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ABSTRACT
Objective Although counting of circulating tumour
cells (CTC) has attracted a broad interest as potential
markers of tumour progression and treatment response,
the lack of functional characterisation of these cells had
become a bottleneck in taking these observations to the
clinic. Our objective was to culture these cells in order to
understand them and exploit their therapeutic potential
to the full.
Design Here, hypothesising that some CTC potentially
have cancer stem cell (CSC) phenotype, we generated
several CTC lines from the blood of patients with
advanced metastatic colorectal cancer (CRC) based on
their self-renewal abilities. Multiple standard tests were
then employed to characterise these cells.
Results Our CTC lines self-renew, express CSC markers
and have multilineage differentiation ability, both in vitro
and in vivo. Patient-derived CTC lines are tumorigenic in
subcutaneous xenografts and are also able to colonise
the liver after intrasplenic injection. RNA sequencing
analyses strikingly demonstrate that drug metabolising
pathways represent the most upregulated feature among
CTC lines in comparison with primary CRC cells grown
under similar conditions. This result is corroborated by
the high resistance of the CTC lines to conventional
cytotoxic compounds.
Conclusions Taken together, our results directly
demonstrate the existence of patient-derived colorectal
CTCs that bear all the functional attributes of CSCs. The
CTC culture model described here is simple and takes
<1 month from blood collection to drug testing,
therefore, routine clinical application could facilitate
access to personalised medicine.
Clinical Trial Registration ClinicalTrial.gov
NCT01577511.

INTRODUCTION

To cite: Grillet F, Bayet E,
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Circulating tumour cells (CTCs) are commonly
present in the blood of solid cancer patients,1
transit through the bloodstream and constitute
seeds for subsequent metastasis development in
distant organs.2 This process is responsible for the

Signiﬁcance of this study
What is already known on this subject?

▸ Circulating tumour cells (CTCs) contain key
prognostic markers for patients with metastatic
colorectal cancer (CRC).
▸ CTCs are scarce among blood cells and they are
also heterogeneous.
▸ Functional characterisation of CTCs is thus
needed.
▸ In vitro CTC models are lacking in the CRC
ﬁeld.

What are the new ﬁndings?

▸ CTC lines contain functional cancer stem cells.
▸ CTC lines are genetically and phenotypically
heterogeneous.
▸ Identiﬁcation of gene subset commonly
enriched in cultured CTC of the present study
and previously published CTCs from colon and
other cancers.
▸ CTC lines express high levels of drug
metabolism genes and are resistant to
conventional therapies.

How might it impact on clinical practice in
the foreseeable future?

▸ This study is the ﬁrst experimental
demonstration that CTCs isolated from patients
with CRC express cancer stem cell phenotype
and can be used to determine drug sensitivity
thus, culturing CTCs could drive a personalised
approach to patients with metastatic CRC.

vast majority of deaths from colorectal cancer
(CRC),3 making it the third leading cause of cancer
death in the developed world. In recent years,
CTCs have attracted interest as a precious tool to
better understand mechanisms underlying metastatic progression and also as clinically relevant
prognostic markers, since the number of CTCs has
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Circulating tumour cells from patients with
colorectal cancer have cancer stem cell hallmarks
in ex vivo culture
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RESULTS
Establishment of tumorigenic colorectal CTC lines
Three CTC lines from four attempts were established (CTC41,
CTC44 and CTC45) from chemotherapy-naïve patients with
metastatic CRC (stage IV), while attempts from patients with
lower stage CRC or chemotherapy treated were unsuccessful.
Details about efﬁciency rates of CTC culture are provided in
online supplementary table S1. All described experiments were
performed on cells grown as spheres in suspension to promote
the survival of CSCs (ﬁgure 1A). Indeed, suspension cultures
include absence of serum in order to decrease cell differentiation and maintenance of isolated cells, which is restricted to
cancer cells with an undifferentiated phenotype.
To ascertain the tumorigenicity of CTC lines and their origin,
we injected them subcutaneously in the ﬂank of nude mice and
we showed that all CTC lines were able to initiate tumours.
Histological examination of dissected tumour xenografts was
performed by a clinical pathologist and showed the characteristics of typical invasive colorectal adenocarcinoma with both
proliferative and necrotic areas (ﬁgure 1B), which was validated
with CK20 staining (ﬁgure 1C). H&E staining on primary and
Grillet F, et al. Gut 2017;66:1802–1810. doi:10.1136/gutjnl-2016-311447

metastasis biopsies from patients 44 and 45 are shown in online
supplementary ﬁgure S1.

CTC cell lines contain multipotent cells responsible for
phenotypic heterogeneity
We then observed that the three CTC lines were able to differentiate towards all three main intestinal lineages in
vivo (ﬁgure 2A) and in vitro within spheres (ﬁgure 2B).
Indeed, terminally differentiated cells expressing markers of
enteroendocrine-like cells (chromogranin-A), goblet cells
(mucin-2) and enterocyte cells (villin) were represented within
CTC spheres and CTC-derived xenografts. To determine whether
the presence of cells with multiple different phenotypes emerged
from the presence of cells with multipotent ability within these
cell lines, we ampliﬁed several clones established from single
cells. Multiple lineages were also represented in several of these
single cell-derived clones (ﬁgure 2C), demonstrating that phenotypic heterogeneity in these patient-derived CTC populations
emerges from the presence of multipotent cells, which strongly
suggests that CSCs are present in these cell populations.

CTC lines display hallmarks of CSCs
We then determined that the CTC lines had the ability to selfrenew over long periods (20 passages) when grown as spheroids
in serum-free medium at very low density. Using extreme limiting dilution analysis19 on spheres that were passaged at least 3
times, we quantiﬁed CSC frequency and found that CTC41,
CTC44 and CTC45, respectively contained 4.2, 1.3 and 1.2%
self-renewing cells (ﬁgure 3A). In following experiments, we
compared CTC lines with cell lines freshly established from
primary tumours (CPP24, CPP25 and CPP44) or liver metastasis biopsies (CPP19, CPP30 and CPP45) and grown in suspension under similar conditions (table 1). Importantly, the CTC44
and CTC45 lines were isolated from the same patients, respectively, as CPP44 and CPP45. Clinical data for each of these
patients are detailed in the online supplementary table 2. We
also used HT29, a cell line known to have a strong CSC
phenotype.20
To validate the strong CSC phenotype of our CTC lines, we
focused on aldehyde dehydrogenase (ALDH1A1) expression
and enzymatic activity, which has been suggested as a speciﬁc
marker for the CSC/progenitor population in CRC.21 Our
results showed that ALDH1A1 mRNA was highly expressed in
CTC lines compared with other tumour patient-derived cell
lines (ﬁgure 3B, left) and the majority of CTCs within the lines
had strong ALDH activity (ﬁgure 3C). We also found strong
expression of putative CSC markers within our CTC lines such
as CD133 and EpCAM (data not shown).
Together with the multipotent differentiation ability demonstrated above, these results represent the ﬁrst functional demonstration in cancer that CTCs do contain CSCs.

CTC lines are endowed with strong metastatic potential
We then quantiﬁed the expression of two markers speciﬁcally
associated with CSCs with metastatic potential in CRC: CD26
and CD44v6.22 23 CD26 was highly expressed in CTC lines
both at the mRNA and protein levels (ﬁgure 3B,D) and
CD44v6 expression was strongly enriched in CTC lines, while
barely any expression was detected in other patient-derived
tumour cell lines (ﬁgure 3E). In contrast, the overall protein
expression of CD44 (all isoforms) was not higher in CTC cell
lines, although RNA was enriched (ﬁgure 3B). In addition,
immunostaining for CD44V6 (as well as for the CSC marker
ALDH) (ﬁgure 3E) was strong in tumours grown after
1803
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been correlated with poor prognosis notably in patients with
CRC.4
Two important obstacles currently hamper our ability to gain
deeper understanding of CTCs: their heterogeneity and scarcity.
These problems have recently been partially overcome by single
cell analyses such as RNA or exon sequencing.5 6 While these
studies did not address the functional aspects of CTC biology,
they did identify different CTC subpopulations within a single
blood sample.7 Heterogeneity of CTCs has been demonstrated
at the phenotypic level in breast cancer.8 In CRC, potential
CTC markers such as plastin 3 have been proposed but are yet
to be validated,9 and aneuploidy has been used to detect CTCs
that undergo epithelial to mesenchymal transition.10 Although
the scarcity of CTCs has restricted the number of functional
studies, subpopulations of metastasis-initiating breast cancer
CTCs11 and tumorigenic lung cancer CTCs12 have been
described in vivo, and molecular characterisation studies have
suggested that CTC-driven metastatic progression might rely
upon their cancer stem cell (CSC) properties.13 Culturing
human CTCs would overcome the difﬁculty of characterising
these rare cells and allow both researchers and clinicians to
study them. Accordingly, recent publications in several
cancers14–17 have described in vitro CTC culture models.
However, for CRC research, thorough general functional characterisation of CTCs still represents a major challenge as systemic CTC number is particularly low compared with other
solid cancers.18
In order to functionally characterise colorectal CTCs, we
developed CTC lines from several patients with metastatic CRC,
by growing them under conditions that promote the survival of
self-renewing cells. Our CTC lines were compared with some of
the established patient-derived cells isolated from primary
tumours and liver metastases in our team; and grown under the
same conditions. We demonstrate that CTC lines contain cells
that have the functional characteristics of CSCs as they have
maintained their self-renewal and multilineage differentiation
properties. These cells robustly express CSC markers and were
able to initiate metastasis development in vivo. Strikingly, we
found clear overexpression of genes involved in xenobiotic
resistance in our CTC lines and furthermore our cytotoxicity
assay corroborates the potential usefulness of this model to
predict patient drug response for individual patients.
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subcutaneous CTC injection in immunocompromised mice (see
online supplementary ﬁgure S2). To functionally validate the
metastatic potential in vivo, we injected CTC lines independently in the spleen of nude mice. Within 4 weeks, all CTC lines
injected led to the formation of metastasis in the liver and in the
lung also for CTC45 (ﬁgure 3F).

CTC lines are genetically heterogeneous
In line with the study by Yu et al describing mutation differences
between primary tumour and CTC in breast cancer,14 nextgeneration sequencing analysis performed on four frequently
mutated genes demonstrated that some cancer-associated mutations or variants were different between CTC lines and the
respective primary tumour and metastasis (table 2). Strikingly,
CTC44 and CTC45 lines were carrying the BRAF V600E mutation, whereas primary tumours and metastasis were diagnosed
as KRAS G12V-mutated for patient 44 and KRAS
G12D-mutated for patient 45, which means that the BRAF
V600E mutation was absent from these samples. The presence
of the BRAF V600E mutation in the CTC lines was conﬁrmed
by pyrosequencing. Additional staining of tissue sampled from
areas of the primary and liver metastasis (different from those
1804

used for sequencing) revealed the presence of small BRAF
V600E-positive areas (see online supplementary ﬁgure S3).
To further analyse the intra cell line heterogeneity, we used
the CTC41 cell line, which homogeneously carries the heterozygous BRAF V600E mutation (see online supplementary ﬁgure
S4), identical to that detected in the patient tumour (not
shown). We generated 10 CTC41 subclones from single cells
and analysed their genomic DNA by next-generation sequencing
using the pan-cancer integrated DNA technologies (IDT) panel,
which includes 2290 target regions covering 0.8 MB of primarily exonic regions. Five hundred six high-conﬁdence variants
(342 heterozygous, 164 homozygous) spanning 95 genes were
identiﬁed in all CTC41 subclones, including multiple wellrecognised colon cancer-associated genes (see online
supplementary table S3), consistent with the CRC origin of
these cells. In addition, we detected a hemizygous androgen
receptor variant (NM_000044.3:c.1617-7T>G) in one of the
ten subclones (see online supplementary ﬁgure S5). This result
indicates that genetic heterogeneity is present within the CTC41
cell line, and is likely to underestimate the actual heterogeneity
level as the IDT panel only covers less than 0.03% of the
human genome.
Grillet F, et al. Gut 2017;66:1802–1810. doi:10.1136/gutjnl-2016-311447
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Figure 1 (A) Images of spheroids formed by circulating tumour cell (CTC)41, CTC44 and CTC45 lines (scale bar 50 μm). (B) H&E staining on
tumours following subcutaneous injections of CTC lines into nude mice (scale bar 250 mm). (C) CK20 staining on tumours following subcutaneous
injections of CTC lines.
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The mRNA expression proﬁle of human colon CTC lines
reveals similarities with CTCs from other cancers and is
enriched for xenobiotics metabolism genes
We then performed RNA sequencing on biological triplicates of
our three CTC lines as well as of three primary colorectal
tumour-derived cell lines grown using a similar approach, two
derived in our laboratory (CPP1 and CPP44) and one commercially available (DLD-1). Using unsupervised clustering we
found that the three CTC lines clustered together, away from
the primary tumour cells (see online supplementary ﬁgure S6).
A total of 6096 genes were differentially expressed in CTCs
compared with primary CRC-derived cells using two differential
expression-testing packages (DESeq2 and Voom, see the
Materials and methods section,24–26). This included 2791
(45.8%) upregulated genes and 3305 downregulated genes
(54.2%) (see online supplementary ﬁgure S6).
Further analysis of RNASeq results for the CTC44 cell line
and cells from the matching primary tumour (CPP44) corroborated the common origin of these samples while suggesting that
CTCs circulating in this patient only represented a fraction of
cells from the primary tumour (see online supplementary results
and discussion).
This differentially expressed gene list was then compared with
four previously published studies that identiﬁed ‘CTC-speciﬁc’
gene sets in melanoma, breast, prostate and CRCs,27–30 in order
to determine the potential level of overlap between our and
their list of differentially expressed genes gene. As shown in
online supplementary table S4, differentially upregulated genes
from the present study were enriched in the gene sets from
three of these four studies, excluding that from melanoma, suggesting that CTCs emerging from very different cancers may
share some key characteristics and that some of these characteristics are still detectable in our cultured CTCs. Six genes were
Grillet F, et al. Gut 2017;66:1802–1810. doi:10.1136/gutjnl-2016-311447

detected as differentially expressed in all four studies (including
the present one): AGR2, CEACAM5, CLDN3, CK18, EpCAM
and FGFR3.
In addition, the list of genes differentially expressed in CTCs
versus primary tumour-derived cells was used to perform a generally applicable gene set enrichment for pathway analysis.31
The most striking upregulated feature distinguishing CTC lines
from primary tumour-derived cell related to their metabolic
activity, highlighting their enhanced drug/xenobiotics metabolising activity, in particular via cytochrome P450 pathway
(p=0.0109, see online supplementary ﬁgure S7), suggesting that
these cells may display enhanced resistance to conventional
cytotoxic compounds.

Drug sensitivity on CTC lines as a potential prediction tool
for personalised medicine
As demonstrated above, xenobiotic resistance was the most represented common pathway within CTC lines and isolated CTCs
have been suggested in breast cancer as a good predictive model
to screen potential alternative drug treatments in order to select
those that are the most likely to be effective.14 However, in order
to inform therapeutic decisions by clinical oncologists, such
screening approaches must be conducted within a short timeframe after blood sample collection. Using our approach we were
able to generate sufﬁcient cellular material (5 million cells)
within 3 weeks of sample collection, allowing us to perform cytotoxicity assays. As a proof of concept for CTCs from patients
with CRC, we quantiﬁed the sensitivity of our CTC lines to an in
vitro cytotoxic regimen inspired by standard-of-care chemotherapy combinations for patients with CRC (FIRI: 5-ﬂuorouracil
(5-FU) and SN-38, the active metabolite of irinotecan). Overall,
we found that CTC lines were signiﬁcantly more resistant to FIRI
1805
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Figure 2 (A) Immunoﬂuorescent staining of tumour xenografts obtained after subcutaneous injection of circulating tumour cell (CTC) lines into the
ﬂank of nude mice (scale bar 20 μm). (B) Immunoﬂuorescent staining of tumour spheres formed in vitro from CTC lines (scale bar 20 μm). (C)
Immunoﬂuorescent staining of representative tumour spheres derived from single-cell clones of CTC lines (scale bar 20 μm). Names of stained
intestinal and epithelial markers are speciﬁed within each photograph in the corresponding colour. E-cadherin (ECad) and cytokeratin 20 (CK20) are
epithelial markers. Mucin 2 (Muc2) stains goblet cells, villin stains enterocytes and chromogranin A (CgA) stains enteroendocrine cells.
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than primary and metastatic tumour-derived cells grown under
the same conditions (ﬁgure 4A).
We then conﬁrmed by reverse transcription-quantitative PCR
that CTC lines displayed a high expression of genes associated
with irinotecan resistance, including UGT1A isoforms and
ABCG2, in comparison with other patient-derived cell lines. In
contrast, no difference was observed for the expression of
TYMS (involved in 5-FU metabolism) (ﬁgure 4B).
Finally, we tested the sensitivity of our CTC lines to the multikinase inhibitor regorafenib and the BRAF V600 inhibitor
vemurafenib (ﬁgure 4C,D). For regorafenib, a multikinase
inhibitor approved by the US Food and Drug Administration
and
European
Medicines
Evaluation
Agency
for
treatment-refractory patients with CRC, we found that sensitivity varied greatly in all samples tested, with CTC41 the most
sensitive to this compound (ﬁgure 4C). Since each of the CTC
lines carried the V600E BRAF mutation, we also tested the toxicity of the V600E BRAF inhibitor vemurafenib, on these cells.
Despite the fact that vemurafenib is demonstrated to be poorly
efﬁcient on BRAF-mutated CRCs,32 CTC41 was found to be
also very sensitive to this inhibitor (ﬁgure 4D).

DISCUSSION
Here, we established three CTC lines displaying CSC phenotype, metastatic potential and phenotypic and genetic
1806

heterogeneity. These CTC lines have speciﬁc drug metabolising
abilities compared with patient-derived CRC cells as proved
with RNA sequencing analysis.
The CTC lines display phenotypic heterogeneity which is
shown here by the presence of different intestinal lineages in
vitro and in vivo, validating both the origin of these lines and
the robustness of the described model. Overall, our data provide
the ﬁrst experimental demonstration that cells with multilineage
differentiation potential circulate in the blood of patients with
cancer and suggest that they are the likely source of CSCs in
CRC metastases.33
Using single cell clone experiments, we have demonstrated
that this phenotypic heterogeneity came from the ability of
some multipotent cells to differentiate towards different intestinal lineages. Together with the ability of these cells to selfrenew and to highly express CSC markers, this latter result functionally demonstrates, for the ﬁrst time, that CSCs are present
within CTCs. The theory that CTC populations include cells
that display CSC characteristics has been subject to debate in
the literature since molecular characterisation reported both
CSC marker expression within CTC34–37 and the absence of a
CSC signature after RNA sequencing analysis.14
Our CTC lines express high levels of metastatic CSC markers,
CD26 and CD44v6.22 23 We show here for the ﬁrst time that
CTC lines from patients with CRC are able to induce liver
Grillet F, et al. Gut 2017;66:1802–1810. doi:10.1136/gutjnl-2016-311447
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Figure 3 (A). Cancer stem cell (CSC) frequency quantiﬁed in circulating tumour cell (CTC) lines after more than seven passages as tumour spheres
using the extreme dilution assay (ELDA). Presence or absence of spheres is quantiﬁed as a binary outcome and stem cell frequency is calculated,19
and expressed as percentage of total cell number. (B) Expression of mRNAs encoding CSC markers such as ALDH1A1, CD26 and CD44, measured
using reverse transcription-quantitative PCR analysis in CTC lines and cells derived from primary colon tumours (P) or liver metastases (M) of
patients with CRC. Expression of mRNAs is expressed relative to the mean expression level across all primary and metastatic tumour-derived cell
lines (which was set to 1). Results are expressed as mean±SEM, n>3, statistical analyses were performed using a Mann–Whitney U test. (C)
Percentage of cells with high ALDH-activity in CTC lines, HT29 and tumour-derived cell lines, quantiﬁed using the Aldeﬂuor assay kit (STEMCELL
Technologies) and measured by ﬂow cytometry. (D) Percentage of CD26-positive cells in CTC lines, HT29 and tumour-derived cell lines quantiﬁed by
ﬂow cytometry. (C and D) Results are expressed as mean±SEM, n>3, statistical analysis: Mann–Whitney U test comparing the mean value of each
group of cells lines (CTC, P and M). (E) Percentage of CD44-positive (grey bars) and CD44 v6-positive (black bars) cells in CTC, HT29 and
tumour-derived cell lines analysed by ﬂow cytometry. (F) Photographs of liver metastases formed after intrasplenic injection of CTC lines in NOD/
SCID mice (scale bar 1 cm).
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Table 1 Origin of different tumour patient-derived cell lines and
the potential treatment given to patients before sampling
Patient-derived cell
line name

41
44

CTC41
CTC44
CPP44

45

CTC45
CPP45

24

CPP24

25

CPP25

19

CPP19

30

CPP30

Treatment before
sampling

Origin
Blood
Blood
Primary
tumour
Blood
Liver
metastasis
Primary
tumour
Primary
tumour
Liver
metastasis
Liver
metastasis

None
None
None
None
None
Bevacizumab
Cetuximab FOLFIRI
Capecitabine
Bevacizumab FOLFIRI
Bevacizumab
FOLFOX4
FOLFIRI Xelox

CTC, circulating tumour cell.

metastases following intrasplenic injection. Our results demonstrate the ability of CTC to generate tumours in distant organs,
which has already been shown in another model for another
cancer.11
Unexpectedly, we describe the growth of predominantly
BRAF-mutated cells in our CTCs despite the fact that BRAF
V600E mutation appears to be detected minority in other
samples from the same patient. Potential reasons for this ﬁnding
could be the selective enrichment of BRAF V600E cells under
our culture conditions, or alternatively the fact that
BRAF-mutated CTCs were predominant at the time of sampling.
Although, in the similar conditions BRAF wild-type cell lines
from primary and/or metastasis biopsies were established, which
suggest that culture condition selection is unlikely.
This result highlights the intratumoural heterogeneity and
suggests that some circulating clones may carry bad prognosis
mutations.38
Tumour heterogeneity has clinical implications in patientspeciﬁc responses to therapy and the rapid emergence of resistance to targeted therapies. Oncologists increasingly use
molecular characterisation of a sample of primary or metastatic
tumour to guide their selection of treatments for individual
patients. Yet, intertumour and intratumour heterogeneities
pose a challenge to personalised cancer medicine because a
single biopsy cannot always accurately capture the complete
genomic landscape of a patient’s cancer. For example, heterogeneity of the KRAS mutational proﬁle between primary and

Table 2 Variants detected in patient tumour and metastasis and
CTC lines
Patient

Variant

Tumour

CTC line

Metastasis

44

EGFR Q787Q
KRAS G12V
PIK3CA E545K
BRAF V600E
EGFR Q787Q
KRAS G12D
BRAF V600E

Yes
Yes
Yes
No
Yes
Yes
No

Yes
No
No
Yes
Yes
No
Yes

Yes
Yes
Yes
No
Yes
Yes
No

45

CTC, circulating tumour cell.
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Patient
number

matched metastatic samples is detected in 10%–23% of
patients carrying KRAS-mutated colorectal tumours.39 40
Recently, a complete genetic analysis of cancer evolution in
patients with prostate cancer proposed a complex model41 42
involving polyclonal seeding in multiple waves and transfer of
diverse tumour clones between metastatic sites. In our study,
the differential presence of genetic variants in individual CTC
line subclones (eg, androgen receptor variant) for CTC41 and
the presence of BRAF V600E mutated cells within CTC44 and
CTC45 lines suggest that tumour cells with different genetic/
phenotypic make up were circulating in the blood of patients
at the time of sample collection. Consequently, CTC may be a
‘liquid biopsy’ of the primary tumour and may also provide a
snapshot of an otherwise undetected heterogeneous tumour
state at primary and/or secondary sites.
Despite the fact that our CTC lines were maintained in
culture for several months, the analysis of RNA sequencing
results indicated that differentially expressed genes in these cells
shared similarities with those identiﬁed in three prior studies
conducted on freshly isolated CTCs.30 43 44 In particular, six
genes were detected as differentially expressed in all four studies
(including the present one): AGR2, CEACAM5, CLDN3,
KRT18 (encoding cytokeratin 18), EpCAM (TACSTD1) and
FGFR3, suggesting that these genes could form part of a core
CTC signature across multiple cancers.
Corroborating the robust CSC phenotype that we described
in the present study, at least four of these proteins (AGR2,
KRT18, EpCAM and FGFR3) were previously proposed as CSC
markers in several cancers.45–48 Thus, the expression of AGR2
was found to correlate with that of the CSC marker LGR5 in
patients with CRC, leading to the suggestion that detection of
AGR2/LGR5 levels may reﬂect the presence of CTCs with CSC
properties in CRC.49 Cytokeratin 18 was identiﬁed as one of a
small number of CSC markers using an unbiased proteomics
approach in gastric cancer46 and was enriched in self-renewing
prostate CSCs in vitro.50 High EpCAM expression has been
shown to be a feature of CSCs in several carcinomas including
liver and colorectal.47 51 FGFR3 was shown to mediate the
paracrine effects of FGF9 in the oestrogen-driven expansion of
breast CSCs.52
Strikingly also, the six genes identiﬁed here as characterising
CTCs across several studies encode proteins that localise at the
extracellular membrane and/or are secreted in the extracellular
space. This characteristic could be highly valuable to propose alternative markers to identify CTCs and to purify them directly from
the blood of patients. Most of these proteins were proposed to
actively participate in the metastatic process of various cancers,
notably by interacting with surrounding normal cells.53–56
From a clinical point of view, it is noteworthy that most of
these proteins have been suggested as putative biomarkers either
for the presence of metastasis or poor outcome for the
patient.57–61
CTCs have also been suggested as a potential useful tool to
derive predictive information and thereby inform therapeutic
decisions.62 Extensive drug testing was recently performed on
CTC cell lines carrying various mutational proﬁles established
from patients with breast cancer, highlighting the interest of
such approaches to personalise the identiﬁcation of sensitivity to
cytotoxic or targeted anticancer compounds.14 Interestingly,
CTCs were previously shown to be more resistant than primary
tumour cells from matching patients due to an enhanced DNA
damage response ability,63 and the pathway analysis of differentially expressed genes in our CTC lines pointed towards a
robust enrichment of drug-metabolising networks in CTCs.
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In addition, CTC-derived xenografts were shown to mirror
the donor patient’s response to platinum and etoposide chemotherapy.12 The time necessary for xenografts to develop may
reduce the applicability of this latter approach to derive predictive information for patients with metastatic CRC, for whom
survival times are unfortunately very short. In contrast, the CTC
culture model described here is simple and rapid (<1 month
from blood collection to drug testing), implying that using this
approach to test available treatments could be particularly useful
for patients with treatment-refractory tumours such as
BRAF-mutated CRC, pancreas cancer or melanoma as well as
for patients with CTCs that reﬂect the presence of minor/
undetected clones within metastatic samples. Our preliminary
clinical data on a small number of cell lines potentially suggest
that toxicity assays on CTC might predict patient response to
drugs. For instance a patient from whom the CTC41 line was
established rapidly died after being treated with FOLFIRI and
the CTC41 line was shown to be resistant to this combination
of chemotherapies in vitro (ﬁgure 4A). Furthermore, since
kinase inhibitors regorafenib and vemurafenib induce many side
effects, drug sensitivity assays could be proposed on CTC lines
to potentially predict patient response for these drugs and spare
patients, by diminishing the risk of leading to severe side effects
without any impact on tumour cells.
In conclusion, as suggested by the differential responses to chemotherapeutic cocktail and targeted inhibitor recorded between
1808

CTC lines and tumour-derived cell lines, we speculate that generating CTC cell lines using the approach described in this study
will provide an invaluable tool to rapidly test and potentially
predict treatment response for individual patients, thus facilitating the access of patients to personalised medicine in the future.

MATERIALS AND METHODS
Establishment of circulating tumour patient-derived
cell lines
On the day of surgery, hospital shipped two EDTA tubes of
blood for each patient through a taxi which was dedicated to
this project and during the whole project, blood had never
waited more than 4 hours following the sampling to be processed, the average time being 2 hours. Blood samples were
then pooled to reach a total volume of 8–10 mL, they were then
incubated at room temperature for 20 min with 50 mL of
Rosette Sep Human Circulating Epithelial Tumor Cell
Enrichment Cocktail (STEMCELL Technologies) per mL of
blood diluted in phosphate buffered saline (PBS) containing 2%
of fetal bovine serum (FBS) v/v. After 20 min, the mix was
gently put on 15 mL of lymphocyte separation medium (LSM,
Eurobio) and centrifuged 20 min at 1200g without brake. Cells
located at the interface between serum and LSM were delicately
harvested, washed twice in PBS containing 2% of FBS and
resuspended in M12 medium (1 mL/well) in ultralow attachment 24-well plates (Corning). M12 medium contains advanced
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Figure 4 (A) IC50 of 5-FU + SN-38 (active metabolite of irinotecan), a common combination of chemotherapies, on the cell viability of circulating
tumour cell (CTC) lines, primary (P) or metastatic (M) tumour-derived cell lines and HT29, quantiﬁed using the Cell Titer Glow assay. Results are
expressed as mean±SEM, n>3, statistical analysis: Mann–Whitney U test comparing the mean value of each group of cells lines (CTC, P and M). (B)
Relative expression of mRNAs encoding proteins involved in chemotherapy resistance (UGT1A, UGT1A1, MDR1, ABCG2 and TYMS) quantiﬁed by
qPCR on CTC lines, P or M tumour-derived cell lines. Expression of mRNAs is expressed relative to the mean expression level across all primary and
metastatic tumour-derived cell lines, which was set to 1. Results are expressed as mean±SEM, n>3, statistical analysis was performed by
Mann–Whitney U test. (C) IC50 of regorafenib (multikinase inhibitor) on the cell viability of CTC lines, P or M tumour-derived cell lines and HT29,
quantiﬁed using the Cell Titer Glow assay. (D) IC50 of vemurafenib (BRAF inhibitor) on the cell viability of CTC lines, P or M tumour-derived cell lines
and HT29. Results are expressed as mean±SEM with n>3. Statistical analysis: Mann–Whitney U test comparing mean of each cell lines subgroup (A)
or each cell line (B and C).
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Statistical analysis
For each experiment, data are shown as mean SEM of at least
three independent experiments. GraphPad Prism 6 software was
used for data analysis. The Mann–Whitney U test was used to
analyse the difference between two groups of quantitative variables; α value was set at 5%.
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