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Emerging concepts in liquid biopsies
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Characterizing and monitoring tumor genomes with blood samples could achieve significant improvements in precision
medicine. As tumors shed parts of themselves into the circulation, analyses of circulating tumor cells, circulating tumor
DNA, and tumor-derived exosomes, often referred to as “liquid biopsies’, may enable tumor genome characterization by
minimally invasive means. Indeed, multiple studies have described how molecular information about parent tumors can
be extracted from these components. Here, we briefly summarize current technologies and then elaborate on emerging
novel concepts that may further propel the field. We address normal and detectable mutation levels in the context of our
current knowledge regarding the gradual accumulation of mutations during aging and in light of technological
limitations. Finally, we discuss whether liquid biopsies are ready to be used in routine clinical practice.
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Background

As the concept of precision medicine in the field of cancer
management continues to evolve, so too do the challenges
and demands with regards to diagnosis, prognosis, and
prediction of treatment resistance [1, 2]. Although the dis-
covery of molecular agents able to target specific genomic
changes in metastatic cancer patients has revolutionized
patient care, tumor heterogeneity remains a daunting obs-
tacle for clinicians who need to optimize therapy regimens
based on an individual’s cancer genome [3]. Tissue biop-
sies, which still currently represent the standard of tumor
diagnosis, unfortunately only reflect a single point in time
of a single site of the tumor. Such a sampling method is
thus inadequate for the comprehensive characterization of
a patient’s tumor, as it has been demonstrated that various
areas within the primary tumor or metastases can in fact
harbor different genomic profiles [4]. The molecular gen-
etic diversity within a tumor can also alter over time, thus
rendering future treatment decisions based on historical
biopsy information potentially inaccurate and suboptimal
[5, 6]. Furthermore, a surgical biopsy procedure is
hampered by limited repeatability, patient age and comor-
bidity, costs, and time, potentially leading to clinical com-
plications. Despite these ongoing clinical issues, the
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advent of next-generation sequencing (NGS) technologies
has proven its value in the search for novel, more compre-
hensive and less invasive biomarkers in order to truly
realize the goals of cancer precision medicine [1].

Such minimally invasive tests, known as a “liquid biop-
sies” [7, 8], have gained plenty of traction in the last few
years and the method was even recently listed as a top ten
technology breakthrough in 2015 by the MIT Technology
Review (www.technologyreview.com/s/544996/10-break-
through-technologies-of-2015-where-are-they-now/). One
strategy of this approach takes advantage of circulating
free DNA (cfDNA) found in the plasma component of
blood to evaluate the current status of the cancer genome.
Since the discovery of the existence of cfDNA in 1948, nu-
merous research efforts have attempted to harness this
easily accessible and rich genetic information in the ci-
rculation of cancer patients. Furthermore, other co-
mponents, such as circulating tumor cells (CTCs) or
exosomes, have been intensively investigated. Herein, we
briefly summarize the current technologies and applica-
tions, the detection rates in the context of the number of
mutations that is normal for healthy individuals depend-
ing on their age, and the new technologies and emerging
concepts as well as existing challenges for liquid biopsy
applications. Finally, we will present our view as to when
the information from liquid biopsies will be reliable and
clinically applicable.
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Current technologies and applications

Here, we refer to technologies as “current” if they can be
viewed as established approaches reflected in several
publications describing their applicability. In contrast,
“emerging technologies” are novel ideas and concepts
for which proof-of-concepts or only a few applications
have been published. Current technologies applied in
liquid biopsy research have been extensively reviewed
[9-12] and we have therefore only briefly summarized
them herein.

Circulating tumor DNA (ctDNA)
Technologies based on the analysis of ctDNA can be
mainly classified as targeted or untargeted (Table 1). Tar-
geted approaches are used to analyze single nucleotide
mutations or structural chromosomal rearrangements in
specified genomic regions of plasma DNA and to esti-
mate the allelic frequency of a particular mutation
within a sample. For example, somatic mutation profil-
ing can be performed by quantitative or digital PCR.
Using digital PCR, ctDNA could be detected in > 75% of
patients with advanced cancers and in 48-73% of pa-
tients with localized tumors [13]. Although digital PCR-
based methods have demonstrated to have suitable clin-
ical sensitivity considering that digital PCR and BEAM-
ing (beads, emulsion, amplification, and magnetics) can
detect somatic point mutations at a sensitivity range of
1% to 0.001% [14], these technologies require prior
knowledge of the region of interest to detect known mu-
tations given the need for the PCR assay to be designed
accordingly. Furthermore, digital PCR is limited by scal-
ability for larger studies. In particular, chromosomal re-
arrangements have demonstrated an excellent sensitivity
and specificity [15, 16]. The PARE (personalized analysis
of rearranged ends) approach first requires the identifi-
cation of specific somatic rearrangements, ie., break-
points, found in the tumor followed by the development
of a PCR-based assay for the detection of these events in
cfDNA [15]. As these genomic rearrangements are not
present in normal human plasma or tissues unrelated to
the tumor, their detection has a high specificity and sen-
sitivity. A downside of this approach is that such rear-
ranged sequences must not be driver events and may get
lost during a disease course and therefore may not re-
flect the evolution of the tumor genome [15, 16].
Therefore, several NGS-based strategies have been de-
veloped not for targeting single or a few specific muta-
tions, but rather for selected, predefined regions of the
genome by employing gene panels. In principle, any gene
panel can be applied to cfDNA; however, in order to in-
crease resolution for mutations occurring with low allele
frequency, special technologies have been developed. TAm-
Seq (tagged amplicon deep sequencing) amplifies entire
genes by tiling short amplicons using a two-step
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Table 1 Summary of some current technologies, their main
applications, and some representative references

Approach Purpose Reference
Targeted ctDNA approaches

Digital PCR, BEAMing Detection of [13,14]
(beads, emulsion, specific

amplification, and magnetics) mutations

PARE (personalized analysis of Detection of [15, 16]

rearranged ends) specific
structural
chromosomal

rearrangements

Detection of [17,19, 22, 29, 60,
mutationsina  97]

predefined

gene panel

Gene panels, TAm-Seq

(tagged amplicon deep
sequencing), CAPP-Seq

(cancer personalized

profiling by deep sequencing),
Safe-SeqS (Safe-Sequencing System)

Untargeted ctDNA approaches

Whole-exome sequencing Analysis of all [20]
protein coding
genes; copy

number

alterations

Whole-genome sequencing Copy number  [21, 22, 24]
alterations;

dependent on

sequence

depth

identification of

mutations
Circulating tumor cells

Whole-exome sequencing Analysis of all
protein coding
genes; copy
number

alterations

[105, 106]

Whole-genome sequencing; array- [26, 34, 88, 106]

CGH
In situ RNA-FISH

Copy number
alterations

Detection of [37]
specific
transcripts

gRT-PCR Evaluation of  [40]
specific

transcripts

Microfluidics, Arrays Transcriptional ~ [35, 37, 38]
profiling

Exosomes

DNA Tumor genome  [45, 49]
profiling

RNA Transcription [45, 49]
profiling

Protein Protein marker  [50]

analysis

amplification and produces libraries tagged with sample-
specific barcodes [17]. Through this method, the detec-
tion of cancer-specific mutations down to allele
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frequencies as low as 2% and of known hotspot muta-
tions in EGFR and TP53 down to approximately 0.2%
has been reported [17, 18]. The CAPP-Seq (cancer per-
sonalized profiling by deep sequencing) method was ap-
plied to patients with non-small cell lung cancer
(NSCLC) and detected ctDNA in 100% of stage II-IV
NSCLC patients as well as in 50% of stage I patients
[19].

In contrast, untargeted approaches do not depend on
a priori knowledge and aim at a comprehensive analysis
of the tumor genome. One approach involves whole-
exome sequencing, which can be adopted for sequencing
of cfDNA for the identification of clinically actionable
mutations [20]. Whole-genome sequencing of plasma
DNA allows the comprehensive characterization of
structural variations and somatic copy number alter-
ations (SCNAs) [21-24]. These assays have similarities
to “digital karyotyping”, which involves digital enumer-
ation of observed so-called “tag sequences” from specific
genomic loci along each chromosome [25]. Such a read-
depth analysis by “tag-counting” has been the underlying
principle for the implementation of whole-genome se-
quencing approaches using plasma DNA to identify copy
number changes associated with tumor genomes [21, 22,
24, 26-29]. Interestingly, for SCNA applications, a shal-
low sequencing depth of approximately 0.1-0.2x is suffi-
cient for analyses [22].

Circulating tumor cells (CTCs)
A second approach to liquid biopsy research examines
whole tumor cells in the bloodstream, known as CTCs
[30, 31]. The first account of the existence of CTCs in
the blood came from Thomas Ashworth in 1869, much
earlier than the first mentioning of c¢fDNA, in which
he postulated that these cells might potentially shed
light onto the mystery behind metastases in an individ-
ual with cancer. Although a multitude of devices for
isolation of CTCs have been described [30, 32], only
the CellSearch system (Janssen Diagnostics) has been
approved by the FDA to date. Previously, it was
thought that enumeration of tumor cells in the blood
could be used alone as a barometer to measure the
level of aggressiveness of a particular cancer; however,
improvement of NGS and isolation methodologies has
allowed analyses of DNA and RNA from isolated cells
in order to gain insight into cancer driver genes
(Table 1). Since single-CTC analyses have provided
evidence of genetic heterogeneity at the level of an
individual cell, many studies have investigated their
diagnostic potential and application in cancer manage-
ment [33-39].

A strength of CTC analyses is that, as a single-cell ap-
proach, not only pure tumor DNA but also pure tumor
RNA can be obtained. This greatly facilitates the analyses
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of splice variants, which, for example, play an important
role in the development of resistance to androgen
deprivation therapies in men with prostate cancer [35, 40].

Exosomes
A third target of liquid biopsies involves exosomes,
which are circulating vesicles harboring nucleic acids
shed by living cells as well as tumors. Exosomes can
range from 30 to 200 nm in size and can be isolated
from plasma, saliva, urine, and cerebrospinal fluid as
well as from serum [41, 42]. The exosome field has
gained recent attention since several studies have dem-
onstrated that these actively released vesicles can func-
tion as intercellular messengers [43—46]. Since they are
stable carriers of DNA, RNA, and protein from the cell
of origin (Table 1), this makes them particularly attract-
ive as biomarkers of cancer. Tumor exosomes, in par-
ticular, have been linked to the stimulation of tumor cell
growth, immune response suppression, and induction of
angiogenesis [43], and have been shown to play a role in
metastasis [47, 48]. Because tumor cells actively shed
tens of thousands of vesicles a day, it has been estimated
that hundreds of billions of vesicles can be found in a
milliliter of plasma [45]. Moreover, exosomes can harbor
RNA with tumor-specific mutations [43, 45, 49] and
DNA originating from these vesicles can be used to de-
tect both gene amplifications and mutations [45, 49].
Importantly, exosomes may have the potential to detect
very early cancer stages, as recently shown in patients with
pancreatic cancer [50]. Using mass spectrometry analyses,
glypican-1 (GPC1) was identified as a cell surface proteo-
glycan, which was specifically enriched on cancer-cell-
derived exosomes. GPC1" circulating exosomes carried
specific KRAS mutations distinguishing healthy subjects
and patients with a benign pancreatic disease from pa-
tients with early- and late-stage pancreatic cancer. Fur-
thermore, these exosomes allowed the reliable detection
of pancreatic intraepithelial lesions at very early stages
despite negative signals by magnetic resonance imaging,
which may enable curative surgical interventions in this
otherwise dismal disease [50].

Mutation baseline value in healthy individuals

A great promise attributed to liquid biopsies is their pos-
sible potential to detect cancer early or even to detect
precursor lesions before clinical signs occur or before
sophisticated imaging systems are able to detect them.
However, a major problem is the number of somatic
mutations that occur in healthy individuals.

The question regarding what constitutes typical som-
atic variation and to what extent does it take form in
terms of phenotype has gained attention by recent land-
mark large-scale studies [51, 52]. Interestingly, it is pos-
sible for healthy individuals to harbor disadvantageous
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variants without exhibiting any apparent disease pheno-
type [51, 52]. In fact, the identification of rare homozy-
gotes that predicted loss of function genotypes revealed
that loss of most proteins is relatively harmless to the
individual [52]. The Exome Aggregation Consortium
study analyzed high-quality exome sequencing data from
60,706 individuals of diverse geographic ancestry and
identified 3230 genes highly intolerant to loss-of-function.
Interestingly, 72% of these genes have no established hu-
man disease phenotype yet [51]. Thus, despite our grow-
ing knowledge about the human genome, identified
variants require cautious interpretation with respect to the
potential consequences for the phenotype.

In the context of cancer and according to the somatic
mutation theory of cancer [53], malignant diseases are,
to a large extent, the result of acquired genetic and epi-
genetic changes, which has now been extensively con-
firmed by NGS technologies [54, 55]. However, a
tremendous challenge is the measurement of the somatic
mutation rate in normal tissue and establishment of
baseline values, i.e., what number of mutations is normal
for a healthy person at a certain age. In general, somatic
mutation rates are higher than germline mutation rates.
For example, it is estimated that, in humans, the per
generation rate in intestinal epithelium or fibroblasts/
lymphocytes is approximately 13- and 5-fold, respect-
ively, greater than in the germline [56].

As somatic mutations occur in individual cells, each
mutation represents a low frequency event and special
NGS methods for detection of such rare mutations are
needed. Promising approaches include single cell gen-
omic sequencing [6, 34, 57-59] and applications of mo-
lecular barcodes [60, 61]. The bottleneck sequencing
system is a novel technology that allows the quantifica-
tion of somatic mutational load in normal human tis-
sues, even at a genome-wide level [62]. The bottleneck is
created by dilution of a sequencing library before PCR
amplification, resulting in random sampling of double-
stranded template molecules. This increases the signal of
a rare mutation compared to wild-type sequences and
thus enables the detection of mutations occurring at 6 x
107® per base pair. With this approach, it was shown
that, in normal colonic epithelium, mutation rates in in-
dividuals over 91 years of age had increased by an aver-
age of 30-fold in mitochondrial DNA and 6.1-fold in
nuclear DNA [62]. Importantly, the spectra of rare mu-
tations in normal colon and kidney tissues were similar
to those of the corresponding cancer type [62], confirm-
ing previous reports that cancer-associated mutations
may also occur in normal stem cells [63, 64].

Thus, direct measurements of mutations in adult
stem cells are necessary, as the gradual accumula-
tion of mutations in adult stem cells is thought to
have an especially large impact on the mutational
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load of tissues due to their potential for self-
renewal and capacity to propagate mutations to
their daughter cells [63]. Indeed, statistical analyses
have recently suggested that the total number of divi-
sions of adult cells needed to maintain tissue homeo-
stasis correlates with the lifetime risk of cancer [63].
However, these calculations could not exclude extrin-
sic risk factors as additional important determinants
for cancer risk [65].

Measurement of the somatic mutation load in stem
cells within various human tissues poses an immense
technical problem. Blokzijl et al. [66] addressed this
challenge by using cells capable of forming long-term
organoid cultures. An organoid can be defined as a
cellular structure containing several cell types that
have developed from stem cells or organ progenitors
that self-organize through cell sorting and spatially re-
stricted lineage commitment [67]. Single adult stem
cells from the small intestine, colon, and liver, tissues
which differ greatly in proliferation rate and cancer
risk, were expanded into epithelial organoids to ob-
tain sufficient DNA for whole-genome sequencing.
The donors ranged in age from 3 to 87 years and,
not unexpectedly, it was found that stem cells accu-
mulated mutations with age independent of tissue
type [66]. The mutation rate, i.e., the increase in the
number of somatic point mutations in each stem cell,
was in the same range for all assessed tissues, at ap-
proximately 36 mutations per year, despite the large
variation in cancer incidence among these tissues
(Fig. 1a). Importantly, the findings suggested a univer-
sal genomic ageing mechanism, ie., a chemical
process acting on DNA molecules, independent of
cellular function or proliferation rate. Furthermore,
this intrinsic, unavoidable mutational process can
cause the same types of mutations as those observed
in cancer driver genes [66].

Given the high mutation rate in adult stem cells, it
may be surprising that cancer incidence is not actu-
ally higher. According to the “Three Strikes and
Youre Out” theory [68] (Fig. 1b), alterations in as
few as three driver genes may be sufficient for a cell
to evolve into an advanced cancer. However, several
reasons may account for the relatively low cancer in-
cidence. First, mutations in stem cells are non-
randomly distributed and associated with depletion in
exonic regions. Second, if a mutation occurs in an ex-
onic region, it has to be in a cancer driver gene and
only a small number of genes in the human genome
have been shown to act as driver genes [69]. Third,
the order in which driver gene mutations accumulate
is important, meaning that mutations which are initi-
ating events have to occur first [68]. Fourth, many of
the initiating driver gene mutations are tissue specific;
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Fig. 1 Mutation rate in adult stem cells and their potential consequences. a Correlation of the number of somatic point mutations in adult stem cells
derived from colon, small intestine, and liver with age of the donor (adapted from [66)); there is an increase of ~36 mutations/adult stem cell/year. b
Summary of the “Three strikes to cancer model” [68] for colorectal cancer, where mutations occur in specific driver genes. In the breakthrough phase, a
mutation occurs in APC and results in abnormal division of the respective cell. Subsequently, a mutation in KRAS may follow in the expansion phase
and may give rise to a benign tumor. Occurrence of a further mutation in a driver gene in at least one of the listed pathways SMAD4, TP53, PIK3CA, or
FBXW7 may enable the tumor to invade surrounding tissues and to initiate the invasive phase with dissemination of tumor cells and formation of
metastases [68]. The mutations may be detectable in cfDNA; furthermore, depending on the ctDNA allele frequency and tumor stage, somatic copy
number alterations may become visible (shown exemplarily for chromosome &: blue: lost; green: balanced; and red: gained region). ¢ As the order of
driver gene mutations is important, the consequences differ if a TP53 mutation occurs in a colon stem cell before the initiating mutations have taken
place. Such a TP53 mutation alone will not be sufficient to cause increased proliferation or even to transform the cell into a tumor cell. However, due
to the stem cell's capacity of self-renewal, cells with this mutation may be propagated in the respective part of the colon. Depending on how many of
these cells are removed by apoptosis or other events, ultra-sensitive ctDNA assays may then detect this mutation in the blood; this will usually not be
accompanied by copy number alterations (as indicated by the green scatter-plot for chromosome 8)

thus, the driver gene mutation must occur in the right New liquid biopsy technologies and emerging
gene and not in any driver gene. concepts

In light of these findings, it is not surprising that Improved low-frequency allele detection
cancer-associated mutations might be identified in  One of the biggest technical challenges to overcome in
plasma DNA from healthy persons. This was shown the analysis of cfDNA is the issue of low-frequency mu-
in a recent study that used an assay specifically de- tant alleles since ctDNA levels vary greatly among pa-
signed to accurately detect TP53 mutations at very tients and can reach as low as 0.01% of the total cfDNA
low allelic fractions, in which c¢fDNA TP53-mutated in patients with early-stage disease [7, 10]. Although
fragments were found in 11.4% of 123 matched non- massively parallel sequencing technologies in principle
cancer controls [70] (Fig. 1c). However, the detection offer the capacity of detecting these singled out rare
of low-allele variants may be impeded by background variants, the error rate of sequencing instruments is typ-
errors occurring during library preparation and/or ically a limiting factor for accurately calling these vari-
sequencing. To address this, approaches such as molecular  ants. Therefore, the application of molecular barcodes
barcoding and background reduction by sophisticated has received much warranted attention in the last few
bioinformatics methods have been developed, as is dis- years [17, 19, 60, 61] and the resolution may be further
cussed below. increased by bioinformatics approaches.
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For example, Newman et al. [71] expanded on their
existing CAPP-Seq method by adding a molecular bar-
code approach and by incorporating an in silico bio-
informatics strategy to reduce background noise, which
they dubbed “integrated digital error suppression”. They
were able to increase the sensitivity of the original
CAPP-Seq method by 15-fold and reported a sensitivity
and specificity of 92% and 96%, respectively, when pro-
filing EGFR kinase domain mutations in cfDNA of
NSCLC samples. However, it must be considered that a
typical plasma sample of 1 mL contains approximately
3000 copies of each gene, implicating a sensitivity limit
of detecting only 1 in 15,000 copies from a 5-mL sample
[72]. Including statistical sampling errors, the available
genome equivalents of clinical samples will be an im-
portant determinant of possible resolution limits in
ctDNA analyses.

Nevertheless, novel commercial products, including mo-
lecular barcodes, are being offered by industry providers
(e.g., ThruPLEX® Tag-seq, Rubicon Genomics; HaloPlex'',
Agilent; QIAseq Targeted DNA Panels, Qiagen) and may
help to make these sophisticated technologies broadly
available. Another large-scale initiative known as GRAIL
(www.grailbio.com) vows to detect cancer so early that it
can be cured. This ambitious aim is supposed to be
accomplished by efforts including ultra-broad and ultra-
deep sequencing, bioinformatics, and large population-
based clinical studies [73].

Epigenetics: plasma bisulfite sequencing and nucleosome
mapping
Of especial interest are studies of cfDNA methylation pat-
terns, since plasma contains a mixture of DNA from dif-
ferent tissues and organs. As certain methylation patterns
are tissue specific, they could serve as an epigenetic signa-
ture for the respective cells or tissues that release their
DNA into the circulation. Such efforts greatly benefit from
reference methylomes of multiple tissue types provided by
the International Human Epigenome Consortium. For ex-
ample, “plasma DNA tissue mapping” is an approach
employing genome-wide bisulfite sequencing of plasma
DNA and methylation deconvolution of the sequencing
data to trace the tissue of origin of plasma DNA in a
genome-wide manner [74]. In order to increase the signal-
to-noise ratio of such assays, stretches of four to nine
CpG sites adjacent to the tissue-specific methylation
marker site can be used [75] (Fig. 2a). Indeed, such a pro-
cedure may achieve sensitivities suitable not only for can-
cer detection but also for other clinical conditions such as
type I diabetes, multiple sclerosis, acute brain damage fol-
lowing cardiac arrest, or traumatic brain injury [75].

A recent study took a very different approach to
whole-genome sequencing and leveraged the fact that
plasma DNA is nucleosome-protected DNA. This is
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reflected in the genomic sequencing coverage of plasma
DNA fragments around transcription start sites (TSSs),
as read depth was lower and had distinct coverage
patterns around the TSSs of housekeeping genes and
other highly expressed genes. The sequencing coverage
differed from unexpressed genes, which are densely
packed by nucleosomes [76] (Fig. 2b). In fact, nucleo-
some positions inferred from whole-genome sequencing
of plasma DNA strongly correlated with plasma RNA
levels in cancer-free subjects. Furthermore, in plasma of
patients with cancer the expression levels of genes in the
corresponding tumor were reflected by the coverage
around the TSSs [76].

In addition, Snyder et al. [77] also recently identified a
direct association between cfDNA and nucleosome posi-
tioning and similarly demonstrated that cfDNA levels
and fragment sizes reflected the epigenetic features char-
acteristic of lymphoid and myeloid cells. These current
studies both expand on the potential of using ctDNA
analysis for other applications rather than just mutation
or SCNA analysis. New possibilities arise from these
findings such as the investigation of a patient’s individual
cancer transcriptome, tracking changes in gene isoform
expression during treatment, or even helping identify
the tissue of origin in cancers which the primary tumor
is unknown [78].

Plasma RNA analyses

Plasma cell-free RNA has been investigated for a long
time [79, 80]; however, the comprehensive RNA analyses
to establish landscapes of cell-free RNA transcriptomes
either by microarrays or by RNA sequencing (RNA-seq)
is relatively novel (Fig. 2c). These technologies are prom-
ising as they can provide insights into the temporal dy-
namics of plasma mRNA and, furthermore, analyses of
tissue-specific genes allows for estimation of the relative
contributions of tissues that contribute circulating RNA.
This may enable monitoring of some developmental or
disease states of certain tissues; for example, cell-free
RNA patterns were longitudinally analyzed in pregnant
women and after delivery [81, 82]. However, RNA tran-
scription can vary between people with different vari-
ables such as sex, age, or certain diseases. Therefore,
carefully annotated health control libraries from individ-
uals with various health conditions are needed for com-
parison of diseases such as cancer [83].

Novel plasma DNA preparation protocols

In most protocols, cfDNA is adapted for sequencing via
ligation of double-stranded DNA adapters. However, re-
cent studies have provided evidence that ctDNA is
shorter than c¢fDNA from non-tumor cells [84, 85]. As
double-stranded DNA library preparations are relatively
insensitive to ultrashort, degraded cfDNA, it has been
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approach employing genome-wide bisulfite sequencing of plasma DNA and methylation deconvolution of the sequencing data to trace the tissue of
origin of plasma DNA in a genome-wide manner (here shown exemplarily for liver-specific markers). The signal-to-noise ratio of such assays can be
increased by the analysis of stretches of several CpG sites adjacent to the tissue-specific methylation marker. b Nucleosome mapping: analysis of the
genomic sequencing coverage of plasma DNA fragments reveals the position of nucleosomes because plasma DNA is nucleosome-protected DNA. At
transcription start sites (TSSs; indicated by a gray arrow), in particular at the nucleosome depleted region, the read depth is lower and has distinct
coverage patterns around the TSSs of highly expressed genes (shown in blue), which differs from coverage patterns of unexpressed genes (red).
Plasma RNA-seq: After extraction of cell-free RNA from plasma and DNase | digestion, cDNA is synthesized and amplified from cell-free
RNA. Deconvolution of the cell-free transcriptome using microarrays is conducted to determine the relative RNA contributions of certain
tissues in a sample based on known tissue-specific expression profiles. In parallel, selected transcripts are quantified by gqPCR (procedure
based on [81]). d Single-stranded DNA (ssDNA) library preparation: the scheme illustrates the key steps in the ssDNA ligation procedure.
The ssDNA (top panel), which is not size-selected to avoid elimination of shorter fragments, is ligated to biotinylated probes (second
panel), and after ligation of double stranded primers, extended to double-stranded DNA (third panel). DNA molecules of different lengths
with a lower limit of efficient capture of approximately 40-60 bp can be obtained (adapted from [86]). e CTC-derived explants (CDXs): The patients’
blood is enriched for CTCs (green cells in top panel) and injected into one or both flanks in mice (second panel). The obtained CDXs (brown tumor in
third panel) are then analyzed by histopathology, immunohistochemistry, and genomic analyses to confirm that characteristics of the original tumor

were maintained. Mice bearing CDXs can be treated to evaluate response to various agents

suggested that single-stranded DNA library preparation
may represent an alternative and may yield increased pro-
portions of smaller (<100 bp) cfDNA fragments [77, 86]
(Fig. 2d). In addition to a proportional ctDNA increase,
single-stranded sDNA cfDNA libraries also contain
elevated mitochondrial and microbial-derived ¢fDNA [86]
and may therefore offer further options for cfDNA
analyses.

Emerging novel exosome technologies
At present, specific detection and isolation of cancer
cell-derived exosomes in the circulation is lacking. It

is conceivable that mass spectrometry analyses may
further identify cell surface markers, such as the
aforementioned GPC1 [50], to improve enrichment of
cancer cell-derived exosomes. Together with specific
mutations, exosomes may then be used, not only to
monitor disease courses, but also to detect early
stages of cancers.

However, detection and molecular profiling of exosomes
remains technically challenging. Recent approaches for
high-throughput quantitative analyses of exosomes
employing arrays functionalized with antibodies to en-
able profiling of exosome surface proteins and proteins
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present in exosome lysates may greatly facilitate the
diagnostic potential of exosomes [87].

Functional CTC studies and CTC-derived explants
Functional CTC studies are highly challenging because of
the low number of CTCs that can be retrieved from pa-
tient blood. The development of novel CTC culturing
technologies is extremely promising in this regard. One
study demonstrated that CTCs from chemotherapy-naive
patients with extensive-stage metastatic small cell lung
cancer (SCLC) are tumorigenic in immunocompromised
mice [88] (Fig. 2e). Patients’ blood was enriched for CTCs
and injected into one or both flanks in mice. CTC-derived
explants (CDXs) resulted in samples derived from patients
with high CTC numbers (>400 CTCs per 7.5 mL). Histo-
pathology and immunohistochemistry confirmed that
CDXs represented clinical SCLC, and detailed analyses of
their genomes demonstrated that previously described
characteristics of SCLC were maintained [88]. The re-
sponse of CDXs to therapy closely mirrored overall sur-
vival of the corresponding patients [88].

In fact, the generation of cell lines from CTCs is an
exciting novel field. Recently, the establishment of CTC
lines from patients with colon cancer [89] and breast
cancer [36, 90] were reported. In prostate cancer, a 3D
organoid system allowed the development of a long-
term CTC culture [91]. Perhaps one of the most exciting
applications of CTC lines is that CDXs may support se-
lection of targeted therapies and may evolve to instru-
mental tools for drug development. More detailed
analyses of CDXs lines, perhaps as recently demon-
strated for patient-derived tumor xenografts [92], are
warranted to further investigate the potential of this
approach.

Challenges for liquid biopsy applications and how
close are we to the clinic
In particular, a more mature understanding of the biol-
ogy behind ctDNA, CTCs and exosomes will help us
understand if the molecular profiles generated from
these sources truly reflect the physiological disease state
of the patient and if they can help physicians reliably de-
tect and monitor the disease. In order to confirm this,
we must uncover the origin and dynamics of these
tumor parts in the circulation and furthermore, deter-
mine their biological significance and clinical relevance.
Although the exact mechanisms behind the release
and dynamics of ¢fDNA remain unknown, several hy-
potheses exist to explain the existence of tumor DNA in
the bloodstream. Perhaps the most widely accepted the-
ory is that tumor cells release DNA via apoptosis, necro-
sis, or cell secretion in the tumor microenvironment [14,
93, 94]. Some cancer cases examined had detectable
ctDNA levels but no detectable levels of CTCs [13]. Vice
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versa, a patient with an excessive number of CTCs of
more than 100,000 was described, who, despite of pro-
gressive disease, had a low ctDNA allelic frequency in
the range of merely 2-3% [26]. While in most patients
CTC number and ctDNA levels are mutually correlated
[26], such cases illustrate that exceptions exist and that
the underlying biology of both CTC and ctDNA release
is still poorly understood.

Other basic unknowns regarding liquid biopsy imple-
mentation in the clinic revolve around questions of
whether or not ctDNA does actually indeed offer a full
representation of a patient’s cancer, if all existing metas-
tases contribute to the ctDNA, CTCs, and exosomes
found in the bloodstream, or if all tumor cells release an
equal amount of ctDNA into the circulation. In order to
establish to what extent ctDNA represents metastatic
heterogeneity, one study followed a patient with meta-
static ER-positive and HER2-positive breast cancer over
3 years [95]. The genomic architecture of the disease
was inferred from tumor biopsies and plasma samples
and, indeed, mutation levels in the plasma samples sug-
gested that ctDNA may allow real-time sampling of
multifocal clonal evolution [95]. Conduction of warm
autopsies, i.e., rapid tumor characterization within hours
of death, might further help answer these questions
more fully, as data derived from the tumor post-mortem
could be compared to previously collected ctDNA from
the patient [96].

It has furthermore been demonstrated that the per-
centage of ctDNA within total cfDNA can vary greatly
between patients from less than 10% to greater than 50%
or, as suggested more recently, can even be detected at
fractions of 0.01% [13, 19, 97]. However, despite this
high variability in ctDNA levels in different cancer pa-
tients, numerous studies have shown that intra-patient
levels correlate with both tumor burden and progression
of disease [14, 17-20, 27, 29, 98-102], giving evidence
for the use of ctDNA levels as a proxy measurement of
tumor progression and response to therapy. Accordingly,
in colorectal cancer, ctDNA analyses revealed how the
tumor genome adapts to a given drug schedule and li-
quid biopsies may therefore guide clinicians in their de-
cision to re-challenge therapies based on the EGFR
blockade [98]. For patients with NSCLC, the Food and
Drug Administration approved the implementation of
cfDNA in EGFR mutation analysis, through a test called
the “cobas EGFR Mutation Test v2” (Roche), which
serves as the first blood-based companion diagnostic to
test which patients are potential candidates for the drug
Tarceva (erlotinib). In a very recent study [103], this kit
was used to confirm that patients treated with first-line
EGER tyrosine kinase inhibitor had acquired the EGFR
T790M (p.Thr790Met) mutation, which confers resist-
ance to first-generation EGFR tyrosine kinase inhibitors
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[103]. The authors then showed that NSCLC patients
with this T790M mutation who were treated with osi-
mertinib had better response rates and progression-free
survival than patients treated with platinum therapy
[103]. This is a beautiful example in which an invasive
lung tissue biopsy was replaced by a plasma DNA-based
blood test, i.e., a liquid biopsy, to identify a group of pa-
tients who could benefit from a specific treatment. This
will likely propel development of further NGS-based
EGFR mutation detection assays, which are of particular
relevance for the Asian population in which EGFR
mutation-positive lung cancers occur more frequently
than in the Caucasian population [104].

However, before liquid biopsies can serve as viable
diagnostic assays, pre-analytical steps, such as the collec-
tion of biofluid (e.g., blood, serum, plasma), centrifugation
settings, isolation reagents, and storage conditions, must
be standardized in order to ensure reproducible process-
ing procedures. Furthermore, analytical steps, such as
quantification of cfDNA and subsequent mutational ana-
lysis, ie., the NGS assay and sequencing platform itself,
must be validated to simulate clinical settings. In addition,
sensitivities and specificities of the applied assays must be
robust, reproducible, and have the appropriate internal
and external quality controls [72]. Perhaps the most im-
perative step is the need to evaluate the clinical relevance
of ctDNA at various time points depending on the appli-
cation, such as patient stratification, evaluation of treat-
ment response, efficacy, and resistance, as well as
validating this data in large multicenter clinical studies
[72]. Furthermore, the clinical performance of cfDNA as-
says must satisfy the requirements of the respective regu-
lative agencies, such as Clinical Laboratory Improvement
Amendments in the USA or the genetic testing practices
in European countries. In Europe, efforts to harmonize li-
quid biopsy testing are supported by CANCER-ID, a
European consortium supported by Europe’s Innovative
Medicines Initiative, which aims at the establishment of
standard protocols for and clinical validation of blood-
based biomarkers (www.cancer-id.eu/).

Conclusions

Cancer is a complex, heterogeneic, and dynamic disease
involving multiple gene-environment interactions and
affects numerous biological pathways. As such, the de-
velopment of reliable and robust non-invasive platforms
represents a vital step towards the promise of precision
medicine. Current work in the liquid biopsy field con-
tinues to show great potential utility in the diagnosis
and stratification of cancer patients and furthermore ex-
emplifies a surrogate method for monitoring treatment
response when compared to the tissue biopsy approach.
The ease and frequency made possible by serial liquid
biopsy collection offers plenty of advantages compared
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to standard surgical procedures, especially including the
opportunity of more rapid course correction of adminis-
tering therapies. As technological advances continue and
further innovations in liquid biopsy methodology arise
in parallel, this approach will hopefully enable methods
for pre-diagnostic assessment of cancer risk as well. As
our knowledge of the biology behind cfDNA improves,
so too will the management of cancer patients as the li-
quid biopsy method becomes one of clinical reality.

Abbreviations

CAPP-Seq: cancer personalized profiling by deep sequencing; CDXs: CTC-
derived explants; cfDNA: circulating free DNA; CTCs: circulating tumor cells;
ctDNA: circulating tumor DNA; EGFR: epidermal growth factor receptor;
GPCT: glypican-1; NGS: next-generation sequencing; NSCLC: non-small cell
lung cancer; SCLC: small cell lung cancer; SCNAs: somatic copy number
alterations; TSS: transcription start site

Acknowledgements
Not applicable.

Funding

This work was supported by CANCER-ID, a project funded by the Innovative
Medicines Joint Undertaking (IMI JU), by Servier, and by the BioTechMed-
Graz flagship project “EPIAge”.

Availability of data and materials
We cite any publicly available data on which the conclusions of the paper
rely in the manuscript. Data citations are included in the reference list.

Authors’ contributions
SP and MRS wrote the manuscript. All authors revised the manuscript. Both
authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable as this is a review and not a study involving human
participants.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 19 December 2016 Accepted: 22 March 2017
Published online: 06 April 2017

References

1. Ashley EA. Towards precision medicine. Nat Rev Genet. 2016;17(9):507-22.

2. Prasad V, Fojo T, Brada M. Precision oncology: origins, optimism, and
potential. Lancet Oncol. 2016;17(2):e81-86.

3. McGranahan N, Swanton C. Biological and therapeutic impact of intratumor
heterogeneity in cancer evolution. Cancer Cell. 2015;27(1):15-26.

4. Gerlinger M, Rowan AJ, Horswell S, Larkin J, Endesfelder D, Gronroos E,
Martinez P, Matthews N, Stewart A, Tarpey P, et al. Intratumor heterogeneity
and branched evolution revealed by multiregion sequencing. N Engl J Med.
2012;366(10):883-92.

5. Campbell PJ, Yachida S, Mudie LJ, Stephens PJ, Pleasance ED, Stebbings LA,
Morsberger LA, Latimer C, MclLaren S, Lin ML, et al. The patterns and
dynamics of genomic instability in metastatic pancreatic cancer. Nature.
2010;467(7319):1109-13.

6. Navin N, Kendall J, Troge J, Andrews P, Rodgers L, McIndoo J, Cook K,
Stepansky A, Levy D, Esposito D, et al. Tumour evolution inferred by single-
cell sequencing. Nature. 2011,472(7341):90-4.


http://www.cancer-id.eu/

Perakis and Speicher BMC Medicine (2017) 15:75

20.

21.

22.

23.

24.

25.

26.

27.

28.

Diaz Jr LA, Bardelli A. Liquid biopsies: genotyping circulating tumor DNA. J
Clin Oncol. 2014;32(6):579-86.

Schwarzenbach H, Hoon DS, Pantel K. Cell-free nucleic acids as biomarkers
in cancer patients. Nat Rev Cancer. 2011;11(6):426-37.

Alix-Panabieres C, Pantel K. Clinical applications of circulating tumor cells and
circulating tumor DNA as liquid biopsy. Cancer Discov. 2016;6(5):479-91.
Haber DA, Velculescu VE. Blood-based analyses of cancer: circulating tumor
cells and circulating tumor DNA. Cancer Discov. 2014;4(6):650-61.

Heitzer E, Auer M, Ulz P, Geigl JB, Speicher MR. Circulating tumor cells and
DNA as liquid biopsies. Genome Med. 2013;5(8):73.

Heitzer E, Ulz P, Geigl JB. Circulating tumor DNA as a liquid biopsy for
cancer. Clin Chem. 2015;61(1):112-23.

Bettegowda C, Sausen M, Leary RJ, Kinde |, Wang Y, Agrawal N, Bartlett BR,
Wang H, Luber B, Alani RM, et al. Detection of circulating tumor DNA in
early- and late-stage human malignancies. Sci Transl Med. 2014;6(224):
224ra224.

Diehl F, Li M, Dressman D, He Y, Shen D, Szabo S, Diaz Jr LA, Goodman SN,
David KA, Juhl H, et al. Detection and quantification of mutations in the
plasma of patients with colorectal tumors. Proc Natl Acad Sci U S A. 2005;
102(45):16368-73.

Leary RJ, Kinde |, Diehl F, Schmidt K, Clouser C, Duncan C, Antipova A, Lee
C, McKernan K, De La Vega FM, et al. Development of personalized tumor
biomarkers using massively parallel sequencing. Sci Transl Med. 2010;2(20):
20ral4.

McBride DJ, Orpana AK, Sotiriou C, Joensuu H, Stephens PJ, Mudie LJ,
Hamalainen E, Stebbings LA, Andersson LC, Flanagan AM, et al. Use of
cancer-specific genomic rearrangements to quantify disease burden in
plasma from patients with solid tumors. Genes Chromosomes Cancer. 2010;
49(11):1062-9.

Forshew T, Murtaza M, Parkinson C, Gale D, Tsui DW, Kaper F, Dawson SJ,
Piskorz AM, Jimenez-Linan M, Bentley D, et al. Noninvasive identification
and monitoring of cancer mutations by targeted deep sequencing of
plasma DNA. Sci Transl Med. 2012;4(136):136ra168.

Dawson SJ, Tsui DW, Murtaza M, Biggs H, Rueda OM, Chin SF, Dunning MJ,
Gale D, Forshew T, Mahler-Araujo B, et al. Analysis of circulating tumor DNA
to monitor metastatic breast cancer. N Engl J Med. 2013;368(13):1199-209.
Newman AM, Bratman SV, To J, Wynne JF, Eclov NC, Modlin LA, Liu CL,
Neal JW, Wakelee HA, Merritt RE, et al. An ultrasensitive method for
quantitating circulating tumor DNA with broad patient coverage. Nat
Med. 2014;20(5):548-54.

Murtaza M, Dawson SJ, Tsui DW, Gale D, Forshew T, Piskorz AM, Parkinson
C, Chin SF, Kingsbury Z, Wong AS, et al. Non-invasive analysis of acquired
resistance to cancer therapy by sequencing of plasma DNA. Nature. 2013;
497(7447):108-12.

Chan KC, Jiang P, Zheng YW, Liao GJ, Sun H, Wong J, Siu SS, Chan WC, Chan
SL, Chan AT, et al. Cancer genome scanning in plasma: detection of tumor-
associated copy number aberrations, single-nucleotide variants, and tumoral
heterogeneity by massively parallel sequencing. Clin Chem. 2013;59(1):211-24.
Heitzer E, Ulz P, Belic J, Gutschi S, Quehenberger F, Fischereder K, Benezeder
T, Auer M, Pischler C, Mannweiler S, et al. Tumor-associated copy number
changes in the circulation of patients with prostate cancer identified
through whole-genome sequencing. Genome Med. 2013;5(4):30.

Heitzer E, Ulz P, Geigl JB, Speicher MR. Non-invasive detection of genome-
wide somatic copy number alterations by liquid biopsies. Mol Oncol. 2016;
10(3):494-502.

Leary RJ, Sausen M, Kinde |, Papadopoulos N, Carpten JD, Craig D,
O'Shaughnessy J, Kinzler KW, Parmigiani G, Vogelstein B, et al. Detection of
chromosomal alterations in the circulation of cancer patients with whole-
genome sequencing. Sci Transl Med. 2012;4(162):162ra154.

Wang TL, Maierhofer C, Speicher MR, Lengauer C, Vogelstein B, Kinzler KW,
Velculescu VE. Digital karyotyping. Proc Natl Acad Sci U S A. 2002,99(25):
16156-61.

Heidary M, Auer M, Ulz P, Heitzer E, Petru E, Gasch C, Riethdorf S,
Mauermann O, Lafer |, Pristauz G, et al. The dynamic range of circulating
tumor DNA in metastatic breast cancer. Breast Cancer Res. 2014;16(4):421.
Mohan S, Heitzer E, Ulz P, Lafer |, Lax S, Auer M, Pichler M, Gerger A, Eisner
F, Hoefler G, et al. Changes in colorectal carcinoma genomes under anti-
EGFR therapy identified by whole-genome plasma DNA sequencing. PLoS
Genet. 2014;10(3), e1004271.

Xia S, Kohli M, Du M, Dittmar RL, Lee A, Nandy D, Yuan T, Guo Y, Wang Y,
Tschannen MR, et al. Plasma genetic and genomic abnormalities predict

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

45.

46.

47.

48.

49.

Page 10 of 12

treatment response and clinical outcome in advanced prostate cancer.
Oncotarget. 2015;6(18):16411-21.

Ulz P, Belic J, Graf R, Auer M, Lafer |, Fischereder K, Webersinke G, Pummer
K, Augustin H, Pichler M, et al. Whole-genome plasma sequencing reveals
focal amplifications as a driving force in metastatic prostate cancer. Nat
Commun. 2016;7:12008.

Alix-Panabieres C, Pantel K. Challenges in circulating tumour cell research.
Nat Rev Cancer. 2014;14(9):623-31.

Pantel K, Speicher MR. The biology of circulating tumor cells. Oncogene.
2016;35(10):1216-24.

Alix-Panabieres C, Pantel K. Circulating tumor cells: liquid biopsy of cancer.
Clin Chem. 2013;59(1):110-8.

Aceto N, Bardia A, Miyamoto DT, Donaldson MC, Wittner BS, Spencer JA, Yu
M, Pely A, Engstrom A, Zhu H, et al. Circulating tumor cell clusters are
oligoclonal precursors of breast cancer metastasis. Cell. 2014;158(5):1110-22.
Heitzer E, Auer M, Gasch C, Pichler M, Ulz P, Hoffmann EM, Lax S,
Waldispuehl-Geigl J, Mauermann O, Lackner C, et al. Complex tumor
genomes inferred from single circulating tumor cells by array-CGH and
next-generation sequencing. Cancer Res. 2013;73(10):2965-75.

Miyamoto DT, Zheng Y, Wittner BS, Lee RJ, Zhu H, Broderick KT, Desai R, Fox
DB, Brannigan BW, Trautwein J, et al. RNA-Seq of single prostate CTCs
implicates noncanonical Wnt signaling in antiandrogen resistance. Science.
2015;349(6254):1351-6.

Yu M, Bardia A, Aceto N, Bersani F, Madden MW, Donaldson MC, Desai R, Zhu
H, Comaills V, Zheng Z, et al. Ex vivo culture of circulating breast tumor cells
for individualized testing of drug susceptibility. Science. 2014;345(6193):216-20.
Yu M, Bardia A, Wittner BS, Stott SL, Smas ME, Ting DT, Isakoff SJ, Ciciliano
JC, Wells MN, Shah AM, et al. Circulating breast tumor cells exhibit dynamic
changes in epithelial and mesenchymal composition. Science. 2013;
339(6119):580-4.

Powell AA, Talasaz AH, Zhang H, Coram MA, Reddy A, Deng G, Telli ML,
Advani RH, Carlson RW, Mollick JA, et al. Single cell profiling of circulating
tumor cells: transcriptional heterogeneity and diversity from breast cancer
cell lines. PloS One. 2012;7(5), e33788.

Kidess-Sigal E, Liu HE, Triboulet MM, Che J, Ramani VC, Visser BC, Poultsides
GA, Longacre TA, Marziali A, Vysotskaia V, et al. Enumeration and targeted
analysis of KRAS, BRAF and PIK3CA mutations in CTCs captured by a label-
free platform. Comparison to ctDNA and tissue in metastatic colorectal
cancer. Oncotarget. 2016;7(51):85349-64.

Antonarakis ES, Lu C, Wang H, Luber B, Nakazawa M, Roeser JC, Chen Y,
Mohammad TA, Chen Y, Fedor HL, et al. AR-V7 and resistance to
enzalutamide and abiraterone in prostate cancer. N Engl J Med. 2014;
371(11):1028-38.

Kalluri R. The biology and function of exosomes in cancer. J Clin Invest.
2016;126(4):1208-15.

Abels ER, Breakefield XO. Introduction to extracellular vesicles: biogenesis,
RNA cargo selection, content, release, and uptake. Cell Mol Neurobiol. 2016;
36(3):301-12.

Skog J, Wurdinger T, van Rijn S, Meijer DH, Gainche L, Sena-Esteves M, Curry
Jr WT, Carter BS, Krichevsky AM, Breakefield XO. Glioblastoma microvesicles
transport RNA and proteins that promote tumour growth and provide
diagnostic biomarkers. Nat Cell Biol. 2008;10(12):1470-6.

Al-Nedawi K, Meehan B, Micallef J, Lhotak V, May L, Guha A, Rak J.
Intercellular transfer of the oncogenic receptor EGFRVIIl by microvesicles
derived from tumour cells. Nat Cell Biol. 2008;10(5):619-24.

Balaj L, Lessard R, Dai L, Cho YJ, Pomeroy SL, Breakefield XO, Skog J. Tumour
microvesicles contain retrotransposon elements and amplified oncogene
sequences. Nat Commun. 2011;2:180.

Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO. Exosome-
mediated transfer of mMRNAs and microRNAs is a novel mechanism of
genetic exchange between cells. Nat Cell Biol. 2007,9(6):654-9.

Peinado H, Aleckovic M, Lavotshkin S, Matei |, Costa-Silva B, Moreno-Bueno
G, Hergueta-Redondo M, Williams C, Garcia-Santos G, Ghajar C, et al.
Melanoma exosomes educate bone marrow progenitor cells toward a pro-
metastatic phenotype through MET. Nat Med. 2012;18(6):883-91.
Costa-Silva B, Aiello NM, Ocean AJ, Singh S, Zhang H, Thakur BK, Becker A,
Hoshino A, Mark MT, Molina H, et al. Pancreatic cancer exosomes initiate
pre-metastatic niche formation in the liver. Nat Cell Biol. 2015;17(6):816-26.
Kahlert C, Melo SA, Protopopov A, Tang J, Seth S, Koch M, Zhang J,
Weitz J, Chin L, Futreal A, et al. Identification of double-stranded
genomic DNA spanning all chromosomes with mutated KRAS and p53



Perakis and Speicher BMC Medicine (2017) 15:75

50.

51.

52.

53.

54.

55.

56.
57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

DNA in the serum exosomes of patients with pancreatic cancer. J Biol
Chem. 2014;289(7):3869-75.

Melo SA, Luecke LB, Kahlert C, Fernandez AF, Gammon ST, Kaye J,
LeBleu VS, Mittendorf EA, Weitz J, Rahbari N, et al. Glypican-1 identifies
cancer exosomes and detects early pancreatic cancer. Nature. 2015;
523(7559):177-82.

Lek M, Karczewski KJ, Minikel EV, Samocha KE, Banks E, Fennell T, O'Donnell-
Luria AH, Ware JS, Hill AJ, Cummings BB, et al. Analysis of protein-coding
genetic variation in 60,706 humans. Nature. 2016;536(7616):285-91.
Narasimhan VM, Hunt KA, Mason D, Baker CL, Karczewski KJ, Barnes MR,
Barnett AH, Bates C, Bellary S, Bockett NA, et al. Health and population
effects of rare gene knockouts in adult humans with related parents.
Science. 2016;352(6284):474-7.

Boveri T. Zur Frage der Entstehung maligner Tumoren. Jena: G.
Fischer; 1914.

Stratton MR, Campbell PJ, Futreal PA. The cancer genome. Nature. 2009;
458(7239):719-24.

Vogelstein B, Papadopoulos N, Velculescu VE, Zhou S, Diaz Jr LA, Kinzler KW.
Cancer genome landscapes. Science. 2013;339(6127):1546-58.

Lynch M. Evolution of the mutation rate. Trends Genet. 2010;26(8):345-52.
Navin NE. Cancer genomics: one cell at a time. Genome Biol. 2014;15(8):452.
Wang J, Fan HC, Behr B, Quake SR. Genome-wide single-cell analysis of
recombination activity and de novo mutation rates in human sperm. Cell.
2012;150(2):402-12.

Zong C, Lu S, Chapman AR, Xie XS. Genome-wide detection of single-
nucleotide and copy-number variations of a single human cell. Science.
2012;338(6114):1622-6.

Kinde I, Wu J, Papadopoulos N, Kinzler KW, Vogelstein B. Detection and
quantification of rare mutations with massively parallel sequencing. Proc
Natl Acad Sci U S A. 2011;108(23):9530-5.

Schmitt MW, Kennedy SR, Salk JJ, Fox EJ, Hiatt JB, Loeb LA. Detection of
ultra-rare mutations by next-generation sequencing. Proc Natl Acad Sci U S
A. 2012;109(36):14508-13.

Hoang ML, Kinde |, Tomasetti C, McMahon KW, Rosenquist TA, Grollman AP,
Kinzler KW, Vogelstein B, Papadopoulos N. Genome-wide quantification of
rare somatic mutations in normal human tissues using massively parallel
sequencing. Proc Natl Acad Sci U S A. 2016;113(35):9846-51.

Tomasetti C, Vogelstein B. Cancer etiology. Variation in cancer risk among
tissues can be explained by the number of stem cell divisions. Science.
2015;347(6217):78-81.

Tomasetti C, Vogelstein B, Parmigiani G. Half or more of the somatic
mutations in cancers of self-renewing tissues originate prior to tumor
initiation. Proc Natl Acad Sci U S A. 2013;110(6):1999-2004.

Wu'S, Powers S, Zhu W, Hannun YA. Substantial contribution of extrinsic risk
factors to cancer development. Nature. 2016;529(7584):43-7.

Blokzijl F, de Ligt J, Jager M, Sasselli V, Roerink S, Sasaki N, Huch M, Boymans
S, Kuijk E, Prins P, et al. Tissue-specific mutation accumulation in human
adult stem cells during life. Nature. 2016;538(7624):260-4.

Lancaster MA, Knoblich JA. Organogenesis in a dish: modeling
development and disease using organoid technologies. Science. 2014;
345(6194):1247125.

Vogelstein B, Kinzler KW. The path to cancer - three strikes and you're out.
New Engl J Med. 2015;373(20):1895-8.

Tokheim CJ, Papadopoulos N, Kinzler KW, Vogelstein B, Karchin R. Evaluating
the evaluation of cancer driver genes. Proc Natl Acad Sci U S A. 2016;
113(50):14330-5.

Fernandez-Cuesta L, Perdomo S, Avogbe PH, Leblay N, Delhomme TM,
Gaborieau V, Abedi-Ardekani B, Chanudet E, Olivier M, Zaridze D, et al.
Identification of circulating tumor DNA for the early detection of small-cell
lung cancer. EBioMedicine. 2016;10:117-23.

Newman AM, Lovejoy AF, Klass DM, Kurtz DM, Chabon JJ, Scherer F, Stehr
H, Liu CL, Bratman SV, Say C, et al. Integrated digital error suppression for
improved detection of circulating tumor DNA. Nat Biotechnol. 2016;34(5):
547-55.

Leung F, Kulasingam V, Diamandis EP, Hoon DS, Kinzler K, Pantel K, Alix-
Panabieres C. Circulating tumor DNA as a cancer biomarker: fact or fiction?
Clin Chem. 2016;62(8):1054-60.

Aravanis AM, Lee M, Klausner RD. Next-generation sequencing of circulating
tumor DNA for early cancer detection. Cell. 2017;168(4):571-4.

Sun K, Jiang P, Chan KC, Wong J, Cheng YK, Liang RH, Chan WK, Ma ES, Chan
SL, Cheng SH, et al. Plasma DNA tissue mapping by genome-wide methylation

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Page 11 of 12

sequencing for noninvasive prenatal, cancer, and transplantation assessments.
Proc Natl Acad Sci U S A. 2015;112(40):E5503-12.

Lehmann-Werman R, Neiman D, Zemmour H, Moss J, Magenheim J, Vaknin-
Dembinsky A, Rubertsson S, Nellgard B, Blennow K, Zetterberg H, et al.
Identification of tissue-specific cell death using methylation patterns of
circulating DNA. Proc Natl Acad Sci U S A. 2016;113(13):E1826-34.

Ulz P, Thallinger GG, Auer M, Graf R, Kashofer K, Jahn SW, Abete L, Pristauz
G, Petru E, Geigl JB, et al. Inferring expressed genes by whole-genome
sequencing of plasma DNA. Nat Genet. 2016;48(10):1273-8.

Snyder MW, Kircher M, Hill AJ, Daza RM, Shendure J. Cell-free DNA
comprises an in vivo nucleosome footprint that informs its tissues-of-origin.
Cell. 2016;164(1-2):57-68.

Murtaza M, Caldas C. Nucleosome mapping in plasma DNA predicts cancer
gene expression. Nat Genet. 2016;48(10):1105-6.

Poon LL, Leung TN, Lau TK, Lo YM. Presence of fetal RNA in maternal
plasma. Clin Chem. 2000;46(11):1832-4.

Kopreski MS, Benko FA, Kwak LW, Gocke CD. Detection of tumor messenger
RNA in the serum of patients with malignant melanoma. Clin Cancer Res.
1999;5(8):1961-5.

Koh W, Pan W, Gawad C, Fan HC, Kerchner GA, Wyss-Coray T,
Blumenfeld YJ, El-Sayed YY, Quake SR. Noninvasive in vivo monitoring
of tissue-specific global gene expression in humans. Proc Natl Acad Sci
U S A 2014;111(20):7361-6.

Tsui NB, Jiang P, Wong YF, Leung TY, Chan KC, Chiu RW, Sun H, Lo YM. Maternal
plasma RNA sequencing for genome-wide transcriptomic profiling and
identification of pregnancy-associated transcripts. Clin Chem. 2014,60(7):954-62.
Yuan T, Huang X, Woodcock M, Du M, Dittmar R, Wang Y, Tsai S, Kohli M,
Boardman L, Patel T, et al. Plasma extracellular RNA profiles in healthy and
cancer patients. Sci Rep. 2016;6:19413.

Jiang P, Chan CW, Chan KC, Cheng SH, Wong J, Wong VW, Wong GL,
Chan SL, Mok TS, Chan HL, et al. Lengthening and shortening of
plasma DNA in hepatocellular carcinoma patients. Proc Natl Acad Sci U
S A 2015;112(11):E1317-25.

Underhill HR, Kitzman JO, Hellwig S, Welker NC, Daza R, Baker DN, Gligorich
KM, Rostomily RC, Bronner MP, Shendure J. Fragment length of circulating
tumor DNA. PLoS Genet. 2016;12(7), e1006162.

Burnham P, Kim MS, Agbor-Enoh S, Luikart H, Valantine HA, Khush KK, De
Vlaminck I. Single-stranded DNA library preparation uncovers the origin and
diversity of ultrashort cell-free DNA in plasma. Sci Rep. 2016;6:27859.

Im H, Shao H, Park YI, Peterson VM, Castro CM, Weissleder R, Lee H. Label-
free detection and molecular profiling of exosomes with a nano-plasmonic
sensor. Nature Biotechnol. 2014;32(5):490-5.

Hodgkinson CL, Morrow CJ, Li Y, Metcalf RL, Rothwell DG, Trapani F,
Polanski R, Burt DJ, Simpson KL, Morris K; et al. Tumorigenicity and genetic
profiling of circulating tumor cells in small-cell lung cancer. Nat Med. 2014;
20(8):897-903.

Cayrefourcq L, Mazard T, Joosse S, Solassol J, Ramos J, Assenat E,
Schumacher U, Costes V, Maudelonde T, Pantel K, et al. Establishment and
characterization of a cell line from human circulating colon cancer cells.
Cancer Res. 2015;75(5):892-901.

Zhang L, Riethdorf S, Wu G, Wang T, Yang K, Peng G, Liu J, Pantel K. Meta-
analysis of the prognostic value of circulating tumor cells in breast cancer.
Clin Cancer Res. 2012;18(20):5701-10.

Gao D, Vela |, Sboner A, laquinta PJ, Karthaus WR, Gopalan A, Dowling C,
Wanjala JN, Undvall EA, Arora VK, et al. Organoid cultures derived from
patients with advanced prostate cancer. Cell. 2014;159(1):176-87.

Bruna A, Rueda OM, Greenwood W, Batra AS, Callari M, Batra RN, Pogrebniak
K, Sandoval J, Cassidy JW, Tufegdzic-Vidakovic A, et al. A biobank of breast
cancer explants with preserved intra-tumor heterogeneity to screen
anticancer compounds. Cell. 2016;167(1):260-74.e22.

Jahr S, Hentze H, Englisch S, Hardt D, Fackelmayer FO, Hesch RD, Knippers
R. DNA fragments in the blood plasma of cancer patients: quantitations and
evidence for their origin from apoptotic and necrotic cells. Cancer Res.
2001,61(4):1659-65.

Stroun M, Anker P, Maurice P, Lyautey J, Lederrey C, Beljanski M. Neoplastic
characteristics of the DNA found in the plasma of cancer patients. Oncol.
1989;46(5):318-22.

Murtaza M, Dawson SJ, Pogrebniak K, Rueda OM, Provenzano E, Grant J,
Chin SF, Tsui DW, Marass F, Gale D, et al. Multifocal clonal evolution
characterized using circulating tumour DNA in a case of metastatic breast
cancer. Nat Commun. 2015;6:8760.



Perakis and Speicher BMC Medicine (2017) 15:75

96.

97.

98.

9.

100.

101.

102.

103.

104.

105.

106.

Alsop K, Thorne H, Sandhu S, Hamilton A, Mintoff C, Christie E, Spruyt O,
Williams S, McNally O, Mileshkin L, et al. A community-based model of rapid
autopsy in end-stage cancer patients. Nat Biotechnol. 2016;34(10):1010-4.
Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, Hoang CD,
Diehn M, Alizadeh AA. Robust enumeration of cell subsets from tissue
expression profiles. Nat Methods. 2015;12(5):453-7.

Siravegna G, Mussolin B, Buscarino M, Corti G, Cassingena A, Crisafulli G,
Ponzetti A, Cremolini C, Amatu A, Lauricella C, et al. Clonal evolution and
resistance to EGFR blockade in the blood of colorectal cancer patients. Nat
Med. 2015;21(7):795-801.

Diaz Jr LA, Williams RT, Wu J, Kinde I, Hecht JR, Berlin J, Allen B, Bozic
I, Reiter JG, Nowak MA, et al. The molecular evolution of acquired
resistance to targeted EGFR blockade in colorectal cancers. Nature.
2012;486(7404):537-40.

Misale S, Yaeger R, Hobor S, Scala E, Janakiraman M, Liska D, Valtorta E,
Schiavo R, Buscarino M, Siravegna G, et al. Emergence of KRAS mutations
and acquired resistance to anti-EGFR therapy in colorectal cancer. Nature.
2012;486(7404):532-6.

Romanel A, Tandefelt DG, Conteduca V, Jayaram A, Casiraghi N, Wetterskog
D, Salvi S, Amadori D, Zafeiriou Z, Rescigno P, et al. Plasma AR and
abiraterone-resistant prostate cancer. Sci Transl Med. 2015;7(312):312re310.
Carreira S, Romanel A, Goodall J, Grist E, Ferraldeschi R, Miranda S, Prandi D,
Lorente D, Frenel JS, Pezaro C, et al. Tumor clone dynamics in lethal
prostate cancer. Sci Transl Med. 2014;6(254):254ra125.

Mok TS, Wu YL, Ahn MJ, Garassino MC, Kim HR, Ramalingam SS, Shepherd
FA, He Y, Akamatsu H, Theelen WS, et al. Osimertinib or platinum-
pemetrexed in EGFR T790M-positive lung cancer. New Engl J Med. 2017;
376(7):629-40.

Uchida J, Kato K, Kukita Y, Kumagai T, Nishino K, Daga H, Nagatomo |, Inoue
T, Kimura M, Oba S, et al. Diagnostic accuracy of noninvasive genotyping of
EGFR in lung cancer patients by deep sequencing of plasma cell-free DNA.
Clin Chem. 2015,61(9):1191-6.

Lohr JG, Adalsteinsson VA, Cibulskis K, Choudhury AD, Rosenberg M, Cruz-
Gordillo P, Francis JM, Zhang CZ, Shalek AK, Satija R, et al. Whole-exome
sequencing of circulating tumor cells provides a window into metastatic
prostate cancer. Nat Biotechnol. 2014;32(5):479-84.

Ni X, Zhuo M, Su Z, Duan J, Gao Y, Wang Z, Zong C, Bai H, Chapman AR,
Zhao J, et al. Reproducible copy number variation patterns among single
circulating tumor cells of lung cancer patients. Proc Natl Acad Sci U S A.
2013;110(52):21083-8.

Page 12 of 12

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

* Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolVled Central




	Abstract
	Background
	Current technologies and applications
	Circulating tumor DNA (ctDNA)
	Circulating tumor cells (CTCs)
	Exosomes

	Mutation baseline value in healthy individuals
	New liquid biopsy technologies and emerging concepts
	Improved low-frequency allele detection
	Epigenetics: plasma bisulfite sequencing and nucleosome mapping
	Plasma RNA analyses
	Novel plasma DNA preparation protocols
	Emerging novel exosome technologies
	Functional CTC studies and CTC-derived explants

	Challenges for liquid biopsy applications and how close are we to the clinic
	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Publisher’s Note
	References

