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Research on circulating tumor cells (CTCs) is a very dynamic field with more than 17,000 articles 
listed in PubMed as of December 2015. 

More recently, the term “liquid biopsy” has also been adopted for the analysis of circulating cell-
free tumor DNA (ctDNA) released from apoptotic or necrotic tumor cells. 

The application of CTCs and ctDNA for the early detection of cancer is of high public 
interest 

Redefining cancer and cure. 



Outline 

1- The Liquid Biopsy Concept 

2- The Biology behind the Liquid Biopsy Concept (CTCs/ctDNA) 

3- Technologies for CTC and ctDNA Detection 

4- The clinical applications of CTCs and ctDNA as liquid biopsy in patients with cancer 

5- Conclusions 



The Liquid Biopsy Concept 

OF8!|!CANCER DISCOVERY"MAY  2016 www.aacrjournals.org

Alix-Panabières and PantelREVIEW

included EGFR mutation analysis in matched tumor and 
plasma samples and concluded that (i) first-line gefitinib 
was effective and well tolerated in Caucasian patients with 
EGFR mutation–positive NSCLC and (ii) ctDNA could be 
considered for mutation analysis if tumor tissue is unavail-
able (106).

CONCLUSION AND PERSPECTIVES
Analyses of CTCs and ctDNA have paved new diagnostic 

avenues and are to date the cornerstones of liquid biopsy 
diagnostics (Fig. 1). “To what extent they might replace tumor 

biopsies in the future” remains the subject of speculation. 
For primary diagnosis of tumors that are not easy to biopsy, 
such as lung cancer, and for restaging/molecular analysis of 
metastatic lesions, liquid biopsy might provide an alterna-
tive. Moreover, liquid biopsy diagnostics might help to focus 
the current cancer screening modalities to the population at 
higher risk, which would reduce side effects (e.g., radiation in 
mammography) and health care costs. However, despite a few 
promising first results and the enormous interest by diagnostic 
companies and the public press (“cancer detection from a drop 
of blood”), early detection of cancer faces serious challenges of 
both sensitivity and specificity. In contrast, monitoring of CTCs 

Figure 1.!Clinical applications of CTCs and ctDNA as liquid biopsy for personalized medicine. Blood samples can be sampled repeatedly to predict 
relapse in M0 patients or metastatic progression in M1 patients, monitor the efficacy of therapies and understand potential resistance mechanisms. 
Before therapy, patients can be stratified to the most effective drugs, whereas after initiation of treatment persistence in increases of CTCs/ctDNA 
indicates resistance to therapy, and this information may allow an early switch to a more effective regimen before the tumor burden is excessive and 
incurable. mt, mutation; BC, breast cancer; PC, prostate cancer; CRC, colorectal cancer.
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Recent technological advances have enabled the detection and detailed characterization of  
circulating tumor cells (CTC) and circulating tumor DNA (ctDNA) in blood samples from patients with cancer. 

Often referred to as a “liquid biopsy” CTCs and ctDNA are expected to provide real-time monitoring of  
tumor evolution and therapy efficacy, with the potential for improved cancer diagnosis and treatment. 

Recently, it has been described that tumor-associated blood platelets provide specific information on the  
location and molecular composition of the primary tumor 

assays are used to monitor autophagic
activity.

Importantly, the study by Anderson
et al. (2015) demonstrates that, when
tested in mouse xenograft tumor models,
orally applied CB-5083 is well tolerated
and results in a dose-dependent induc-
tion of ER stress and apoptosis in tumor
tissues. Accordingly, the tumor volume
is significantly reduced in several xeno-
graft-based solid tumor mouse models,
whereas, in the same assay, proteasome
inhibitors are barely active. Lastly, the au-
thors close by showing that p97 expres-
sion levels and the Ras-MAPK pathway
activity correlate with the sensitivity to
CB-5083.

Overall, the new p97 inhibitor reported
here will surely serve as another invalu-
able tool to advance our understandings
on the diverse biological mechanisms
regulated by p97. Most significantly, the
demonstration that drugs disrupting the
cellular proteostasis network at another
level can effectively kill cancer cells
derived from solid tumors in mouse
models is a strong testimony to the pro-

teostasis addition theory, and the findings
reported here will potentially open a new
path to circumvent obstacles in treatment
of solid tumors. In this regard, the study
will certainly prompt tremendous interest
in developing additional p97 inhibitors as
well as inhibitors targeting other proteo-
stasis regulators. Structural validation of
the inhibitor-p97 interactions will certainly
be launched in order to come up with
rational designs to improve p97 inhibitors,
which may overcome the inevitable rise
of resistance to the current inhibitor.
Meanwhile, given the great pharmacolog-
ical property, low toxicity to normal cells,
easy administration route, strong potency,
and high specificity, CB-5083 seems to
have a good chance to endure through
the long and costly clinical testing and
bring significant benefit to patients bearing
proteostasis-addicted tumors.
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in Cancer Patients
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Real-time monitoring of changes in cells or cell products released from malignant lesions into the blood has
opened new diagnostic avenues (‘‘liquid biopsy’’). In this issue of Cancer Cell, Best and colleagues describe
that tumor-associated blood platelets provide specific information on the location and molecular composi-
tion of the primary tumor.

The peripheral blood of a cancer patient
is a pool of cells and/or cell products
derived from the primary tumor and
different metastatic sites, including cir-
culating tumor cells (CTCs) and stromal
cells of the tumor microenvironment (e.g.,
macrophages) as well as tumor-derived
DNA, RNA, and proteins. The analysis of
these blood components can, therefore,

provide a comprehensive real-time picture
of the tumor-associated changes in an in-
dividual cancer patient (Figure 1). This in-
formation can be used for screening and
early detection of cancer, estimation of
the risk for metastatic relapse or progres-
sion (prognostic information), stratification
and real-time monitoring of treatment
response, identification of therapeutic tar-

gets and resistance mechanisms (biolog-
ical therapies), and a better understanding
of the biology of metastatic development.
Incontrast to tissuebiopsies,bloodsam-

ples can be obtained easily and repeatedly
from cancer patients. In the last decade,
many reports have focused on CTCs and
circulating nucleic acids (in particular, tu-
mor-derived DNA fragments and various
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One of Jolene Hanson’s earliest memo-
ries is of eating birthday cake in a 
wheelchair at the University of Min-

nesota Medical Center in Fairview. It was 
13!March 1976, her fourth birthday, and just 
16 days after she was diagnosed with acute 
lymphoblastic leukaemia (ALL). In those days, 
ALL killed around two-thirds of the children 
it struck. 

Hanson remembers little about her treat-
ment except that her mother crushed one of 
her drugs and put it in her ice-cream. But her 
medical records show she was taking metho-
trexate, vincristine, doxorubicin, asparaginase, 
prednisone, cyclophosphamide and cytara-
bine, and had 12 rounds of radiation to her 
developing brain. 

This intense therapy cured her. But it came 
with a curse: its long-term side effects have 
dogged her for 37 years. She is just 4 feet 8 
inches tall — the radiation left her with growth 
hormone deficiency — and permanently bald. 
Her medical diary runs to nine pages of tra-
vails: 15 October 1987, “Dr Ingvaldstat drained 
an ovarian cyst on my right side that was the 
size of an orange”; 20 July 1999, “I had a basal 
cell carcinoma spot removed from the poste-
rior 3rd–4th lumbar vertebrae region”; and 
August 2004, “A few months of infertility drugs 
and seeing high risk doctors led to the conclu-
sion of not being able to get pregnant.” 

She tries to stay upbeat despite all her medi-
cal problems. “Sometimes I just have to laugh 
about it,” she says. “What else can I do?”

That question — what else can I do? — is 
also a pressing one for doctors seeking to treat 

leukaemia without leaving behind sequelae that 
echo for decades, such as heart damage, cogni-
tive deficits, secondary cancers and stroke.

LONG-TERM DAMAGE
These days, many cases of leukaemia are cur-
able: more than 85% of children with ALL, the 
most common childhood leukaemia, survive. 
But more than a quarter of childhood cancer 
survivors report at least one severe, life- 
threatening or disabling health condition in 
the first 25 years after treatment.

The challenge for researchers is to find ways 
to lower the risk of these late effects without 
lowering the effectiveness of therapy. To mini-
mize the risk, they introduce drugs that pro-
tect patients from some of the damage, replace 
harmful treatments, and seek biomarkers that 
indicate which patients are most vulnerable. 

“There used to be this philosophy of ‘Just be 
thankful you’re alive and accept whatever prob-
lems come with treatment’,” says K. Scott Baker, 
a paediatric oncologist at the Fred Hutchinson 
Cancer Research Center in Seattle, Washington. 
“But that mindset has changed.” 

The doctors who treated paediatric leukae-
mia with radiation to the brain in the 1970s and 
’80s were less concerned with secondary effects 
than they were with the prospect of relapse. Most 
chemotherapy drugs leave the brain vulnerable 
to invading leukaemia cells because the drugs 
generally do not cross the blood–brain barrier. 

“They weren’t really thinking about what was 
going to happen to their patients in 20 or 30 
years because they didn’t know if they could 
cure anyone,” says Lisa Diller, a paediatric 
oncologist who leads a survivors’ programme 
at the Dana-Farber Cancer Institute in Boston, 
Massachusetts. Only when children began to 
survive in significant numbers did the risks of 
radiation to the developing brain become clear 
(see ‘Late effects’): it caused brain tumours, 
growth hormone deficiency, hypothyroidism 
and problems with learning and memory. 

REDUCING THE RISK
Today, many hospitals use radiation for children 
only where there is a high risk of relapse in the 
brain — if leukaemic cells have already taken 
hold there, for example, or if the disease is an 
unusually aggressive form that affects T cells. 

They also administer less radiation these days 
— rarely more than 1,200 centigrays, half the 
cumulative dose Hanson received. Most children 
receive no radiation at all: doctors prefer to pro-
tect their young patients’ brains from leukaemic 
invasion by injecting drugs such as methotrex-
ate and cytarabine into their spinal fluid.

But these drugs can have long-term cognitive 
deficits and have other late effects of their own. 

Methotrexate, for exam-
ple, may impair balance 
and the ability to walk 
normally. The drug is 
linked to so many prob-
lems, says Les Robison, an 

D R U G  S A F E T Y

Double jeopardy
Leukaemia in children is highly curable, but many survivors 
suffer severe, even life-threatening, long-term effects. 
Scientists are seeking ways to deliver a safer cure.

 NATURE.COM
To find out more 
about late effects  
in leukaemia: 
go.nature.com/ tkuq!c

The identical twin on the right was given various treatments as a child for acute lymphoblastic leukaemia.
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Interpatient and, more importantly, intrapatient heterogeneity 

spatial heterogeneity 



Temporal heterogeneity 

Evolutionary speciation or ancestral tree, from  
Charles Darwin’s 1837 Transmutation notebook B  
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Sources of Liquid Biopsy 

miRNA species) (Alix-Panabières and Pan-
tel, 2014). More recently, the molecular
analysis of tumor-derived microvesicles,
in particular, exosomes (Melo et al., 2015),
has broadened the spectrum of liquid bi-
opsy applications. Regarding the clinical
relevance, molecular analysis of CTCs
and circulating tumor DNA (ctDNA) pro-
vides important information on therapeutic
targets anddrug resistancemechanisms in
carcinoma patients. Although the ctDNA
field is restricted to DNA analyses, investi-
gation of CTCs allows comprehensive
studies at the DNA, RNA, and protein level
as well as functional studies including the
establishment of cell lines and xenografts
(Cayrefourcq et al., 2015).
Besides tumor cells and their products,

normal cells present in the tumormicroen-
vironment are also released into the blood
stream, and these cells can harbor impor-
tant information. In this issue of Cancer
Cell, Best et al. (2015) describe an impor-
tant potential role of tumor-educated
blood platelets (TEPs). The biology behind

this new diagnostic role of TEPs is the
well-known interaction between blood
platelets and tumor cells that is known to
affect tumor growth and dissemination
(Kuznetsov et al., 2012). This interaction
affects not only the expression of relevant
genes in tumor cells, but also alters the
RNA profile of blood platelets (Best et al.,
2015). In total, Best et al. (2015) performed
mRNA sequencing of TEPs from 283
platelet samples and distinguished 228
patients with localized and metastasized
tumors from 55 healthy individuals with
96% accuracy. Across six different tumor
types (non-small cell lung carcinoma,
colorectal cancer, glioblastoma, pancre-
atic cancer, hepatobiliary cancer, and
breast cancer), the location of the primary
tumor was correctly identified with 71%
accuracy. Moreover, MET or ERBB2-pos-
itive and mutant KRAS, EGFR, or PIK3CA
tumors were accurately distinguished us-
ing surrogate TEP mRNA profiles.
Interestingly, the tumor-specific educa-

tional programs in TEPs were predomi-

nantly influenced by tumor type and, to a
lesser extent, by tumor progression and
metastases (i.e., no significant differences
between non-metastasized and metasta-
sized tumorswere detected). This is some-
what surprising, because experimental
work has shown an influence of blood
platelets on tumor cell dissemination (La-
belle et al., 2011) andmetastatic outgrowth
(Kuznetsov et al., 2012). A possible expla-
nationmight be the low number of patients
analyzed for each tumor type, which may
not allow a statistically meaningful stratifi-
cation in localized and metastatic tumors.
Moreover, the set of tumors analyzed was
very heterogeneous with regard to the
metastatic capacities, e.g., glioblastomas
can release tumor cells into the blood cir-
culation but almost never produce overt
metastases, while pancreatic and lung
cancer are frequently metastasized at pri-
mary diagnosis. Thus, larger andmore ho-
mogeneous datasets are required to
address the important question of whether
TEPs sequencing can also reveal informa-
tionon the riskofmetastatic relapse,which
is the dominant cause of cancer-related
deaths in most malignancies.

Although the findings ofBest et al. (2015)
are very exciting, the requirements for
introducing a new cancer screening test
into practice are very high. The presented
case-control study is a good start, but
much larger cohorts of individuals at risk
need to be analyzed and followed up pro-
spectively over many years. For example,
cancer screening studies on prostate-spe-
cific antigen (PSA) in prostate cancer or
mammography in breast cancer com-
prised ten thousands of individuals at risk
and follow-up time of 10 or more years.
Focusing on study populations at very
high risk (e.g., people with a predisposition
for cancer)might reduce this effort to some
extent.Moreover,many aging people have
benign tumors (e.g., skin tumors) or leu-
kocytes carrying cancer-associatedmuta-
tions (Genovese et al., 2014), and
this may cause false-positive findings.
Finally, despite all diagnostic efforts, early
detectionofcancermightnotalways trans-
late into reduced mortality because tumor
cell disseminationcanoccurveryearlydur-
ing tumorigenesis and surgical removal of
the primary lesion is no guarantee for cure.

In contrast, the second key finding of
Best et al. (2015) that TEPs mRNA profiles
could distinguish mutant KRAS, EGFR, or
PIK3CA tumors could be readily validated
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Figure 1. Sources of Liquid Biopsy
Blood can be separated into different fractions in order to enrich for tumor-associated biomarkers. From
the mononuclear cell fraction, circulating tumor cells (CTCs) may provide genomic, transcriptomic, and
proteomic information on the tumor. From plasma or serum, cell-free nucleotides and exosomes can be
further used to interrogate cancer-secreted bioparticles. Tumor educated platelets (TEPs) carry additional
information on the location of the tumor in their mRNA.
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included EGFR mutation analysis in matched tumor and 
plasma samples and concluded that (i) first-line gefitinib 
was effective and well tolerated in Caucasian patients with 
EGFR mutation–positive NSCLC and (ii) ctDNA could be 
considered for mutation analysis if tumor tissue is unavail-
able (106).

CONCLUSION AND PERSPECTIVES
Analyses of CTCs and ctDNA have paved new diagnostic 

avenues and are to date the cornerstones of liquid biopsy 
diagnostics (Fig. 1). “To what extent they might replace tumor 

biopsies in the future” remains the subject of speculation. 
For primary diagnosis of tumors that are not easy to biopsy, 
such as lung cancer, and for restaging/molecular analysis of 
metastatic lesions, liquid biopsy might provide an alterna-
tive. Moreover, liquid biopsy diagnostics might help to focus 
the current cancer screening modalities to the population at 
higher risk, which would reduce side effects (e.g., radiation in 
mammography) and health care costs. However, despite a few 
promising first results and the enormous interest by diagnostic 
companies and the public press (“cancer detection from a drop 
of blood”), early detection of cancer faces serious challenges of 
both sensitivity and specificity. In contrast, monitoring of CTCs 

Figure 1.!Clinical applications of CTCs and ctDNA as liquid biopsy for personalized medicine. Blood samples can be sampled repeatedly to predict 
relapse in M0 patients or metastatic progression in M1 patients, monitor the efficacy of therapies and understand potential resistance mechanisms. 
Before therapy, patients can be stratified to the most effective drugs, whereas after initiation of treatment persistence in increases of CTCs/ctDNA 
indicates resistance to therapy, and this information may allow an early switch to a more effective regimen before the tumor burden is excessive and 
incurable. mt, mutation; BC, breast cancer; PC, prostate cancer; CRC, colorectal cancer.
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The Biology behind the Liquid Biopsy Concept (ctDNA) 

•  ctDNA is tumour DNA that 
has been shed into the 
bloodstream 

•  ctDNA can be present in 
0.01% - >90% of the total Cell 
Free DNA (cfDNA)

•  The amount of ctDNA is 
related to the tumour burden 
and varies between patients 
with different clinical 
presentations 

Diaz and Bardelli, 2014 Journal of Clincial Oncology 32



FFPE versus ctDNA
•  FFPE Samples
•  Tumour DNA extracted from fixed biopsy 

samples or tumour resections
•  Problems with quality of DNA due to fixation
•  Mixture of normal and tumour DNA 
•  Long time to process by histopathologists.
•  Macrodissected to enrich tumour content
•  Some patients have no tumour sample available
•  The sample represents the tumour at one fixed 

time point

•  ctDNA Samples
•  ctDNA shed directly from tumour
•  Extracted from the plasma component of whole 

blood 
•  Large fragment sizes possible
•  Small quantities extracted ~ 30ng/ 5ml plasma
•  Separate out plasma within a few hours of 

receipt of blood sample.
•  Serial samples can be taken at various time 

points during the patient’s treatment

The Biology behind the Liquid Biopsy Concept (ctDNA) 



Technologies for CTC and ctDNA Detection 

The only system currently approved by FDA
 is 

CELL SEARCH (Jansen Diagnostics)

•  Label dependent methods (positive enrichment with cell markers: cytokeratine+/CD45- cells but this procedure 
does not detect cells suffering EMT) 

•  Label independent methods (based on negative selection, size, etc)  



Technologies for CTC and ctDNA Detection 



Circulating Tumor Cells (CTCs)

• CTCs can be found in the bloodstream of patients with cancer as single cells or as cell clusters. 

•  CTCs levels seem to have clinical associations with survival and response to therapy (CTC enumeration). 

• CTCs could derive from primary tumor and/or distant metastasis. 

•  CTCs could contain “culpruit cells” which are responsible for seeding (CTC characterization). 
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PROSTATE CANCER

RNA-Seq of single prostate CTCs
implicates noncanonical Wnt
signaling in antiandrogen resistance
David T. Miyamoto,1,2* Yu Zheng,1,3* Ben S. Wittner,1,4 Richard J. Lee,1,4 Huili Zhu,1

Katherine T. Broderick,1 Rushil Desai,1 Douglas B. Fox,1 Brian W. Brannigan,1

Julie Trautwein,1 Kshitij S. Arora,1,5 Niyati Desai,1,5 Douglas M. Dahl,1,6

Lecia V. Sequist,1,4 Matthew R. Smith,1,4 Ravi Kapur,7 Chin-Lee Wu,1,5 Toshi Shioda,1

Sridhar Ramaswamy,1,4 David T. Ting,1,4 Mehmet Toner,7

Shyamala Maheswaran,1,8† Daniel A. Haber1,3,4†

Prostate cancer is initially responsive to androgen deprivation, but the effectiveness of
androgen receptor (AR) inhibitors in recurrent disease is variable. Biopsy of bone
metastases is challenging; hence, sampling circulating tumor cells (CTCs) may reveal
drug-resistance mechanisms. We established single-cell RNA-sequencing (RNA-Seq)
profiles of 77 intact CTCs isolated from 13 patients (mean six CTCs per patient), by using
microfluidic enrichment. Single CTCs from each individual display considerable
heterogeneity, including expression of AR gene mutations and splicing variants.
Retrospective analysis of CTCs from patients progressing under treatment with an AR
inhibitor, compared with untreated cases, indicates activation of noncanonical Wnt
signaling (P = 0.0064). Ectopic expression of Wnt5a in prostate cancer cells attenuates the
antiproliferative effect of AR inhibition, whereas its suppression in drug-resistant cells
restores partial sensitivity, a correlation also evident in an established mouse model.
Thus, single-cell analysis of prostate CTCs reveals heterogeneity in signaling pathways that
could contribute to treatment failure.

A
fter the initial response of metastatic pros-
tate cancer to androgendeprivation therapy
(ADT), it invariably recurs as castration-
resistant disease (1). Second-line inhibitors
of the androgen receptor (AR) have been

shown to increase overall survival in castration-
resistant prostate cancer (CRPC), consistent with
the reactivation of AR signaling in the tumor,
but responses are heterogeneous and often short-
lived, and resistance to therapy is a pressing clinical
problem (1). In other types of cancer, molecular
analyses of serial biopsies have enabled the studyof
acquired drug-resistance mechanisms, intratumor
heterogeneity, and tumor evolution in response
to therapy (2)—an approach that is restricted by
the predominance of bonemetastases in prostate
cancer (3, 4). Thus, isolation of circulating tumor
cells (CTCs) may enable noninvasive monitoring,

as patients initially respond and subsequently
become refractory to therapies targeting the AR
pathway (5). Here, we established single-cell RNA-
sequencing (RNA-Seq) profiles of CTCs, individ-
ually isolated aftermicrofluidic enrichment from
blood specimens of men with prostate cancer,
to address their heterogeneity within and across
different patients and their differences from
primary tumor specimens. Retrospective analy-
ses of clinical and molecular data were then per-
formed to identify potentially clinically relevant
mechanisms of acquired drug resistance.
Building on earlier approaches for captur-

ing and scoring CTCs (3), highly efficient micro-
fluidic technologies enable molecular analyses
(6–9). We applied the CTC-iChip to magnetically
deplete normal hematopoietic cells from whole-
blood specimens (10). Untagged andunfixedCTCs
were identified by cell surface staining for epi-
thelial and mesenchymal markers [epithelial
cell adhesionmolecule (EpCAM) and cadherin-11
(CDH11), respectively], and absent staining for
the common leukocytemarker CD45. These labeled
CTCs were then individually micromanipulated
(fig. S1, A and B). A total of 221 single-candidate
prostate CTCs were isolated from 18 patients with
metastatic prostate cancer and 4 patients with
localized prostate cancer (fig. S1C and table S1).
Of these, 133 cells (60%) had RNA of sufficient
quality for amplification and next-generation RNA
sequencing, and 122 (55%) had >100,000 uniquely
aligned sequencing reads (11) (figs. S1C and S2A).
Although many cancer cells in the circulation ap-
pear to undergo apoptosis, the presence of intact

RNA identifies the subset enriched for viable cells.
In addition to candidate CTCs, we also obtained
comprehensive transcriptomes for bulk primary
prostate cancers from a separate cohort of 12
patients (macrodissected for >70% tumor con-
tent) (table S2), 30 single cells derived from four
different prostate cancer cell lines, and five
patient-derived leukocyte controls (fig. S1C). The
leukocytes were readily distinguished by their
expression of hematopoietic lineagemarkers and
served to exclude any CTCs with potentially con-
taminating signals. Strict expression thresholds
were used to define lineage-confirmed CTCs,
scored by prostate lineage-specific genes (PSA,
PSMA, AMACR, and AR) and standard epithelial
markers (KRT7,KRT8,KRT18,KRT19, and EPCAM)
(11) (fig. S2B). Given the presence of leukocyte
transcripts suggestive of cellular contamination
or misidentification during selection, 28 cells were
excluded, and, given low expression of both pros-
tate lineage-specific genes and standard epithelial
markers, 17 cells were excluded. The remaining
77 cells (from 13 patients; average of six CTCs
per patient) were defined as categorical CTCs (fig.
S1C and table S1).
Unsupervised hierarchical clustering analysis

of single prostate CTCs, primary tumor samples,
and cancer cell lines resulted in their organiza-
tion into distinct clusters (Fig. 1A). Single CTCs
from an individual patient showed considera-
bly greater intercellular heterogeneity in their
transcriptional profiles than single cells from
prostate cancer cell lines (Fig. 1, B and C) (mean
correlation coefficient 0.10 versus 0.44, P < 1 !
10!20), but they strongly clustered according to
patient of origin, which indicated higher diver-
sity in CTCs from different patients (Fig. 1C and
fig. S2C) (mean correlation coefficient 0.10 for
CTCs within patient versus 0.0014 for CTCs be-
tween patients, P = 2.0 ! 10!11).
We examined gene markers of prostate line-

age, epithelial, mesenchymal, and stem cell fates,
and cellular proliferation (Fig. 2A). Epithelial
markers were abundantly expressed [>10 reads
per million (rpm)] by nearly all CTCs analyzed
(92%), whereas mesenchymal genes were not
up-regulated compared with primary tumors
or prostate cancer–derived cell lines. Among ro-
bustly expressed transcripts were putative stem
cell markers (12), includingALDH7A1, CD44, and
KLF4, present in 60% of CTCs. In addition, 47%
of CTCs expressed markers of cell proliferation.
We performed differential gene expression anal-
ysis to identify genes that are up-regulated in pros-
tate CTCs comparedwith primary tumor samples.
A total of 711 genes were highly expressed in CTCs
comparedwith primary tumors; themost enriched
were (i) the molecular chaperone HSP90AA1,
which regulates the activation and stability of
AR, among other functions (13), and (ii) the non-
coding RNA transcriptMALAT1, which has been
implicated in alternative mRNA splicing and
transcriptional control of gene expression (14)
(Fig. 2B, fig. S4A, and table S3) [false discovery
rate (FDR) < 0.1, and fold change > 2]. We used
the Pathway Interaction Database (PID) (15) to
identify key molecular pathways up-regulated in

SCIENCE sciencemag.org 18 SEPTEMBER 2015 • VOL 349 ISSUE 6254 1351
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Circulating Tumor Cells (CTCs): in vitro and in vivo models for drug response

• CTCs from patients have been propagated in vitro by multiple groups:  

 - short term cultures (28 days or less). 

 - long-term cultures (6-24 months) 

•  Mouse xenografts generated directly from CTCs (patients specific models for guiding treatment). 

Limitations:  

- Do not recapitulate the tumor cell heterogeneity. 

- Do not recapitulate tumor-host interactions (important role in drug resistance, etc). 



Circulating Tumor Cells (CTCs) and associated cells: propensity for metastatic colonization

- An EMT phenotype is associated with poor prognosis. 

- Clusters of CTCs seem to be associated with progression. 

- CTCs close to circulating Tumor-derived stromal cells seem to have survival advantage. 

- Cancer-associated macrophage-like cells facilitate distant CTC colonization and neovascularization. 



•  ctDNA has a very short half life 
ranging from 15 minutes to 
several hours

•  It is stable in plasma at    -80ºc 

•  Blood can be sampled in ETDA 
tubes but the plasma has to 
isolated and stored at -80ºc 
within one hour of collection

•  Preservative tubes can be used 
to stabilise the cfDNA in blood 
for up to 4 days at room 
temperature.

Technologies for ctDNA Collection 



Blood sample taken in 
Cell Save preservative 
tubes

Sample arrives in lab and spun 
to isolate the plasma  

Plasma is stored at -80ºc 

Sample is extracted on 
the same day as the 
downstream process 
set up due to ctDNA 
instability 

ctDNA is extracted 
from the plasma using 
the QIAamp 
Circulating Nucleic 
Acid on the QIAVac 
system 

Set up:
Pyrosequencing
Next-generation sequencing
Quantative PCR
BEAMing
Digital PCR 

ctDNA Workflow 



•  Due to the unstable nature of ctDNA the sample is has to be collected and processed 
correctly

•  Only get 30ng of cfDNA per 5ml plasma extraction 
•  The amount of ctDNA is related to the tumour burden and varies between patients
•  Difficult to discriminate ctDNA from normal cfDNA 
•  The technique used must be sensitive enough to pick up the low level variants 

Diaz and Bardelli, 2014 Journal of Clincial Oncology 32

Technologies for ctDNA Collection: Problems 



ctDNA: considerations for sensitive detection of ctDNA

• As with CTCs, proposed clinical applications of ctDNA are: 

 - Surrogate of tumor burden: Profiling and quantitation of noninvasive characterization of tumor molecular 
 features . 

Clinical utility will depend on: 

 -Analytic sensitivity (reliable detection of ctDNA when it is present). 

 -Clinical sensitivity (the proportion of patients from whom ctDNA should be detectable). 

Detection of ctDNA is further challenged by the high background levels of circulating wild-type DNA. 

ctDNA detection platforms are based on digital PCR and NGS 
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Circulating tumor DNA (ctDNA) is a promising biomarker for 
noninvasive assessment of cancer burden, but existing ctDNA 
detection methods have insufficient sensitivity or patient 
coverage for broad clinical applicability. Here we introduce 
cancer personalized profiling by deep sequencing (CAPP-
Seq), an economical and ultrasensitive method for quantifying 
ctDNA. We implemented CAPP-Seq for non–small-cell lung 
cancer (NSCLC) with a design covering multiple classes of 
somatic alterations that identified mutations in >95% of tumors. 
We detected ctDNA in 100% of patients with stage II–IV  
NSCLC and in 50% of patients with stage I, with 96% 
specificity for mutant allele fractions down to ~0.02%. Levels 
of ctDNA were highly correlated with tumor volume and 
distinguished between residual disease and treatment-related 
imaging changes, and measurement of ctDNA levels allowed 
for earlier response assessment than radiographic approaches. 
Finally, we evaluated biopsy-free tumor screening and 
genotyping with CAPP-Seq. We envision that CAPP-Seq could 
be routinely applied clinically to detect and monitor diverse 
malignancies, thus facilitating personalized cancer therapy.

Analysis of ctDNA has the potential to revolutionize detection and 
monitoring of tumors. Noninvasive access to cancer-derived DNA is 
particularly attractive for solid tumors, which cannot be repeatedly 
sampled without invasive procedures. In NSCLC, PCR-based assays 
have been used to detect recurrent point mutations in genes such 
as KRAS (encoding kirsten rat sarcoma viral oncogene homolog) or 
EGFR (encoding epidermal growth factor receptor) in plasma DNA1–4,  
but the majority of patients lack mutations in these genes. Recently, 
approaches employing massively parallel sequencing have been used 
to detect ctDNA5–12. However, the methods reported to date have 
been limited by modest sensitivity13, applicability to only a minority 
of patients, the need for patient-specific optimization and/or cost. To 
overcome these limitations, we developed a new strategy for analy-
sis of ctDNA. Our approach, called CAPP-Seq, combines optimized  

library preparation methods for low DNA input masses with a mul-
tiphase bioinformatics approach to design a ‘selector’ consisting of 
biotinylated DNA oligonucleotides that target recurrently mutated 
regions in the cancer of interest. To monitor ctDNA, the selector is 
applied to tumor DNA to identify a patient’s cancer-specific genetic 
aberrations and then directly to circulating DNA to quantify them 
(Fig. 1a). Here we demonstrate the technical performance and explore 
the clinical utility of CAPP-Seq in patients with early- and advanced-
stage NSCLC.

RESULTS
Design of a CAPP-Seq selector for NSCLC
For the initial implementation of CAPP-Seq, we focused on NSCLC, 
although our approach is generalizable to any cancer for which recur-
rent mutations have been identified. To design a selector for NSCLC 
(Fig. 1b, Supplementary Table 1 and Online Methods), we began by 
including exons covering recurrent mutations in potential driver genes 
from the Catalogue of Somatic Mutations in Cancer (COSMIC)14 and 
other sources15,16. Next, using whole-exome sequencing (WES) data 
from 407 patients with NSCLC profiled by The Cancer Genome Atlas 
(TCGA), we applied an iterative algorithm to maximize the number 
of missense mutations per patient while minimizing selector size 
(Supplementary Fig. 1 and Supplementary Table 1).

Approximately 8% of NSCLCs harbor rearrangements involving 
the receptor tyrosine kinase genes ALK (encoding anaplastic lym-
phoma receptor tyrosine kinase), ROS1 (encoding c-ros oncogene 
1 tyrosine kinase) or RET proto-oncogene17–21. To utilize the low 
false detection rate inherent in the unique junctional sequences of 
structural rearrangements5,6, we included the introns and exons span-
ning recurrent fusion breakpoints in these genes in the final design 
phase (Fig. 1b). To detect fusions in tumor and plasma DNA, we 
developed a breakpoint-mapping algorithm optimized for ultradeep 
coverage data (Supplementary Methods). Application of this algo-
rithm to next-generation sequencing (NGS) data from two NSCLC 
cell lines known to harbor fusions with previously uncharacterized 

An ultrasensitive method for quantitating circulating 
tumor DNA with broad patient coverage
Aaron M Newman1,2,7, Scott V Bratman1,3,7, Jacqueline To3, Jacob F Wynne3, Neville C W Eclov3,  
Leslie A Modlin3, Chih Long Liu1,2, Joel W Neal2, Heather A Wakelee2, Robert E Merritt4, Joseph B Shrager4,  
Billy W Loo Jr3, Ash A Alizadeh1,2,5 & Maximilian Diehn1,3,6

1Institute for Stem Cell Biology and Regenerative Medicine, Stanford University, Stanford, California, USA. 2Division of Oncology, Department of Medicine,  
Stanford Cancer Institute, Stanford University, Stanford, California, USA. 3Department of Radiation Oncology, Stanford University, Stanford, California, USA.  
4Division of Thoracic Surgery, Department of Cardiothoracic Surgery, Stanford School of Medicine, Stanford University, Stanford, California, USA.  
5Division of Hematology, Department of Medicine, Stanford Cancer Institute, Stanford University, Stanford, California, USA. 6Stanford Cancer Institute,  
Stanford University, Stanford, California, USA. 7These authors contributed equally to this work. Correspondence should be addressed to M.D.  
(diehn@stanford.edu) or A.A.A. (arasha@stanford.edu).

Received 15 August 2013; accepted 6 November 2013; published online 6 April 2014; doi:10.1038/nm.3519

!"#$%&'(#)*+'&

,(-+./& 01%"2&

!"#$%&'

(%$)&*'

+,$"#'

(%$)&*('

!"#$"#%$&#'$(

)'*$"#%$&#'$(

!+,$*"#-%.,#(

34+.-56(-$.&$7&6(.484(/+&

%+'8'/(.6+94%8:8.2&(*/+%(-$.'&

1;<&

+=/%(6-$.&

>?$*+9+=$#+&

'+@"+.68.2&

A;<&

+=/%(6-$.&

!%(.'6%8)/$#+&

'+@"+.68.2&



ctDNA: sources of variability

Inefficient ctDNA recovery during sample preparation. 

Intrinsic error rates for PCR. 

Sequencing which exceed the lower range of ctDNA abundance. 

Biases in enrichment of genomic regions for analysis. 

Detection methods for 160-180 bp fragments (nucleosomal pattern), but fragments could be lower than 
100-60bp. 

Tumor heterogeneity is the most challenging source of variability (both spatial and temporal). 

For broad applicability, ctDNA detection platforms should not only have high analytic sensitivity but also 
sufficient genomic coverage to identify a tumor with multiple molecular markers and to anticipate 

molecular alterations expected with tumor evolution. 

ctDNA detection with state-of-the-art techniques remains consistently lower for early-stage-disease 
than for metastatic disease
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Multifocal clonal evolution characterized using
circulating tumour DNA in a case of metastatic
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Circulating tumour DNA analysis can be used to track tumour burden and analyse cancer

genomes non-invasively but the extent to which it represents metastatic heterogeneity is

unknown. Here we follow a patient with metastatic ER-positive and HER2-positive breast

cancer receiving two lines of targeted therapy over 3 years. We characterize genomic

architecture and infer clonal evolution in eight tumour biopsies and nine plasma samples

collected over 1,193 days of clinical follow-up using exome and targeted amplicon sequencing.

Mutation levels in the plasma samples reflect the clonal hierarchy inferred from sequencing of

tumour biopsies. Serial changes in circulating levels of sub-clonal private mutations correlate

with different treatment responses between metastatic sites. This comparison of biopsy and

plasma samples in a single patient with metastatic breast cancer shows that circulating

tumour DNA can allow real-time sampling of multifocal clonal evolution.
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included EGFR mutation analysis in matched tumor and 
plasma samples and concluded that (i) first-line gefitinib 
was effective and well tolerated in Caucasian patients with 
EGFR mutation–positive NSCLC and (ii) ctDNA could be 
considered for mutation analysis if tumor tissue is unavail-
able (106).

CONCLUSION AND PERSPECTIVES
Analyses of CTCs and ctDNA have paved new diagnostic 

avenues and are to date the cornerstones of liquid biopsy 
diagnostics (Fig. 1). “To what extent they might replace tumor 

biopsies in the future” remains the subject of speculation. 
For primary diagnosis of tumors that are not easy to biopsy, 
such as lung cancer, and for restaging/molecular analysis of 
metastatic lesions, liquid biopsy might provide an alterna-
tive. Moreover, liquid biopsy diagnostics might help to focus 
the current cancer screening modalities to the population at 
higher risk, which would reduce side effects (e.g., radiation in 
mammography) and health care costs. However, despite a few 
promising first results and the enormous interest by diagnostic 
companies and the public press (“cancer detection from a drop 
of blood”), early detection of cancer faces serious challenges of 
both sensitivity and specificity. In contrast, monitoring of CTCs 

Figure 1.!Clinical applications of CTCs and ctDNA as liquid biopsy for personalized medicine. Blood samples can be sampled repeatedly to predict 
relapse in M0 patients or metastatic progression in M1 patients, monitor the efficacy of therapies and understand potential resistance mechanisms. 
Before therapy, patients can be stratified to the most effective drugs, whereas after initiation of treatment persistence in increases of CTCs/ctDNA 
indicates resistance to therapy, and this information may allow an early switch to a more effective regimen before the tumor burden is excessive and 
incurable. mt, mutation; BC, breast cancer; PC, prostate cancer; CRC, colorectal cancer.
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The clinical applications of CTCs and ctDNA as liquid biopsy in cancer patients 

- Screening and Early Detection of Cancer (CTC/ctDNA) 

- Estimation of the Risk for Metastatic Relapse (Prognostic Information) 

- Identification of Therapeutic Targets and Resistance Mechanisms 

- Real-time Monitoring of Therapies 

- Stratification and Therapeutic Intervention based on Liquid Biopsy 



The clinical applications of CTCs and ctDNA as liquid biopsy in cancer patients 



Early Detection in Prostate Cancer 

Stott et al.  Science Trans Med 2010 

40% (8/20) of patients with localized disease have CTCs 
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The clinical applications of CTCs and ctDNA as liquid biopsy in cancer patients 



tejido normal 

metástasis 

Cáncer in situ 
daño en  
el DNA 

daño en  
el DNA 

daño en  
el DNA 

metástasis 
agresivo diseminación 

y daño en el 
DNA 

diseminación 

diseminación  
   y daño en  
        el DNA 

diseminación  
y daño en el 
        DNA 

Cáncer diseminado 

Modif de (Sánchez-García, 2009) 

Snai1 y Snai2 

Snai1 y Snai2 

Snai1 y Snai2 

N Engl J Med. 2009 Jan 15;360(3):297-9. 

Modelo alternativo del desarrollo del cáncer 



CSC maintenance 

1- Slug 
2- Ovo family 

3- Bcl-2/Apoptosis 
4- Telomerase 

5- Genetic approach to identify 
CSC maintenance parameters 
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Translating in vivo diagnostics into clinical reality:  
cancer biomarkers 

     2  

Risk 
       assessment 

Noninvasive 
   screening for 

  early-stage 
disease 

Detection 
and 

      localization 

Response 
to 

therapy 

Disease 
stratification 

and prognosis 

Screening 
 for 

disease 
  recurrence 

The identification of disease or disease stage-specific biomarkers will facilitate preclinical candidate 

selection and accelerate clinical development by improving patient selection and providing methods
for early assessment of clinical efficacy....  



Specific Biomarkers, useful for clinical applications, 
have been identified from our Stem models 

K562 
Cell line 

No  
cDNA 

Peripharal blood from breast  
carcinoma patients 

metastatic Non 
Metastatic 

CSC

CSC

1.  Biomarker is positive in breast cancer patients with clinically defined metastatic cancer. 

2.  Biomarker was detected in a significant percentage of patients clinically defined as  
          non metastatic; these patients were later found to have developed metastases. 

3.  Further trials on going in patients with lung, ovarian and colon carcinomas. 



RISK OF PROGRESSION: MULTIVARIANT ANALYSIS 

p-valor R.R. 
I.C. 95,0% TO R.R. 

Inferior Superior 

SLUG ,016 ,310 ,119 ,805 

previous treatments ,005 0,453 ,182 ,856 

N. metastasis*ln(ILG) ,050 ,102 ,010 ,999 

70 metastatic breast carcinoma patients: survival study 



CTCs and ctDNA: Future considerations for these complementary approaches

- A major reason for treatment failures is our inability to monitor tumor evolution and adapt treatment 

accordingly. 

- Identifying tumor recurrence at an earlier time point does not improve clinical outcome if an effective 

 therapy is not selected or available. 

- Liquid biopsy technologies are potentially important advances in this regard. 

-Plasma ctDNA assays may prove more usefyl for monitoring disease burden and limited molecular profiling. 

- Once increased disease burden is recognized, then CTC analysis for comprehensive characterization of 

tumor DNA/RNA/protein levels, including their co-localization, may help to optimize therapy selection. 

- Ex vivo advantages of CTCs (drug sensitivity evaluation, etc). 



CTCs and ctDNA: significant challenges remain

-  Before using these tools into routine clinical practice will neccessitate rigorous demonstration of analytic validity and, most 
importantly, clinical utility. 

- In population screening, there are 11-19% of patients with benign inflammatory conditions (Crohn disease) with small 
numbers of benign circulating epithelial cells detectable (source of false-positive CTC result). 

-Another risk is the detection of clinically irrelevant molecular changes due to the high sensitivity of the 

methods (large annotated databases will be needed to distinguish potentially important genomic aberrations 

from noise). 

- Moreover, only clinical studies will provide evidence about whether a genomic aberration detected in 

blood  can predict benefit from a specific targeted agent. 

-Although most efforts are currently focused on testing liquid biopsy in the metastatic setting, we expect that future studies 
will evaluate its role in the early disease setting or even as a potential tool to assist early cancer diagnosis. 
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