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Abstract
Modern cancer genomics has emerged from the combination of the Human
Genome Reference, massively parallel sequencing, and the comparison of
tumor to normal DNA sequences, revealing novel insights into the cancer
genome and its amazing diversity. Recent developments in applying our
knowledge of cancer genomics have focused on the utility of these data for
clinical applications. The emergent results of this translation into the clinical
setting already are changing the clinical care and monitoring of cancer patients.
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Introduction
Even before we knew of DNA’s role in determining cellular function and biology, even before we knew chromosomes were made
of DNA, there was speculation that the source of cancer somehow
was determined by profound changes in the chromosomes1. Early
pioneers in cancer genomics, such as Janet Rowley (cited in this
review), provided substantial evidence of a role for the genome in
cancer’s development by observing microscopically that patients
with specific subtypes of leukemia shared specifically altered
chromosomes2–4. Initially, these chromosomal translocations were
used to provide diagnostic evidence of the specific subtype, and as
our characterization of these translocations became more precise,
the fusion gene drivers of oncogenesis such as BCR-ABL and PMLRARα were identified and defined according to their mechanisms.
Ultimately, several of the recurrent genomic events in hematologic
malignancies have been targeted by highly specific and effective
therapies, rendering them manageable from a clinical standpoint
and permitting patients either to survive cancer as a chronic disease,
especially with the development of specific second- and third-line
therapies that address acquired resistance mutations in the targeted
fusion proteins, or to be cured outright (for example, approximately
94% of patients with acute promyelocytic leukemia are cured by
all-trans retinoic acid or arsenic consolidation therapies).
As the Human Genome Project drew to a close in the early 2000s,
scientists had a template or keystone with which they could compare and characterize changes to the genome in disease states such
as cancer5. Initially, however, sequencing technology did not permit the sequencing of the entire genome at reasonable cost and
throughput, so several groups began to design pipelines for highthroughput polymerase chain reaction (PCR) amplification and
sequencing of known cancer genes in an effort to catalogue cancerspecific (“somatic”) mutations. During this same time frame, pharmaceutical companies began to perform clinical trials of drugs for
solid tissue malignancies in major cancer centers that targeted specific proteins or protein families thought to be drivers of oncogenesis.
In some but not all cases, these tyrosine kinase inhibitors (TKIs)
were highly successful at achieving dramatic reductions of tumor
burden in some (but not all) advanced metastatic patients. Given
these remarkable results and the differential patient responses,
focused efforts began to identify whether specific mutations could
be correlated with response. In 2004, three groups published independently that, in non-small cell lung adenocarcinomas (NSCLCs),
approximately 80% of responders to TKI therapy could be correlated with patients having mutations in the tyrosine kinase domain
of the epidermal growth factor receptor (EGFR)6–8. As remarkable
as these responses were, patients frequently relapsed, often with
more aggressive and widespread disease after several months of
treatment. As initially defined by Engelman and colleagues, these
examples of acquired resistance to targeted therapy were due to new
mutations in EGFR that conferred a lack of response to the TKIs
because of reduced binding affinity9.
In the midst of these efforts to catalogue the mutations in cancer
genes, transformative sequencing technologies were emerging. Socalled “massively parallel” sequencing (MPS) technologies, they
coupled the molecular biology of polymerase-catalyzed sequencing with light-based detection to report the incorporated nucleotides

for each of several hundred thousand sequencing reactions taking
place simultaneously10,11. These technologies further streamlined
the sequencing library preparation steps and permitted pooled PCR
products to be sequenced in the same instrument run, thereby accelerating throughput, reducing sequencing costs, and introducing a
“digital” type of data that sequenced individual DNA molecules
(after in situ amplification). Although these platforms introduced
new challenges into data analysis based on the initially short reads
relative to capillary sequencers, early efforts12–15 defined methods
for whole genome sequencing of tumor and normal genomes and
their comparison in order to identify somatic mutations in an unbiased way. A “middle ground” between directed PCR of genes and
whole genome sequencing was developed and reported by several groups to capture by hybridization the exonic portion of the
genome (“exome”), providing a more conscripted yet easier to
analyze and interpret subset of the genome16–18. What has followed
during the time period from around 2009 to the present is largescale discovery, by MPS-based methods, of somatic alterations in
thousands of cancer genomes, including comparisons of the tissue
site-specific range and diversity of mutational load genome-wide19,
the identification of phenomena such as chromothripsis20 and
kataegis21, and a broad-based recognition that cancer genomes find
myriad and different ways to create themselves.
Several early studies pioneered the notion of using high-depth digital MPS-based sequencing and clustering of mutation sites with
shared variant fractions of reads to evaluate the changes in clonal
heterogeneity that occur between primary and metastatic or recurrent disease22,23. Recent comparisons of this type have explored
changes to the cancer genome in the transition from treatment-naïve
to post-therapy recurrent disease24–29. One challenge that has limited
these types of studies in solid tissue malignancies has been the difficulty in obtaining post-treatment biopsies, which often cannot be
obtained as the standard of care and/or may have associated risk or
morbidities.
Given the range and scope of discovery that have taken place over
the past five years, a basic understanding of the tumor genome landscape has been defined for most of the prevalent tumor types and a
few rare ones as well. There is ample evidence that, given this body
of knowledge and pertinent clinical questions that may be further
informed by genomics, the clinical translation of genomics is an
obvious next step. This review will focus on three pertinent aspects
of clinical translation for cancer genomics in an effort to highlight
the trends and add evidence from the existing body of translational
work that genomics already is impacting and will continue to impact
on cancer medicine.

Tumor evolution and changes in genomic heterogeneity
Several groups have built upon early studies and methods that evaluated deep coverage at mutation sites to build models of founder and
subclonal cell population genotypes. As mentioned, recent studies
have focused on the comparison of primary with metastatic or of
treatment-naïve with recurrent post-treatment tumors. The comparisons of primary with metastatic disease in solid tissue malignancies
have illustrated the persistence of the founder or trunk mutations
into metastases, with new mutations being acquired in different metastatic sites. These studies30–32 build upon, but somewhat
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differ in their conclusions when compared with, the earlier work by
Gerlinger and colleagues33, who reported comparisons of primary
with metastatic renal cell carcinomas.
Similar studies have evaluated treatment-naïve to recurrent disease
in the setting of DNA-damaging chemotherapy, establishing a
mutational “signature” in the recurrent disease setting that defines
the resulting DNA damage and results in an elevated mutation rate.
Our early work describing this result in recurrent acute myeloid
leukemias22 was recently followed by a study of post-temozolomidetreated pediatric gliomas, illustrating a profound increase in the
number of mutations from exome sequencing-based comparisons34.
In both cases, the emergent disease has a mutational landscape
akin to carcinogen-associated mutational processes, such as those
observed in lung cancer due to smoking or in melanomas due to
ultraviolet (UV) exposure. Another study of platinum-resistant
high-grade serous ovarian cancer has identified post-therapy resistance signatures akin to BRCA (breast cancer, early onset)-associated
mismatch repair (MMR) defects35 or, in a minority of samples,
the apolipoprotein B mRNA editing enzyme-related (APOBEC)
defects36. However, the predominant impact in high-grade serous
ovarian disease for platinum resistance appears to be due to gene
breakage defects at tumor suppressor loci, discernable only by the
integration of whole genome and transcriptome data performed in
this study35. Interestingly, the sequencing results revealed a higher
mutational burden measured as single-nucleotide variants and insertion-deletion variants when comparing the platinum-resistant recurrent tumor cells derived from ascites fluid with the primary tumor.
A significant relationship between the number of non-coding mutations and the numbers of courses of platinum-based chemotherapy
the patient received also was described.
Recent genomic comparisons of matched treatment-naïve
disease with post-therapy recurrent tumors have mainly studied
patients emerging with acquired resistance to targeted therapy
treatment24,37,38. The results have elucidated the nature and types
of mutations that are conferring therapy resistance and give rise
to the hope that pinpointing the genomic source(s) of acquired
resistance to targeted therapies might be more straightforward and
less complicated than to chemotherapies. In one report regarding
the genomics of therapy-resistant EGFR-mutated NSCLCs, the
mechanism for a rarely observed transition of NSCLCs into small
cell lung carcinoma was elucidated as being due to loss of RB1,
solving a long-standing puzzle39.
Therefore, it is important to understand the genomic alterations
that might lead to treatment resistance, where possible. When these
alterations are identified as the means by which the tumor cells
can evade the mechanism of therapeutic action, real-time bloodbased monitoring for the rise and fall of the acquired resistance
alteration(s) may be possible. This genomics application addresses
the difficulty of obtaining recurrent tumor biopsy material for
genomic testing. Often, the sensitivity of blood-based monitoring
or “liquid biopsy” over imaging-based detection of recurrent tumor
growth is quite desirable as well. In the next section, the concepts
and practices of liquid biopsy will be addressed as a means of introducing this alternative approach to tumor progression and treatment
response monitoring.

Liquid biopsy
Although some of the cancer genomics discovery work that was discussed above has contributed substantially to our understanding of
the genomic relationships between primary and metastatic disease
in the same patient, the reality is that obtaining a metastatic resection or biopsy sample is often not the standard of care and therefore
is not reimbursable by private insurance payors. Beyond these practical considerations, metastases can be inaccessible and therefore
difficult to sample. Small studies of multiple metastatic lesions have
indicated that there are differences in the genomes of metastases in
different sites that must be considered in tracking the progression
or stability of the cancers present in the individual. There also can
be associated morbidity and risk with biopsy procedures that diminish the enthusiasm of study participants to undergo the procedure.
Suffice it to say that a proxy for detecting solid tumor progressionassociated changes is badly needed in cancer medicine.
In this regard, an opportunity may be present in assays referred to collectively as “liquid” or blood-based biopsy, whereby a blood sample
is obtained from a patient at diagnosis and compared with sequential temporal blood samples obtained during treatment for the purposes of monitoring tumor burden, often as a function of response
to therapy40–45. From these blood samples, one can study the DNA
shed from tumors as cells turn over, in the form of mutation-specific
assays of circulating free DNA (cfDNA), or DNA from isolated
circulating tumor cells (CTCs) or from tumor-derived exosomes.
Each approach has its own nuances, including specialized isolation
approaches and assay types, as follows. CTCs are rare cell types
that can be isolated from the blood and indeed may fluctuate in
their prevalence and representation of the mutational landscape
according to disease stage, tissue site, and other factors required for
isolation such as cell surface markers46–48. Typically CTCs require
specialized instrumentation to isolate, of which several types are
available commercially, any one of which may be more applicable
to different tumor types. Also, the rarity of CTCs requires higher
amounts of blood input, which can impose a practical/clinical limitation. After isolation and cell lysis, whole genome amplification
of CTC DNA is followed by whole genome, exome, or targeted
sequencing. cfDNA, by contrast, requires isolation from plasma
within a few hours of blood draw to minimize degradation and varies in amount according to disease stage and tissue site. Mutational
assay of cfDNA requires focused PCR of known or suspect mutations, due to the degraded state of tumor DNA in the circulation,
followed by high-depth sequencing to overcome the background
of cfDNA provided by normal cell apoptosis49–51. Exosomes, which
are small (950–1000 μm) vesicles containing DNA, RNA, and protein components from apoptotic tumor cells, also are shed at lower
amounts by normal cells. Owing to the contents of exosomes, evaluation may occur by multiple assay types to identify DNA, RNA,
or protein related to tumor monitoring. There are several different
isolation procedures for obtaining purified exosomes from blood,
ranging from low-throughput differential ultracentrifugation to
size- or affinity-based purification52.
Regardless of the type of blood biopsy, there is increasing evidence
that this approach will be broadly applicable to monitoring patient
response to neo-adjuvant therapy, to surgery, or to surgery followed
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by chemo-, radiation, or targeted therapy. With the genomic characterization of acquired resistance mutations arising in the targeted
therapy setting, precise mutational analyses can detect patients
who are developing acquired resistance in a much more sensitive
way than by conventional imaging, which can often be misleading regarding objective response to a therapeutic intervention51.
Depending upon the approach, blood-based monitoring also is
quite rapid and inexpensive relative to imaging, yet more studies
are required to fully understand its applicability and limitations.

Immunogenomics
Immunogenomics is a somewhat broad term that refers to numerous genomics-based inquiries that (1) may assay specific immune
components in their interaction with established cancers, (2) may
indicate the likelihood of a tumor to respond to immunotherapy, or
(3) may be used to design personalized vaccines for individual
patients deemed likely to respond to an immune modulatory therapy. Much of the foundational work in immunogenomics stems
from studies of melanoma, a tumor type long recognized as having
extensive immune system interactions53,54. Sequencing of DNA isolated from melanomas has defined the signature of UV-associated
DNA damage55 and has identified that melanomas have overall one
of the highest mutation rates of any tumor type, as a result of UV
damage19,56. In 2010, the first results of clinical trials in melanoma
testing a new class of immunotherapeutic, called “checkpoint blockade immunotherapy”, were announced, showing dramatic responses
in some advanced metastatic patients57. In 2011, the US Food and
Drug Administration (FDA) approved the use of anti-CTLA4 immunotherapy (ipilimumab or Yervoy™; Bristol-Myers Squibb Company, New York, NY, USA) for the treatment of metastatic melanoma.
Subsequent FDA approvals have been granted for immunotherapies
targeting another checkpoint blockade protein, PD1, in melanoma
(nivolumab and pembrolizumab). These therapies have expanded
into single-agent clinical trials of other cancer sites, including nonsmall cell lung and bladder cancers, and also are showing significant response rates when used in combination58–60. Nivolumab was
recently approved by the FDA for previously treated advanced or
metastatic NSCLCs. Like melanomas, these tumors are associated
with the carcinogens in cigarette smoke and have a correspondingly
high mutation rate across the genome. Whether combination checkpoint blockade therapies in smoker-associated lung adenocarcinomas will have increased efficacy as seen in melanomas remains to
be tested.
Studies of mouse models of sarcomas induced by a chemical carcinogen, methylcholanthrine (MCA), have been used to study the
interaction between the immune system and cancer61. A genomic
study of these mouse model tumors revealed an MCA-specific
mutational signature and a high mutational load. Combined exome
sequencing with neoantigen prediction algorithms (based on major
histocompatibility complex [MHC] binding avidity comparing
mutated to wild-type peptides) identified those tumor-specific
mutant antigens (TSMA) or “neoantigens” that were specifically
targeted by the immune system to effect elimination of growing
tumors62. More recently, this MCA model and the same genomicsbased approach were used to demonstrate that TSMA were also
the proteins targeted by anti-CTLA4 or anti-PD1 antibodies, and
importantly that synthetic peptides corresponding to TMSA could
be used as a prophylactic or therapeutic vaccine63.

In human cancers, exome sequencing and neoantigen prediction
have now characterized that patients with melanoma who responded
to anti-CTLA4 checkpoint blockade have a high number of nonsynonymous mutations64. Similar results were described on the
basis of only exome sequencing data for lung cancer patients with
anti-PD1 responses65, for bladder cancer and other high mutational
load cancers with anti-PD-L1 responses66,67, and recently for MMRdeficient colon and other MMR-deficient cancers treated with antiPD1 therapy68. These results, though exciting, raise the issue of
whether this high mutation rate is a biomarker of sorts for gauging
which patients will respond to these therapies. Likely, it is more
complicated since even in the small number of MMR-deficient
patients who received anti-PD1 therapy, there were a small number
of non-responders. To state the question in another way, will all
tumors with a significant mutational load respond to checkpoint
blockade? Or should the mutations be further evaluated algorithmically for their antigenic potential as neoantigens? How does the
predictive quality of mutational load characterization or neoantigen load compare with immunohistochemistry-based evaluation
of PD1 and PD-L1 protein expression? These open questions
require further study and the requisite comparisons of predictive
power. Regardless of the answers, the notion that the mutational
load of non-synonymous mutations in the tumor exome can predict
therapeutic response fundamentally changes our definition of an
“actionable mutation”.
Using an analytical approach similar to that described above for the
MCA mouse models to predict neoantigens, we combined exome
sequencing with algorithmic prediction of MHC binding to compare
tumor-unique peptides with their wild-type counterparts in a small
clinical trial of patients with melanoma. This approach identified the
neoantigens most likely to stimulate tumor-specific T cells, which
were further evaluated for RNA expression of the mutant alleles and
then evaluated with patient-derived immune components in vitro.
The neoantigenic peptides were synthesized and used to condition
patient-derived dendritic cells to create personalized vaccines for
three patients69. In all three patients receiving vaccines and postvaccine monitoring to date, three of the seven tumor-specific peptides elicited a T-cell response that was measurable after vaccination.
In determining the neoantigens to include in each patient’s vaccine,
we evaluated inter-metastatic heterogeneity by producing exome
sequencing from multiple biopsies in two of the three patients. We
also used T-cell receptor-specific PCR and MPS to characterize the
resulting T-cell repertoire from blood. Here, we determined that for
the three peptides eliciting an enhanced T-cell expansion in each
patient, the T-cell receptor repertoire was very diverse, representing multiple clonotypes. These studies demonstrate how cancer
genomics-based approaches are being used to characterize the mutational load of tumors that do or do not respond to checkpoint blockade immunotherapies or to design personalized immunotherapies
and monitor the resulting T-cell repertoire in vaccinated patients.

Future forward
Cancer genomics has progressed dramatically in its application to
clinical questions of cancer care in just a few short years. This translational trajectory has been demonstrated in several ways. Firstly,
the use of deep sequencing and analysis to evaluate the evolution
of cancers via clonal heterogeneity changes has revealed important information about the nature of acquired resistance to targeted
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therapies and chemotherapies. Secondly, the concept of tracking
emerging resistance to therapy has led to the notion of blood-based
monitoring via “liquid biopsy” as a sensitive and inexpensive proxy
for tumor response. Thirdly, a surprising application for cancer
genomics has emerged from studies of the immune system’s interaction with cancer, supporting the notion that mutational load via
genomics may be a predictor of response to checkpoint blockade
therapy. Importantly, if mutational or neoantigen load is a predictor of checkpoint blockade response, we may, in our clinical use
of DNA-damaging chemotherapy as the standard of care for many
patients, be creating an opportunity to use immunotherapies as a
second-line therapeutic approach. This is predicted by genomic
studies of post-therapy recurrent tumors or metastases that indicate
a signature of DNA damage and a correspondingly higher mutation
rate resulting from DNA-damaging chemotherapies22,34.
Genomics also is contributing to personalized vaccine development
efforts by identifying tumor-specific neoantigens that potentially can

stimulate T-cell memory against cancer cells. Though still in development, the vaccine “angle” provided by genomics may provide an
important possibility to cancer patients who have exhausted other
treatment approaches, including other types of immunotherapy.
Although cancer remains a significant and as-yet-unsolved disease,
modern cancer genomics is contributing to clinical diagnosis and
to therapeutic decision-making. Taken together, impactful clinical
translational efforts involving cancer genomics should continue for
some time to come. It will be exciting to see the results!

Competing interests
The author declares that she has no competing interests.
Grant information
The author(s) declared that no grants were involved in supporting
this work.

F1000 recommended

References
1.

Boveri T: Zur frage der entstehung maligner tumoren. Fischer Verlag. 1914.
Reference Source

2.

Rowley JD: The relationship of chromosomal abnormalities to neoplasia. Adv
Pathobiol. 1976; 4: 67–73.
PubMed Abstract

3.

4.

tumour profiled at single nucleotide resolution. Nature. 2009; 461(7265): 809–13.
PubMed Abstract | Publisher Full Text
15.

Lindgren V, Rowley JD: Comparable complex rearrangements involving 8;21
and 9;22 translocations in leukaemia. Nature. 1977; 266(5604): 744–5.
PubMed Abstract | Publisher Full Text

Stephens PJ, McBride DJ, Lin ML, et al.: Complex landscapes of somatic
rearrangement in human breast cancer genomes. Nature. 2009; 462(7276):
1005–10.
PubMed Abstract | Publisher Full Text | Free Full Text

16.

Rowley JD, Golomb HM, Dougherty C: 15/17 translocation, a consistent
chromosomal change in acute promyelocytic leukaemia. Lancet. 1977; 1(8010):
549–50.
PubMed Abstract | Publisher Full Text

Bainbridge MN, Wang M, Burgess DL, et al.: Whole exome capture in solution
with 3 Gbp of data. Genome Biol. 2010; 11(6): R62.
PubMed Abstract | Publisher Full Text | Free Full Text

17.

Hodges E, Xuan Z, Balija V, et al.: Genome-wide in situ exon capture for
selective resequencing. Nat Genet. 2007; 39(12): 1522–7.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

18.

Gnirke A, Melnikov A, Maguire J, et al.: Solution hybrid selection with ultra-long
oligonucleotides for massively parallel targeted sequencing. Nat Biotechnol.
2009; 27(2): 182–9.
PubMed Abstract | Publisher Full Text | Free Full Text

19.

Alexandrov LB, Nik-Zainal S, Wedge DC, et al.: Signatures of mutational
processes in human cancer. Nature. 2013; 500(7463): 415–21.
PubMed Abstract | Publisher Full Text | Free Full Text

20.

Stephens PJ, Greenman CD, Fu B, et al.: Massive genomic rearrangement
acquired in a single catastrophic event during cancer development. Cell. 2011;
144(1): 27–40.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

21.

Nik-Zainal S, Alexandrov LB, Wedge DC, et al.: Mutational processes molding
the genomes of 21 breast cancers. Cell. 2012; 149(5): 979–93.
PubMed Abstract | Publisher Full Text | Free Full Text

22.

Ding L, Ley TJ, Larson DE, et al.: Clonal evolution in relapsed acute myeloid
leukaemia revealed by whole-genome sequencing. Nature. 2012; 481(7382):
506–10.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

23.

Ding L, Ellis MJ, Li S, et al.: Genome remodelling in a basal-like breast
cancer metastasis and xenograft. Nature. 2010; 464(7291): 999–1005.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

24.

Juric D, Castel P, Griffith M, et al.: Convergent loss of PTEN leads to clinical
resistance to a PI(3)Kα inhibitor. Nature. 2015; 518(7538): 240–4.
PubMed Abstract | Publisher Full Text | Free Full Text

25.

Wagle N, Van Allen EM, Treacy DJ, et al.: MAP kinase pathway alterations in
BRAF-mutant melanoma patients with acquired resistance to combined RAF/
MEK inhibition. Cancer Discov. 2014; 4(1): 61–8.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

26.

Goetz EM, Ghandi M, Treacy DJ, et al.: ERK mutations confer resistance to
mitogen-activated protein kinase pathway inhibitors. Cancer Res. 2014; 74(23):
7079–89.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

5.

Consortium IHGS. Finishing the euchromatic sequence of the human
genome. Nature. 2004; 431(7011): 931–45.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

6.

Pao W, Miller V, Zakowski M, et al.: EGF receptor gene mutations are common
in lung cancers from “never smokers” and are associated with sensitivity
of tumors to gefitinib and erlotinib. Proc Natl Acad Sci U S A. 2004; 101(36):
13306–11.
PubMed Abstract | Publisher Full Text | Free Full Text

7.

Paez JG, Jänne PA, Lee JC, et al.: EGFR mutations in lung cancer: correlation
with clinical response to gefitinib therapy. Science. 2004; 304(5676): 1497–500.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

8.

Lynch TJ, Bell DW, Sordella R, et al.: Activating mutations in the epidermal
growth factor receptor underlying responsiveness of non-small-cell lung
cancer to gefitinib. N Engl J Med. 2004; 350(21): 2129–39.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

9.

Sequist LV, Waltman BA, Dias-Santagata D, et al.: Genotypic and
histological evolution of lung cancers acquiring resistance to EGFR inhibitors.
Sci Transl Med. 2011; 3(75): 75ra26.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

10.

Mardis ER: A decade’s perspective on DNA sequencing technology. Nature.
2011; 470(7333): 198–203.
PubMed Abstract | Publisher Full Text

11.

Mardis ER: Next-generation sequencing platforms. Annu Rev Anal Chem (Palo
Alto Calif). 2013; 6: 287–303.
PubMed Abstract | Publisher Full Text

12.

Ley TJ, Mardis ER, Ding L, et al.: DNA sequencing of a cytogenetically
normal acute myeloid leukaemia genome. Nature. 2008; 456(7218): 66–72.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

13.

Mardis ER, Ding L, Dooling DJ, et al.: Recurring mutations found by sequencing
an acute myeloid leukemia genome. N Engl J Med. 2009; 361(11): 1058–66.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

14.

Shah SP, Morin RD, Khattra J, et al.: Mutational evolution in a lobular breast

Page 5 of 7

F1000Research 2015, 4(F1000 Faculty Rev):1162 Last updated: 25 MAY 2016

27.

Van Allen EM, Wagle N, Sucker A, et al.: The genetic landscape of clinical
resistance to RAF inhibition in metastatic melanoma. Cancer Discov. 2014; 4(1):
94–109.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

28.

Ahronian LG, Sennott EM, Van Allen EM, et al.: Clinical Acquired Resistance
to RAF Inhibitor Combinations in BRAF-Mutant Colorectal Cancer through
MAPK Pathway Alterations. Cancer Discov. 2015; 5(4): 358–67.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

29.

Katayama R, Friboulet L, Koike S, et al.: Two novel ALK mutations mediate
acquired resistance to the next-generation ALK inhibitor alectinib. Clin Cancer
Res. 2014; 20(22): 5686–96.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

30.

de Bruin EC, McGranahan N, Mitter R, et al.: Spatial and temporal diversity
in genomic instability processes defines lung cancer evolution. Science. 2014;
346(6206): 251–6.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

31.

Zhang J, Fujimoto J, Zhang J, et al.: Intratumor heterogeneity in localized
lung adenocarcinomas delineated by multiregion sequencing. Science. 2014;
346(6206): 256–9.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

32.

Murugaesu N, Wilson GA, Birkbak NJ, et al.: Tracking the genomic evolution
of esophageal adenocarcinoma through neoadjuvant chemotherapy. Cancer
Discov. 2015; 5(8): 821–31.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

33.

Gerlinger M, Rowan AJ, Horswell S, et al.: Intratumor heterogeneity and
branched evolution revealed by multiregion sequencing. N Engl J Med. 2012;
366(10): 883–92.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

34.

Johnson BE, Mazor T, Hong C, et al.: Mutational analysis reveals the origin and
therapy-driven evolution of recurrent glioma. Science. 2014; 343(6167): 189–93.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

35.

Patch AM, Christie EL, Etemadmoghadam D, et al.: Whole-genome
characterization of chemoresistant ovarian cancer. Nature. 2015; 521(7553):
489–94.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

36.

Roberts SA, Lawrence MS, Klimczak LJ, et al.: An APOBEC cytidine
deaminase mutagenesis pattern is widespread in human cancers. Nat Genet.
2013; 45(9): 970–6.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

37.

Piotrowska Z, Niederst MJ, Karlovich CA, et al.: Heterogeneity Underlies
the Emergence of EGFRT790 Wild-Type Clones Following Treatment of T790MPositive Cancers with a Third-Generation EGFR Inhibitor. Cancer Discov. 2015;
5(7): 713–22.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

38.

Diaz LA Jr, Williams RT, Wu J, et al.: The molecular evolution of acquired
resistance to targeted EGFR blockade in colorectal cancers. Nature. 2012;
486(7404): 537–40.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

39.

Niederst MJ, Sequist LV, Poirier JT, et al.: RB loss in resistant EGFR mutant
lung adenocarcinomas that transform to small-cell lung cancer. Nat Commun.
2015; 6: 6377.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

40.

Newman AM, Bratman SV, To J, et al.: An ultrasensitive method for quantitating
circulating tumor DNA with broad patient coverage. Nat Med. 2014; 20(5): 548–54.
PubMed Abstract | Publisher Full Text | Free Full Text

41.

Chiu CG, Nakamura Y, Chong KK, et al.: Genome-wide characterization of
circulating tumor cells identifies novel prognostic genomic alterations in
systemic melanoma metastasis. Clin Chem. 2014; 60(6): 873–85.
PubMed Abstract | Publisher Full Text

42.

Leary RJ, Sausen M, Kinde I, et al.: Detection of chromosomal alterations in the
circulation of cancer patients with whole-genome sequencing. Sci Transl Med.
2012; 4(162): 162ra54.
PubMed Abstract | Publisher Full Text | Free Full Text

48.

Scher HI, Heller G, Molina A, et al.: Circulating tumor cell biomarker panel as
an individual-level surrogate for survival in metastatic castration-resistant
prostate cancer. J Clin Oncol. 2015; 33(12): 1348–55.
PubMed Abstract | Publisher Full Text | Free Full Text

49.

Murtaza M, Dawson SJ, Tsui DW, et al.: Non-invasive analysis of acquired
resistance to cancer therapy by sequencing of plasma DNA. Nature. 2013;
497(7447): 108–12.
PubMed Abstract | Publisher Full Text

50.

Forshew T, Murtaza M, Parkinson C, et al.: Noninvasive identification and
monitoring of cancer mutations by targeted deep sequencing of plasma DNA.
Sci Transl Med. 2012; 4(136): 136ra68.
PubMed Abstract | Publisher Full Text

51.

Montagut C, Siravegna G, Bardelli A: Liquid biopsies to evaluate early
therapeutic response in colorectal cancer. Ann Oncol. 2015; 26(8): 1525–7.
PubMed Abstract | Publisher Full Text

52.

Zeringer E, Barta T, Li M, et al.: Strategies for isolation of exosomes. Cold Spring
Harb Protoc. 2015; 2015(4): 319–23.
PubMed Abstract | Publisher Full Text

53.

Muul LM, Spiess PJ, Director EP, et al.: Identification of specific cytolytic
immune responses against autologous tumor in humans bearing malignant
melanoma. J Immunol. 1987; 138(3): 989–95.
PubMed Abstract

54.

Rosenberg SA, Packard BS, Aebersold PM, et al.: Use of tumor-infiltrating
lymphocytes and interleukin-2 in the immunotherapy of patients with metastatic
melanoma. A preliminary report. N Engl J Med. 1988; 319(25): 1676–80.
PubMed Abstract | Publisher Full Text

55.

Pleasance ED, Cheetham RK, Stephens PJ, et al.: A comprehensive
catalogue of somatic mutations from a human cancer genome. Nature. 2010;
463(7278): 191–6.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

56.

Hodis E, Watson IR, Kryukov GV, et al.: A landscape of driver mutations in
melanoma. Cell. 2012; 150(2): 251–63.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

57.

Hodi FS, O’Day SJ, McDermott DF, et al.: Improved survival with ipilimumab
in patients with metastatic melanoma. N Engl J Med. 2010; 363(8): 711–23.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

58.

Long GV, Stroyakovskiy D, Gogas H, et al.: Dabrafenib and trametinib versus
dabrafenib and placebo for Val600 BRAF-mutant melanoma: a multicentre,
double-blind, phase 3 randomised controlled trial. Lancet. 2015; 386(9992):
444–51.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

59.

Hu-Lieskovan S, Mok S, Homet Moreno B, et al.: Improved antitumor activity
of immunotherapy with BRAF and MEK inhibitors in BRAFV600E melanoma. Sci
Transl Med. 2015; 7(279): 279ra41.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

60.

Atefi M, Titz B, Avramis E, et al.: Combination of pan-RAF and MEK
inhibitors in NRAS mutant melanoma. Mol Cancer. 2015; 14: 27.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

61.

Schreiber RD, Old LJ, Smyth MJ: Cancer immunoediting: integrating immunity’s
roles in cancer suppression and promotion. Science. 2011; 331(6024): 1565–70.
PubMed Abstract | Publisher Full Text

62.

Matsushita H, Vesely MD, Koboldt DC, et al.: Cancer exome analysis
reveals a T-cell-dependent mechanism of cancer immunoediting. Nature. 2012;
482(7385): 400–4.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

63.

Gubin MM, Zhang X, Schuster H, et al.: Checkpoint blockade cancer
immunotherapy targets tumour-specific mutant antigens. Nature. 2014;
515(7528): 577–81.
PubMed Abstract | Publisher Full Text | Free Full Text

64.

Snyder A, Wolchok JD, Chan TA: Genetic basis for clinical response to
CTLA-4 blockade. N Engl J Med. 2015; 372(8): 783.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

65.

Rizvi NA, Hellmann MD, Snyder A, et al.: Cancer immunology. Mutational
landscape determines sensitivity to PD-1 blockade in non-small cell lung
cancer. Science. 2015; 348(6230): 124–8.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

66.

Herbst RS, Soria JC, Kowanetz M, et al.: Predictive correlates of response
to the anti-PD-L1 antibody MPDL3280A in cancer patients. Nature. 2014;
515(7528): 563–7.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

43.

Diehl F, Schmidt K, Choti MA, et al.: Circulating mutant DNA to assess tumor
dynamics. Nat Med. 2008; 14(9): 985–90.
PubMed Abstract | Publisher Full Text | Free Full Text

44.

Aung KL, Donald E, Ellison G, et al.: Analytical validation of BRAF mutation
testing from circulating free DNA using the amplification refractory mutation
testing system. J Mol Diagn. 2014; 16(3): 343–9.
PubMed Abstract | Publisher Full Text

45.

Dawson SJ, Tsui DW, Murtaza M, et al.: Analysis of circulating tumor DNA to
monitor metastatic breast cancer. N Engl J Med. 2013; 368(13): 1199–209.
PubMed Abstract | Publisher Full Text

67.

Powles T, Eder JP, Fine GD, et al.: MPDL3280A (anti-PD-L1) treatment leads
to clinical activity in metastatic bladder cancer. Nature. 2014; 515(7528): 558–62.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

46.

Krebs MG, Renehan AG, Backen A, et al.: Circulating Tumor Cell Enumeration
in a Phase II Trial of a Four-Drug Regimen in Advanced Colorectal Cancer. Clin
Colorectal Cancer. 2015; 14(2): 115–22.e1–2.
PubMed Abstract | Publisher Full Text

68.

Le DT, Uram JN, Wang H, et al.: PD-1 Blockade in Tumors with MismatchRepair Deficiency. N Engl J Med. 2015; 372(26): 2509–20.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

69.

47.

Hodgkinson CL, Morrow CJ, Li Y, et al.: Tumorigenicity and genetic profiling
of circulating tumor cells in small-cell lung cancer. Nat Med. 2014; 20(8): 897–903.
PubMed Abstract | Publisher Full Text | F1000 Recommendation

Carreno BM, Magrini V, Becker-Hapak M, et al.: Cancer immunotherapy.
A dendritic cell vaccine increases the breadth and diversity of melanoma
neoantigen-specific T cells. Science. 2015; 348(6236): 803–8.
PubMed Abstract | Publisher Full Text | Free Full Text | F1000 Recommendation

Page 6 of 7

F1000Research 2015, 4(F1000 Faculty Rev):1162 Last updated: 25 MAY 2016

Open Peer Review
Current Referee Status:
Editorial Note on the Review Process
F1000 Faculty Reviews are commissioned from members of the prestigious F1000 Faculty and are edited as a
service to readers. In order to make these reviews as comprehensive and accessible as possible, the referees
provide input before publication and only the final, revised version is published. The referees who approved the
final version are listed with their names and affiliations but without their reports on earlier versions (any comments
will already have been addressed in the published version).

The referees who approved this article are:
Version 1
1 Caroline Dive, Cancer Research UK Manchester Institute, Withington, Manchester, UK
Competing Interests: No competing interests were disclosed.
2 Timothy Triche, Children's Hospital Los Angeles, Los Angeles, CA, USA
Competing Interests: No competing interests were disclosed.

F1000Research
Page 7 of 7

