testing.

Shared alterations.

Molecular profiling of tumour samples has been increasingly deployed across a wide range 

of cancers, and the results have reaffirmed the ubiquitous presence of particular driver 

alterations across many different histologically defined tumour types56,64,65. BRAFV600E 

mutations, which have historically been associated with melanoma, are found at meaningful 

frequencies in patients with NSCLC, colon cancer, thyroid cancer, multiple myeloma, 

glioma, or pancreatic cancer. HER2 amplifications, once thought to be exclusive to HER2-

positive breast cancers, are now considered relatively common in patients with 

oesophagogastric cancer, breast cancer, bladder cancer, or endometrial cancer as a result of 

large-scale discovery genomics. Furthermore, NTRK fusions have been reported in more 

than a dozen different tumour types66. These alterations can all be targeted therapeutically, 

and therefore, broad mutation profiling regardless of lineage is necessary to ensure that both 

patients with common and those with rare cancer types have the opportunity to receive the 

optimal available treatment. Drugs that have received FDA approval for use in a particular 

tumour type, such as the BRAF inhibitors vemurafenib and dabrafenib in patients with 

melanoma, can be prescribed off-label for patients with different cancer types harbouring the 

same target lesions. However, access to these therapies and their reimbursement by 

insurance companies is often limited in patients with such non-standard indications. 

Furthermore, drug efficacy can be difficult to measure and track in patients when 

administered on an ad hoc basis. To address these challenges and establish an evidence base 

for the delivery of genomically guided targeted therapy in the future, ASCO launched the 

Targeted Agent and Profiling Utilization Registry (TAPUR), which started recruiting 

patients in 2016, providing patients with specific targetable alterations free access to their 

appropriate commercially available targeted agent with the aim of establishing a broad 

dataset of clinical outcomes.

Clinical trial evolution.

The occurrence of the same or similar targetable alterations across multiple cancer types has 

also prompted the development of novel clinical trial designs in order to systematically test 

the efficacy of drugs across different lineages. In one such study design, so-called basket 

trials, patient eligibility is defined on the basis of the presence of a specific genetic alteration 

rather than a specific tumour type67 (FIG. 2a). Basket trials involve single, molecularly 

targeted drugs and are ideally suited for mutations occurring at a low frequency across 

multiple different cancer types, in which individual disease-specific studies are unlikely to 

accrue enough patients to provide a statistically robust evaluation of responsiveness. Such 

Berger and Mardis Page 8

Nat Rev Clin Oncol. Author manuscript; available in PMC 2019 July 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



studies have emerged as an efficient way to expand access to specific targeted therapies for 

patients harbouring the appropriate alterations, particularly in patients with rare cancers, for 

whom clinical trials have historically not been widely available. Results of several such 

studies have also revealed the importance of tumour type in conditioning responses to 

targeted therapies68,69. These trials are in contrast to ‘umbrella’ trials, which involve 

multiple cohorts and are designed to test different targeted agents in patients with distinct 

mutations in a single cancer type, in which cohort assignment is determined on the basis of 

molecular profiling70–72 (FIG. 2b). The US National Cancer Institute (NCI) has established 

an ambitious study, the Molecular Analysis for Therapy Choice (NCI-MATCH) initiative, 

which is designed to broaden access to clinical trials and targeted therapies for patients 

receiving treatment outside of the largest academic medical centres73. NCI-MATCH 

functions as an umbrella of basket trials, involving centralized molecular profiling using a 

standardized hotspot panel in participating diagnostics laboratories in order to assign 

patients to one of >30 treatment arms. Other initiatives, such as the Novartis Signature Trial 

Program, enable the rapid activation of ‘n of one’ studies at treatment centres at which 

patients with specific alterations identified following molecular profiling are being treated.

Challenges of acquired resistance.

The application of molecularly targeted therapies in patients with genomically matched 

tumours has led to remarkable initial responses, although the co-occurrence of other 

alterations and other biological factors might cause innate drug resistance in certain subsets 

of patients. Furthermore, patients with metastatic cancers nearly always eventually develop 

acquired resistance following prolonged treatment with targeted therapy74. Secondary 

genomic alterations in the target itself might render it insensitive to inhibition, and activation 

of downstream or bypass effectors can separately lead to pathway reactivation in the 

presence of the drug. The identification of on-target secondary resistance mutations in BCR–

ABL1 in patients with CML and EGFR in patients with NSCLC following administration of 

imatinib or EGFR inhibitors, respectively, has led to the development of more-potent 

second-generation and third-generation inhibitors75–77.

Genomics-based analyses of tumour biology have revealed many novel mechanisms of 

acquired resistance through two main approaches. First, by comparing sequencing data from 

cohorts of patients with pretreated metastatic cancer, particularly from prospectively 

sequenced patient populations, with data from patients with untreated primary tumours, 

mutations might be found to be substantially enriched in those with metastatic disease. For 

example, ligand-binding domain mutations in the gene encoding the oestrogen receptor 

(ESR1) were first identified owing to their high frequency in metastatic breast cancers 

following antioestrogen therapy relative to a virtual absence of such mutations in primary 

tumours78,79. Second, by sequencing paired pretreatment and post-treatment biopsy samples 

obtained at different times from the same patient, mutational profiles can be directly 

compared in order to identify novel acquired mutations. Paired sequencing of BRAF-mutant 

melanoma biopsy samples before and after treatment with RAF inhibitors has revealed a 

broad spectrum of acquired mutations in MEK1 and other members of the MAPK signalling 

pathway80–82. In a comparison of a pretreatment sample of PI3KCA-mutant breast cancer 

with samples from multiple resistant lesions from the same patient following treatment with 
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a PI3Kα small-molecule inhibitor (alpelisib), only PTEN alterations were found to mediate 

treatment resistance, with different types of PTEN-inactivating alterations occurring at 

different metastatic sites83. Serial sampling, followed by genomic analysis of cell-free 

tumour-derived DNA, is increasingly being used to detect the emergence of resistance 

mutations in samples of plasma, urine, and other bodily fluids. Knowledge of the spectrum 

of acquired resistance mutations associated with individual targeted therapies is critical to 

the development of therapy combinations that can delay the onset of acquired resistance in 

patients. Several important vignettes exist regarding the mechanisms of acquired resistance, 

although our overall understanding of such mechanisms is quite poor. This dearth of 

knowledge, as discussed previously, largely reflects an inability to obtain samples of 

treatment-resistant disease following relapse. Certain cancer centres have invested in the 

rapid autopsy approaches required in an attempt to begin to elucidate the mechanisms of 

acquired resistance in greater detail, although such efforts remain quite rare.

Challenges to implementation.

The current proliferation of therapies targeting the specific mutations and downstream 

pathways that drive cancer progression has made keeping track of the clinical implications 

of genomic alterations arising in their patients’ tumours increasingly difficult for both 

oncologists and other clinical practitioners. Many academic cancer centres have convened 

molecular tumour boards that draw on expertise from several diverse medical specialities 

and from experts in cancer genomics to collectively discuss individual patients and make 

treatment recommendations on the basis of both genomic and clinical features19,84. 

However, this approach cannot easily be upscaled to accommodate the increasing numbers 

of patients undergoing prospective clinical tumour sequencing. To this end, several groups 

have attempted to curate biological and clinical information from expert recommendations, 

clinical guidelines, and scientific literature into databases to provide support to clinicians 

and enable optimal treatment decisions to be made85–88. These knowledge bases can account 

for distinct functions and implications of different alterations in the same gene or for the 

presence of the same alteration in different cancer types. Furthermore, these resources must 

be updated regularly to incorporate emerging knowledge of the clinical relevance of 

particular alterations and the rapidly changing availability of data from genomically matched 

clinical trial cohorts. Owing to the sheer volume of information that must be captured, some 

groups have employed crowdsourcing methodologies to ensure that evidence statements and 

their accompanying annotations are as comprehensive and accurate as possible87. 

Ultimately, no single knowledge base is entirely complete, nor can the effects and 

implications of interactions among co-occurring mutations be readily inferred. Nevertheless, 

these resources are crucial for the proper interpretation and utilization of complex genomic 

data obtained from prospective clinical sequencing.

Despite the promise of precision oncology approaches, only a subset of patients have 

tumours harbouring specific actionable alterations for which compelling clinical data exist 

that can directly influence the choice of therapy. Many other additional recurrent driver 

mutations are currently considered ‘undruggable’, and other potentially viable target 

alterations remain incompletely characterized. Furthermore, the definition of ‘actionability’ 

used to assess the clinical utility of molecular profiling varies widely across different studies 
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and institutions. Reports published in the past 2 years from various initiatives using tumour 

sequencing panels to prospectively identify targetable mutations across different cancer 

types suggest that between 30% and 94% of patients harbour actionable mutations41,56,89,90. 

This disparity largely reflects different interpretations of the clinical significance of specific 

mutations, which range from those with compelling clinical evidence available in that they 

can be directly targeted using FDA-approved or investigational therapies to those with more 

speculative evidence of effectiveness based upon the results of pre-clinical studies. 

Furthermore, only a minority of patients harbouring actionable mutations are currently 

enrolled in genomically matched clinical trial cohorts on the basis of alterations detected 

using clinical sequencing56,90–96. This fact might reflect shortcomings in the availability 

and/or geographical accessibility of relevant trials, as well as a lack of physician and/or 

patient awareness of these studies. However, these trial enrolment rates do not take into 

account patients who receive FDA-approved therapies on the basis of their genomic 

alterations or those who might eventually enrol in a clinical trial following disease 

progression on standard treatment protocols. The development of new agents inhibiting 

novel targets and the proliferation of basket clinical trials designed to enrol patients 

harbouring a targetable somatic alteration in any one of multiple tumour types will 

inevitably further expand the clinical utility of tumour genomic profiling.

The utility of tumour mutational profiling extends beyond the identification of individual 

actionable mutations that predict a response to targeted therapies. The presence of specific 

mutational signatures and other complex genomic features might also be used to inform 

clinical decisions97,98. Tumour mutational load has emerged as a proposed biomarker that 

tends to correlate with clinical benefit from immune-checkpoint inhibitors44–46. The 

presence of a specific mutational signature, microsatellite instability (MSI), has also been 

identified as a predictor of a response to immune-checkpoint inhibition, leading the FDA to 

approve the anti-programmed cell death protein 1 (PD-l)-antibody pembrolizumab, for use 

in patients with MSI-high solid tumours regardless of histology or anatomical location99,100. 

This is the first ever approval of a cancer therapy based solely on the presence of a genomic 

biomarker, irrespective of the tissue of origin. The presence of other complex signatures, 

including loss of function of genes involved in homologous recombination, resulting in 

homologous recombination deficiencies, might predict a response to PARP inhibitors, 

another targeted anticancer therapy101–103. Moreover, tumour sequencing might also provide 

information that is important for diagnosis or prognosis and/or reveal alterations suggesting 

a lack of a response to particular interventions, uncover occult germline cancer susceptibility 

alleles that necessitate follow-up genetic counselling, establish the clonal relatedness of 

distinct lesions, and facilitate disease monitoring after treatment. For these reasons, and 

owing to the increased availability of testing options, tumour genomic profiling has become 

a mainstay of precision oncology and a necessary component of cancer care delivery.

Immunotherapeutic decision-making

As momentum supporting the inclusion of genomic profiling as a mainstay of evidence-

based precision oncology has grown, newer uses for genomic assays have emerged that 

consider the data in light of cancer immunology and vulnerability to the associated 

therapies. In addition to the relationship between mutational load and sensitivity to immune-
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checkpoint inhibition, genomics can also have more-nuanced roles in guiding the use of 

immunotherapy. In particular, these newer, precision medicine-based applications of 

immunog-enomics have their foundations in cancer immunology studies conducted in the 

mid-to-late 1980s by several groups. These early efforts sought to uncover the mechanism 

that could explain several intriguing experimental and clinical observations, including why 

mice with actively growing carcinogen-induced tumours removed by surgery that were 

subsequently challenged with cells from their original cancers did not regrow their cancers 

and why certain patients with cutaneous melanomas, in rare cases, had spontaneous disease 

regression with-out treatment. Using what were then considered novel approaches, such as 

positional cloning and immunological assays such as enzyme-linked immunospot 

(ELISPOT) or dextramer-based flow cytometry assays, cancer immunologists demonstrated 

that tumour cells express the products of mutated genes and that these proteins act as 

tumour-specific mutant antigens (TSMAs) or neoantigens, which are capable of eliciting an 

antitumour immune response104–106. Neoantigens, by definition, are specifically encoded by 

the tumour genome, wherein an alteration in tumour DNA causes a change in the amino acid 

sequence, resulting in a peptide that presents a stimulus to the patient’s immune system (that 

is identified as non-self). These early efforts identified TSMAs from both mouse models and 

from human melanoma cells, although the time and effort required, at the time, was not 

scalable to the identification of TSMAs in multiple patients, and as such, treatment 

approaches to targeting specific TSMAs were not pursued in clinical trials. Renewed interest 

in these early investigations has emerged in the past few years with the advent of NGS 

technologies and more-advanced computational predictors of neoantigens.

Even as early efforts to characterize frequently mutated genes in cancers were emerging in 

the mid-2000s, Vogelstein and Allison107, among other authors, predicted that the altered 

proteins identified in breast and colorectal cancers produce, on average, ten and seven 

neoantigens, respectively, with predicted binding to HLA-A*0201, that are putative targets 

for immune manipulation to elicit tumour cell destruction. Shortly thereafter, the emergence 

of NGS and computational approaches that compared tumour DNA sequences with those 

obtained from nonmalignant cells in an unbiased fashion greatly facilitated the discovery of 

all somatic alterations in tumour DNA and revealed the proportions of tumour cells carrying 

each specific mutation (such as the founder clone versus subclones)108. Coincidentally, 

neural network-based algorithms emerged that provided computational predictions of the 

binding affinities of the predicted mutant peptides to different HLA molecules, thus 

permitting evaluations of the implications of the modified sequences for immune 

recognition109–112. These algorithms were informed by experimental data on the affinity of 

different HLAs for specific peptides, and as these data have expanded to include more HLA 

alleles, so has the accuracy and breadth of the predictions.

In current practice, exome-capture assays and analysis pipelines that compare NGS data 

from tumours with exome-sequencing data from nonmalignant cells can also yield predicted 

neoantigens using secondary analysis through a neoantigen-prediction algorithm such as 

NetMHC (FIG. 3). This type of analysis requires not only the predicted amino acid 

sequence-changing peptides (translated from DNA sequencing) as input but also knowledge 

of the specific HLA haplotypes of the patient. HLA haplotypes can be determined using a 

conventional clinical sequencing assay but are frequently identified using specialized 
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analyses of exome sequencing data from a nonmalignant tissue sample113–115. Analysis 

pipelines that facilitate neoantigen prediction based upon predicted mutations through output 

of neoantigen peptides and their predicted binding affinities for different HLA molecules 

have also been published (such as pVACseq116 and Vaxrank117), and the IEDB website 

provides a range of data analysis programmes, some of which enable neoantigen prediction. 

Importantly, established driver mutations are rarely also strong neoantigens, emphasizing 

that exome sequencing will most likely provide the most comprehensive picture of the 

neoantigen repertoire of a given tumour. As might be anticipated, tumour types in patients 

with a history of repeat exposures to potent carcinogens such as ultraviolet-associated 

melanomas and smoking-associated NSCLCs and urothelial carcinomas, as well as cancers 

that emerge as a consequence of mismatch-repair defects, all have higher numbers of 

neoantigens than cancers of other aetiologies by virtue of their elevated mutation load. 

However, comparisons of RNA sequencing data designed to evaluate the expression of 

predicted mutations indicate that a substantial percentage of mutations predicted from 

analysis of DNA are in genes that are not transcribed as RNA (typically >50% in highly 

mutated tumours) and are, therefore, unlikely to be biologically relevant118. This observation 

emphasizes the importance of including data from tumour RNA sequencing as a component 

of downstream evaluation of neoantigen expression despite the various clinical challenges 

and additional costs associated with this type of assay.

Predictions of neoantigen expression can enable a more refined estimation of mutational 

load, although the results of a multi-omics study involving patients with urothelial 

carcinomas treated with the anti-programmed cell death 1 ligand 1 (PD-L1) antibody 

atezolizumab, did not support a statistical correlation between either mutational load or 

neoantigen load and a response to treatment119. Similarly, the findings of other studies have 

demonstrated that immunohistochemical evaluations of PD-L1 expression also do not 

provide an unequivocal biomarker indicative of a response to anti-PD-1 or anti-PD-L1 

antibodies120. These results support the notion that a multi-component predictor of response 

to immune-checkpoint inhibition will be required to enable clinicians to confidently select 

patients who are most likely to benefit from these agents.

The design of personalized immunotherapies, such as antitumour vaccines, is another 

potential clinical application of neoantigen prediction. In these approaches, the neoantigens 

that emerge from computational predictions with the highest binding affinities for either 

class I or class II HLA molecules have high levels of RNA and/or peptide expression, 

conform to various other user-defined criteria, and can be used to construct a patient-specific 

vaccine of several possible types. Namely, vaccines can be based on DNA, RNA, or protein, 

and each specific method has strengths and weaknesses in terms of scalability of 

manufacture, ease of delivery, costs, efficacy, and other important factors. Vaccines can also 

use patient-derived immune components such as dendritic cells, as has been demonstrated in 

patients with melanoma118. The findings of two studies published in July 2017 demonstrate 

the successful use of personalized anticancer vaccines using long peptide-based121 and 

RNA-based poly-neoepitope122 vaccine methods in patients with melanoma. In these 

studies, some patients received a combination of the vaccine and immune-checkpoint 

inhibition, which, as predicted by preclinical studies in mouse models123, had a synergistic 

effect.
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RNA sequencing data can also be evaluated to provide both informative measures of 

immune cell activity and important metrics of monitoring after immunotherapy. These 

applications range from simple measures, such as quantifications of the expression of 

immune-checkpoint proteins in the tumour and/or tumour microenvironment that might be 

more reliable than immunohistochemical evaluations, to the more complex characterization 

of the infiltrating immune cell types found in a tumour mass124,125. RNA sequencing data 

can also enable the characterization of B cell126 and T cell repertoires127–129. When 

performed both before and after vaccination, the resulting comparison indicates the extent of 

vaccine-induced T cell expansion and diversity118.

Future perspectives

The use of clinical genomics in cancer care is gaining traction as the utility of the assays 

increases. As might be imagined in this rapidly progressing field, several genomic 

applications are currently under active development and might further expand the clinical 

utility of genomic assays in the future. A prime example involves the development and 

extension of assays designed to profile DNA isolated from samples obtained using 

minimally invasive procedures, such as sampling of blood plasma or other bodily fluids 

(sputum, urine, or cerebrospinal fluid). Liquid biopsy sampling takes advantage of the fact 

that cell death in actively growing tumours leads to the release of tumour cell-derived DNA 

into the circulation and into other fluids that come into contact with organs130. Cell-free 

DNA (cfDNA) collected in this fashion might be used for tumour mutation profiling, 

genomic monitoring of response to therapy, and identifying emerging mechanisms of 

resistance to therapy, thereby providing highly sensitive and specific indicators to guide 

clinical care and decision-making processes131–133 (FIG. 4). Nevertheless, considerable 

challenges must be overcome before liquid biopsy applications are likely to entirely replace 

tumour profiling and imaging approaches in the clinical assessment of patients with cancer. 

Most notably, the fraction of tumour-derived DNA present in blood plasma samples is 

typically much lower than that present in tumour tissues, thus indicating a need for modified 

sample preparation methods and much deeper sequence coverage to achieve sufficient 

sensitivity for low-frequency mutations that might approach a frequency similar to that of 

background sequencing errors. This issue is especially pertinent for patients with early stage 

disease, as studies have shown that both tissue site and tumour stage lead to differential 

levels of cfDNA in the circulation134. Furthermore, while several successful examples have 

been reported135,136, the clinical use of liquid biopsies for the reliable detection of minimal 

residual disease and the diagnosis of cancer during the early stages of disease are likely to 

prove even more challenging. Unique molecular indexing approaches to sequence library 

construction have been adapted for this purpose, and this method enables the suppression of 

base-calling errors via the generation of collapsed error-free consensus sequences137–139. 

However, this approach requires ultra-high-depth sequencing to produce a sufficient number 

of replicate reads from each cfDNA fragment and might, therefore, become prohibitively 

expensive without reductions in panel size and/or sequencing costs. Additional technological 

improvements, enabling liquid biopsy samples to be analyzed with increased levels of 

sensitivity, will likely be required, or indeed, non-sequencing-based approaches to such 

analysis (such as droplet-digital PCR) might also provide benefits, among others, in terms of 
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cost and sensitivity. Comparisons with the results of conventional imaging-based 

investigations will be important to establishing the utility and clinical benefit of liquid 

biopsy approaches in patients with cancer.

The likelihood of progress in clinical genomics is affected by several attendant challenges. 

First, the current clinical implementation of cancer genomics has largely been limited to 

academic tertiary cancer centres that provide cutting-edge clinical cancer care. In the USA, 

only a small minority of patients with cancer receive treatment at these centres. In fact, 

approximately 80% of patients with cancer in the USA are treated locally at community 

hospitals where the practicing oncologists have little or no access to advanced genomic 

testing, let alone the training or expertise required to successfully interpret the results of 

such assays in determining treatment options for their patients. This reality effectively limits 

the access of most patients to the clinical benefits that genomic tests can provide and creates 

a vexing problem that has yet to be solved. Second, big data analytics-based efforts that 

combine genomic data with treatment and outcomes data across multiple studies have the 

ability to transform the treatment of the disease, although this potential is limited when data 

are not broadly shared. Data sharing has emerged as a cornerstone of the NCI Blue Ribbon 

Panel report from the Cancer Moonshot Initiative, as advocated in 2016 by Vice President 

Biden140. In response to the call for broader data sharing, several big-data initiatives such as 

the NIH Genomic Data Commons, the AACR Project GENIE, and the Global Alliance for 

Genomics and Health have been established in an attempt to centralize and standardize 

cancer genomic data and accelerate progress towards identifying improved therapeutic 

strategies41,141,142. Challenges clearly remain in harmonizing the genomic results obtained 

using different sequencing platforms with unique bioinformatics pipelines and filtering 

criteria, although optimal data sharing will ultimately be essential for the identification of 

novel genomic targets and predictive biomarkers. We anticipate that these efforts, along with 

the innovations described above, will serve to further establish a critical role of genomics-

based techniques in the diagnosis and treatment of patients with cancer.

Conclusions

In conclusion, genomics-based assays are increasingly being utilized as a component of 

evidence-based diagnosis that can inform the care of patients with cancer. Emerging 

applications will expand the use of N GS-based diagnostics in cancer medicine, although 

such applications are likely to create attendant challenges that will require innovative 

approaches to ensure reproducibility, expand access, and educate providers.
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Key points

• Genomic assays that enable the characterization of the somatic and germline 

defects in individual tumour samples are increasingly being used in clinical 

diagnostics as a means of identifying therapeutic options.

• Many technical and cost-associated considerations have a role in decision-

making processes regarding the implementation of cancer genomics assays 

into clinical practice.

• Genomic methods can reveal individual targetable alterations, mutational 

load, complex mutation signatures, and tumour-specific antigens, which 

might inform the utilization of targeted therapies, immune-checkpoint 

inhibitors, and personalized anticancer vaccines.

• The occurrence of shared targetable alterations across diverse tumour types 

has prompted new paradigms in the application of genomic profiling and the 

design of clinical trials.

• These assays increasingly provide information that is pertinent to clinical 

cancer care, although several important attendant challenges surround their 

implementation.
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Box 1

Obstacles to data sharing and data mining

Data sharing is crucial to enabling comprehensive data mining, evaluation of results, and 

the compilation of data to ensure the statistical significance of genomic findings, 

although considerable obstacles exist that will likely influence the ability to share and 

mine data, as illustrated here. These initiatives fall into three main categories: 

technology-associated obstacles, clinical data-associated obstacles, and practical or legal 

obstacles. Broadly speaking, the technology-related aspects of data sharing are made 

difficult by the incredible rate of improvement in next-generation sequencing (NGS) and 

computational analysis methods over the past 10 years. The obstacles to the sharing and 

mining of clinical data reflect the mismatch in sophistication between our ability to 

generate genomic data and our inability to store large amounts of clinical data in an 

accessible form owing to an absence of guidelines, shared language elements, and the 

other complications we have described. Various practical and legal obstacles can also 

pose substantial challenges to data sharing and reflect the need for a standardized 

language of consent and highlight the lack of consensus on how best to approach data 

privacy measures. NLP, natural language processing; WGS, whole-genome sequencing.

NLP, natural language processing; WGS, wholegenome sequencing
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Fig. 1. Clinical utility of genomic assays in cancer care.
Following the introduction of next-generation sequencing (NGS)-based assays, and 

reflecting rapid progress in cancer biology and therapeutics, clinical NGS-based diagnostic 

assays have achieved clinical utility owing to the ability of their results to direct therapeutic 

decision-making. BRCA, breast cancer susceptibility protein; HRD, homologous 

recombination deficiency; PARP, poly(ADP-ribose) polymerase; Pol E, DNA polymerase-ε. 
aCan be germ line or somatic alterations and have the same treatment indication regardless 

of the origins of the alteration.
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Fig. 2. Clinical trial designs invoking cancer genomics assays.
Two basic clinical trial designs for the testing of genomically targeted cancer therapies have 

emerged. a | Basket trials place all patients with tumours expressing the same genomic target 

into the same ‘basket, enabling patients to receive a matched targeted therapy. b | Umbrella 

trials involve the investigation of multiple targeted therapies and the enrolment of specific 

groups of patients into different trials according to their tumour genotype. In both types of 

trials, a next-generation sequencing assay that enables the detection of many targetable 

alterations can provide information enabling patients to be included into one of multiple trial 

cohorts available within a cancer centre. Figure adapted from REF143, NRC Research Press, 

CC-BY-4.0 (https://creativecommons.org/licenses/by/4.0/).
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Fig. 3. NGS-based neoantigen discovery.
Neoantigen discovery is pursued using next-generation sequencing (NGS) data from 

comparisons of tumour DNA with nontumour genomic DNA obtained from the same patient 

to identify the presence of somatic variants with the potential to alter amino acid sequences 

in the resulting protein. As illustrated in step 1, tumour and nontumour hybrid-capture 

exome NGS data are generated, as are RNA sequencing data from the tumour isolate. In step 

2, computational predictions of the presence of somatic variants are made using the 

appropriate algorithms, and these predictions are parsed into the resulting novel peptides, 

along with the calculated HLA haplotypes, and then evaluated by a neoantigen predictor 

(step 3). These processes are followed by sequence integration (step 4), which culls the 
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potential neoantigen list using cross-comparisons with RNA sequencing data, including 

evidence of expression, and finally, quality filtering steps (step 5) eliminate known false 

positive results (such as hypothetical proteins) to produce a final neoantigen prediction list. 

Neoantigens can be validated using enzyme-linked immunospot (ELISPOT) assays or other 

approaches (step 6), although this validation step is not always pursued, especially when few 

candidates exist or a short turnaround time is essential. The design of antitumour vaccines 

can involve many different approaches, including long (~20 mer) or short (8–11 mer) 

peptides, RNA-based or DNA-based vaccines, or dendritic cell vaccines. MHC, major 

histocompatibility complex; TCR, T cell receptor. Figure is adapted from images courtesy of 

J. Hundal, Washington University School of Medicine in St Louis, MO, USA, and K 

Campbell, Washington University in St Louis, MO, USA.
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Fig. 4. Liquid biopsy assays enable the monitoring of genomic alterations present in circulating 
tumour DNA.
The findings of genomic characterizations comparing tumour and nontumour DNA can 

inform the design and use of liquid biopsy-based approaches. These directed assays enable 

the detection and comparison of somatic mutations present in circulating tumour DNA 

(ctDNA) during treatment and over time, in comparison with a baseline tumour DNA sample 

taken after diagnosis and before tumour resection. Liquid biopsy results can then be 

compared to those obtained using conventional imaging-based approaches to disease 

monitoring for the potential to detect recurrent disease or emerging therapy resistance (only 

when specific resistance-conferring genotypes are known). NGS, next-generation 

sequencing. Figure is adapted from image courtesy of N. Rosenfeld, Cancer Research UK 

Cambridge Institute, UK, and D. Tsui, Memorial Sloan Kettering Cancer Center, NY, USA.
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