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ABSTRACT

In colorectal cancer (CRC), KRAS mutations are a strong negative predictor for treatment
with the EGFR-targeted antibodies cetuximab and panitumumab. Since it can be difficult
to obtain appropriate tumor tissues for KRAS genotyping, alternative methods are required.
Circulating tumor cells (CTCs) are believed to be representative of the tumor in real time. In
this study we explored the capacity of a size-based device for capturing CTCs coupled with
a multiplex KRAS screening assay using droplet digital PCR (ddPCR). We showed that it is
possible to detect a mutant ratio of 0.05% and less than one KRAS mutant cell per mL total
blood with ddPCR compared to about 0.5% and 50—75 cells for TagMeltPCR and HRM. Next,
CTCs were isolated from the blood of 35 patients with CRC at various stage of the disease.
KRAS genotyping was successful for 86% (30/35) of samples with a KRAS codon 12/13
mutant ratio of 57% (17/30). In contrast, only one patient was identified as KRAS mutant
when size-based isolation was combined with HRM or TagMeltPCR. KRAS status was
then determined for the 26 available formalin-fixed paraffin-embedded tumors using stan-
dard procedures. The concordance between the CTCs and the corresponding tumor tissues
was 77% with a sensitivity of 83%. Taken together, the data presented here suggest that is
feasible to detect KRAS mutations in CTCs from blood samples of CRC patients which are
predictive for those found in the tumor. The minimal invasive nature of this procedure
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in combination with the high sensitivity of ddPCR might provide in the future an opportu-
nity to monitor patients throughout the course of disease on multiple levels including early

detection, prognosis, treatment and relapse as well as to obtain mechanistic insight with
respect to tumor invasion and metastasis.
© 2016 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.

1. Introduction

The recent development of next-generation sequencing has
allowed the identification of key genetic and epigenetic
changes in human tumors. This has facilitated the develop-
ment of a novel group of anticancer agents targeting onco-
genic signaling pathways associated with specific mutations
(Shen et al., 2015). In colorectal cancer (CRC), genetic alter-
ations are frequent in genes encoding downstream effectors
of the epidermal growth factor receptor (EGFR) pathway
including KRAS, NRAS and BRAF as well as genes involved in
pathway crosstalk like PTEN or PIK3CA (Therkildsen et al,
2014; Muzny DM et al., 2012). KRAS mutations are observed
for 40—45% of CRC patients with the 7 most frequent muta-
tions occurring in codons 12—13. These mutations have been
identified as a strong negative predictive factor for the
response to EGFR-targeted antibodies including cetuximab
and panitumumab. Therefore, the detection of KRAS status,
and more recently, NRAS status has become mandatory before
starting the treatment of metastatic CRC patients with EGFR-
directed antibodies. Previous clinical trials have demonstrated
that patients with KRAS mutant tumors have marginal or no
response to EGFR-directed antibodies whereas up to 40% of
patients with KRAS wild-type (wt) tumors respond to the treat-
ment (Amado et al., 2008; Lievre et al., 2006). However, the ne-
cessity to do KRAS genotyping of tumor tissues may be
problematic in many clinical situations. For instance, for
non-metastatic CRC, most patients are rapidly operated after
diagnosis. 25—-30% of these patients will develop liver or lung
metastasis within 5 years due to the growth of occult micro-
metastasis. In this case, the KRAS status in the primary tumor
may no longer be available and serial biopsies of the metas-
tasis is generally not feasible. Furthermore, the KRAS status
of the primary tumor may not necessarily reflect the current
KRAS status of the metastasis since tumors evolve during dis-
ease progression by both Darwinian selection and therapeutic
pressure (Chisholm et al., 2015). The same argument holds for
the 25% of patients harboring metastasis at diagnosis. Finally,
following tumor removal it is advisable to determine the pres-
ence of residual disease and to monitor the efficiency or resis-
tance to therapies (Misale et al., 2014; Bird et al., 2006). For all
these reasons, alternative assays to KRAS testing of the pri-
mary tumor are warranted.

Liquid biopsies including circulating tumor cells (CTCs) and
circulating tumor DNA (ctDNA) has become an exciting tool in
oncology to investigate the dynamics of tumor development
over time (Heitzer et al.,, 2015; Lianidou et al., 2015; Gingras
etal.,2015; Ma etal., 2015). Besides ctDNA, one of the most prom-
ising applications would be molecular characterization of CTCs.

CTCs are rare cells present in the blood and lymphatic vessels
which have been released from the primary tumor and/or
metastasis and which may have the potential to induce relapse
or metastasis (Hardingham et al., 2015; Pantel and Speicher,
2015; Joosse et al., 2014). It is widely accepted that the number
of CTCs is inversely correlated with the prognosis of the patients
for multiple solid tumors including both metastatic and non-
metastatic CRC (Lim et al,, 2014; Cohen et al., 2009; Cohen
et al., 2008) suggesting that these cells are potentially harmful.
At present, relatively little is known about their mutational sta-
tus because molecular characterization of CTCs requires both a
specificmethod toisolate the CTCs from the hematogenous cells
(Alix-Panabieres and Pantel, 2014; Pantel and Alix-Panabieres,
2013; Torino et al., 2013; Lianidou, 2014) as well as a molecular
detection method with high sensitivity in order to be able to
identify a few mutant copies against a strong background of
wt DNA (Cai et al., 2015).

First-generation Sanger sequencing is currently the gold
standard for detection of mutant DNA, However, it is only reli-
able for detection of 10—20% mutant copies at the allelic level
(Tsiatis et al., 2010). Since lower levels of mutant copies would
be masked by a high background of wt DNA from contaminant
leukocytes, Sanger sequencing would not be appropriate for
molecular characterization of CTCs. Other PCR-based ap-
proaches for detecting rare mutant copies have been devel-
oped, all with advantages and disadvantages in terms of
cost, sensitivity and specificity. This includes pyrosequencing
(Tsiatis et al., 2010), co-amplification at lower denaturation
temperature-PCR (cold-PCR) (Zuo et al., 2009), amplification
refractory mutation system using a bifunctional self-probing
primer (Franklin et al., 2010), massively-parallel sequencing
(Peeters et al., 2013), high-resolution melting (HRM) analysis
(Simi et al., 2008; Mohamed Suhaimi et al., 2015) or allele spe-
cific blocker PCR (ASB-PCR) (Mohamed Suhaimi et al., 2015).
Recently, droplet digital PCR (ddPCR) (Hindson et al, 2011,
2013) has been developed to detect very low number of mutant
copies. This system partitions the PCR products into approxi-
mately 20,000 droplets, each of which undergoes an individual
reaction. Each individual droplet is defined on the basis of
fluorescent amplitude as being either positive or negative.
This technique has been successful for characterization of
hotspot mutations in ctDNA (Hudecova, 2015; Bettegowda,
2014) including the detection of KRAS mutations (Thierry
et al., 2014). Recent studies have explored the feasibility to
detect KRAS mutant cells by ddPCR for the diagnosis of
pancreatic cancer (Earl et al., 2014) or other type of mutations
such as Estrogen-receptor-1 in metastatic breast cancer
(Guttery, 2015) thereby opening new avenues for molecular
characterization of CTCs.
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To our knowledge the present study is the first to explore
the potential of ddPCR to detect and characterize KRAS status
in the CTCs of patients with colorectal cancer after isolation
by size-based technology. Our findings show that molecular
characterization of CRCs using ddPCR is feasible with a good
sensitivity and concordance between the KRAS phenotype in
the CTCs and the corresponding tumor tissues.

2. Material and methods

2.1. Samples from colorectal cancer patients and healthy
donors

A total of 35 patients with colorectal cancer (CRC) were included
in this study. Patients enrolled in this study have been included
in larger clinical studies (NCT01675999 and NCT 00958737)
approved by the local ethical committee. All participants were
informed by the surgeons (MK, GM and AP) and signed a specific
consent form for this study. Ethylenediaminetetraacetic acid
(EDTA)-anticoagulated peripheral blood (6 mL) was obtained
from all patients just before colorectal tumor resection. DNA
was extracted from the enriched fraction of CTCs (see below)
aswell as from tumor tissues obtained after surgery. All samples
from healthy donors (HD) were obtained anonymously from ten
healthy volunteers (6 men and 4 women; mean age 42 + 15 years)
drawn at french national transfusion agency (Bichat-Claude
Bernard). According to the French law related to research of
donated blood, general indications includes age <70 years
without known chronic diseases, cancers, hematological disor-
ders or viral infections and no transfusion or surgery during the
last 4 months.

2.2. Determination of serum tumor markers

CEA (Carcinoma Embryonic Antigen) and CA19.9 were assayed
in the serum of patients collected in an additional tube at the
same time that the CTC isolation and cytological analysis. The
immunoanalysis assay was performed on a KRYPTOR
analyzer (B.R.A.H.M.S, Hennigsdorf, Germany) according to
standard procedures.

2.3. Cell culture and spiking experiments

The human pancreatic adenocarcinoma PANC1 cell line and
the human breast cancer cell line MCF-7 were obtained from
ATCC (ATCC, Manassas, USA). PANC-1 were cultured with
DMEM containing 10% foetal bovine serum and antibiotics
while MCF7 were cultured with MEM and addition of
0.01 mg/mL human recombinant insulin, 10% foetal bovine
serum and antibiotics. PANC1 is heterozygous for KRAS
c.35G > A (G12D) and MCF7 harbor no mutations in KRAS
gene. After trypsinization, PANC1 cells were picked one by
one under an inverted microscope and transferred into
100 pL of nuclease-free PBS1X before to be added into 3 or
6 mL of whole blood of HD. Then, blood was filtered for
CTCs counting or KRAS status determination.

2.4. Cytological evaluation of CTCs

For cytological detection of CTCs, 3 mLblood was filtered accord-
ing to the manufacturer’s instructions using the ScreenCell Cyto
kit (Screencell, Sarcelles, France) (Desitter et al., 2011). After
completing the filtration, the filter was rinsed with 500 pL of
phosphate-buffered saline, dried on absorbent tissue, and
stained with either Hematoxylin/eosin (H/E), Giemsa (G) or
May-Grunewald (MGG). The stained filters were analyzed by
an experienced cytopathologist (JW) blinded to the histological
diagnosis. Cells were categorized as “negative”, “suspicious”,
or “malignant” based on cytomorphological features. Cells
considered as “malignant” displayed an epithelial phenotype
with enlarged nuclei, coarse chromatin, and irregular nuclear
membranes. Cells classified as “suspicious”, also demonstrated
an epithelial phenotype, but displayed bland nuclear features
with round smooth nuclei and even chromatin.

2.5. Preparation of CTCs samples for detection of KRAS
status

For molecular characterization of the CTCs, 6 mL blood was
filtered using the ScreenCell MB™ (ScreenCell, Sarcelles,
France) device according to the manufacturer’s instructions
(Desitter et al., 2011). DNA from cells captured on the filter
was isolated using QIAampDNA Micro Kit (Qiagen®, Courta-
boeuf, France). Next, Whole Genome Amplification (WGA)
was performed using GenomePlex® Single Cell Whole Genome
Amplification Kit (Sigma—Aldrich, Saint-Quentin Fallavier,
France). For each WGA reactions, DNA libraries were sepa-
rated on a 1.5% agarose gel for visual confirmation of product
amplification and quality. Then, they were diluted 1/50 before
determination of KRAS status.

2.6. Detection of KRAS status in CRCs by droplet digital
PCR (ddPCR), TagMelt PCR, High Resolution Melting (HRM)
or Sanger sequencing

For HRM, we used a home-made assay performed in routine
for clinical samples with LightCycler 480 (Roche Diagnostics,
Meylan, France) using the following primers: for codon 12, F:
GGCCTGCTGAAAATGACTGAA, R: GGTCCTGCACCAGTAA-
TATGC and codon 13 F: CAGACTGTGTGTTTCTCCCTTCT-
CAGG, R: AGAAAGCCCTCCCCAGTCCTCA. For TagMelt PCR,
we used the Cobas® KRAS mutation kit with the COBAS z480
system (Roche Diagnostics, Meylan, France). At last, for
ddPCR, we used the KRAS Screening Multiplex Kit able to
detect the 7 most common mutations in KRAS genes with
QX200 droplet digital PCR System (Biorad®, Marne-la-
Coquette, France).

2.7. Detection of KRAS status in tumor tissues

DNA was extracted from several 10 pm sections of paraffin-
embedded tissues using Qiasymphony and QiampDNA mini-
kit (Qiagen, Courtaboeuf, France) according to the manufac-
turer’s instructions. The KRAS status was determined using
the Trusight Tumor Panel on MiSeq System (Hllumina Inc.,
San Diego, USA) with a detection limit of about 5%. DNA of
lower quality was tested by HRM and Sanger sequencing.
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2.8. Statistical analysis

Statistical evaluation was performed with Graph pad prism
for categorical variables. Fisher exact test was performed in
the instance of 2 and 3 variables.

3. Results

3.1. ddPCR allows detection of KRAS mutant cells from
whole blood after size-based enrichment with a higher
sensitivity than Sanger sequencing, TagMelt PCR and HRM
methods

We first determined the capacity of droplet digital PCR to
detect rare copies of mutant KRAS alleles in a KRAS wild-
type (wt) background with a multiplex KRAS assay able to
detect 7 of the most frequent mutations (Figure 1A and B).
For this purpose, we did whole genome amplification of DNA
from PANC1 cells, bearing a heterozygous KRAS mutation
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(G12D) and of DNA from MCF-7 cells, that have wt KRAS, and
then spiked the DNA from the PANC1 cells into the DNA
from the MCF-7 cells. The results show that this assay is
able to discriminate at least 5 copies of mutant allele for
100,000 wt copies (i.e. an abundance ratio of 0.05%)
(Figure 1C and D). Additionally, we found that the perfor-
mance of ddPCR is at least 10-fold more sensitive than Tag-
Melt (using Cobas z480) and HRM (using LC480 analyzer)
with a sensitivity limit for both techniques close to 0.5—-1%
(Supp. Data 1). Next, we compared the capacity of ddPCR,
Sanger sequencing, TagMelt and HRM to detect KRAS mutant
cells in whole blood (Figure 2). For this purpose, we spiked 100,
75, 50, 10 or 5 cells into healthy donor blood and then used the
size-based ScreenCell technology to enrich the fraction of
mutant cells from the leucocyte background. Next, DNA was
extracted and amplified from the enriched cell fraction and
then processed by the different molecular detection methods.
For ddPCR, we defined a threshold after processing of three in-
dependent samples from healthy blood donor as “mean of the
abundance ratio + 3 SD” thereby allowing us to fix the
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Figure 1 — Sensitivity of the KRAS multiplex assay by droplet digital PCR. A. Protocol. DNA was extracted from 100 PANCI1 cells bearing a
heterozygous mutation ¢.35G > A in KRAS codon 12 (Gly12Asp) and 100 MCF7 cell lines (wild-type for KRAS codon 12—13). After whole
genome amplification, DNA from the two cell lines was mixed and droplet digital PCR was performed using a multiplex KRAS assay. B. KRAS
screening assay. This TaqMan assay is designed to detect the seven most frequent mutations in codon 12 and codon 13 of KRAS. C. Experimental

validation. 1D-Dot plot. The blue histogram indicates the number of droplets considered as positive for mutant KRAS according to the

fluorescence threshold. The green histogram corresponds to the number of wild-type droplets. Mutant control, DNA containing a 1:1 mix of
mutant and wildtype KRAS. WT control, DNA containing only KRAS wild-type. Blank, water. D. Mutant ratio threshold determination (mutant

copies/total copies in %) according to theoretical mutant ratio obtained by serial dilution. The red line indicates the detection threshold.
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Figure 2 — Validation of the protocol for KRAS testing. Whole blood was spiked with PANC1 cells harboring a KRAS mutation in codon 12—13
followed by size-based enrichment and multiplex KRAS analysis using droplet digital PCR. N, “Normal” blood from healthy donors. WGA,

Whole Genome Amplification.

detection limit to 0.2% (Figure 3). The results showed that we
were able to detect a true signal for blood samples spiked
with 5 PANCI1 cells (ie less than 1 KRAS mutant copy per mL
blood). Moreover, we obtained a linear abundance ratio with
samples spiked with a higher number of PANC1 cells. In
contrast, Sanger sequencing showed a sensitivity close to
100 cells per 6 mL (ie about 16 copies per mL blood)
(Figure 4A) while TagMelt and HRM had a sensitivity close to
75 and 50 cells per 6 mL, respectively (ie about 12 copies or 8
copies per mL blood) (Figure 4B and C). A summary of these
findings are presented in Table 1.

3.2. ddPCR can detect KRAS mutations in CTCs from
CRC patients

Next, we wished to evaluate the detection of mutant KRAS in
CTCs obtained from CRC patients. For this, we enrolled 35
CRC patients at any stage of the disease who were admitted
to the digestive surgery department of the Pitié-Salpétriere
University Hospital. The characteristics of this cohort are indi-
cated in Table 2. First, we performed CTC analysis of blood
samples obtained just before curative surgery. This analysis
showed that 90% (26/29) of patients harbored at least one
CTC per 3 mL of total blood and among then 7% (2/29) of pa-
tients had also cell clusters named circulating tumor micro-
emboli or multicellular CTC clusters (Table 3 and Supp. Data
2). In contrast, the analysis of blood from ten healthy donors
revealed no CTCs. We observed a trend of increasing numbers
of CTCs according to disease stage ranging from in situ to met-
astatic disease. In contrast, no correlation was observed be-
tween the number of CTCs and serum concentrations of the
tumor markers CEA (carcinoma embryonic antigen) and
CA19.9 (Supp. data 2). Next, we performed the multiplex
KRAS genotype assay by ddPCR. 86% (30/35) was performed
successfully, since 5 samples could not be amplified by whole

genome amplification. We found 57% of samples (17/30) posi-
tive for the presence of KRAS mutations on codons 12—13
(Table 3). Processing of the same samples by TagMeltPCR
revealed only one positive sample (patient #24) thereby
demonstrating the clear superiority of ddPCR to detect very
low amounts of mutant copies (Supp. data 3).

3.3. KRAS status observed in CTCs is significantly
concordant with matched tumor tissues

In parallel, we compared the CTC results with the genotype
detected in the corresponding tumor tissues. The concor-
dance analysis was carried out for the 26 patients for whose
CTC genotype and formalin-fixed paraffin-embedded (FFPE)
tumors were available. 17 tumor samples were genotyped by
MiSeq with the trusight illumina kit with a cut-off fixed to
5% while the 9 additional samples were analyzed by HRM
and sequencing due to a poorer quality of extracted DNA.
For these 26 tumors, we found 12 (46%) with KRAS mutations
in codon 12—13. Five tumors harbored mutation c38G > A
(G13D), 3 tumors the mutation c35G > A (G12D), and one tumor
each had the following mutations ¢34G > T (G12C), ¢34G > A
(G12S), ¢.35G > T (G12V) while the exact mutation could not
be determined for the last tumor. Comparing the KRAS geno-
type in the tumors with the presence of at least one mutation
in the CTCs showed concordant results in 77% of cases (20/26)
[Ki2 = 7.83, Pr = 0.019] (Table 4). Specifically, among 12 tumor
samples with codon 12—13 KRAS mutations, we observed 10
positive samples for the 10 corresponding CTCs samples using
the KRAS multiplex assay (Sensitivity ~83%) whereas 2 CTC
samples revealed the wild-type genotype, in contrast to the
corresponding tumors (patients 11 and 37). Moreover, out of
14 tumor samples with wild-type KRAS, 10 CTCs sample
were negative (Specificity ~71.4%) while 4 were positive (pa-
tients 5, 23, 31 and 39). The 4 patients with CTC positive are
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Figure 3 — Detection threshold of KR4S from whole blood using droplet digital PCR. 2D-Dot plot. Fluorescence results are plotted as two-dimensional dot plots (similar to the depiction of flow
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assay is performed in “CIVD mode” recommended for clinical applications, the detection limit is 100 cells. C, High Melting Resolution (HRM).

The detection limit (red line) is between 75 and 50 cells.

stage II or III. Among these patients, only one patient with
stage IlIb has relapsed after 4.1 months. The follow up period
for the 3 others was 4.0, 19.3 and 20.6 months without relapse.

Table 1 — Comparison of sensitivity of different methods to detect

KRAS mutant cells and copy number in cells isolated from whole

blood.

Methods Sensitivity Sensitivity
Mutant cells/mL  Mutant copies/mL
of blood of blood

Sanger sequencing 16 8

HRM 12 6

Cobas KRAS kit 8 4

(TagMelt PCR)
ddPCR <1 <0.5

4. Discussion

Increasing evidence suggests that characterization of CTCs
from cancer patients may provide important information
regarding early detection, prognosis, treatment and relapse
as well as improved mechanistic insight with respect to tumor
invasion and metastasis. However, so far, it has been difficult
to establish CTCs as a biomarker for routine clinical use. There
are several reasons for this. In particular, most of the existing
procedures are based on identification of malignant cells by
either cytological features or by antigen detection using
immunofluorescence or immunochemistry. These methods
require highly qualified cytologists and complex quality pro-
cedures. The arrival of the FDA-approved CellSearch analyzer
method has permitted reproductive detection of CTCs based
on automatic numeration of cells with an epithelial
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Table 2 — Patient characteristics. The stage of the disease was

determined according to the classification of UICC (International
Cancer Union).

Sex

Male 15 42.8%
Female 20 57.1%
Total 35

Age at the diagnosis (years) 65 (41-94)

Type

Colon 28 80.0%
Right 12 42.8%
Left 14 50.0%
Transverse 3 10.7%
Rectum 20.0%
Stage (UICC)

is 3 8.6%
I 6 17.1%
I 9 25.7%
111 13 37.1%
v 4 11.5%
Neoadjuvant treatment®

Yes 6 17.1%
No 29 82.8%

a Neoadjuvant treatment: 4 of the 6 patients had rectal cancer.
Blood withdrawal for CTC analysis was done after neoadjuvant
treatment.

phenotype thereby permitting the use of CTCs as a predictive
factor in clinical trials (Andree KC et al., 2016). Nevertheless,
there is growing evidence that detection of CTCs based on
cytological or antigen detection does not reflect the total
pool of disseminating cells and may even ignore highly clini-
cally relevant subpopulations like the multicellular mesen-
chymal CTC clusters (Yang et al., 2015; Yu et al., 2013).

In the current study, we were able to detect at least one
CTC in 90% of samples, including those from non-metastatic
CRCs, by using the ScreenCell size-based device which is
significantly higher than what has been reported by other
technics, especially those using epithelial immunoselection.
This is in agreement with the notion that the most widely
used technics likely underestimate the real number of total
CTCs by which supposedly are most likely to initiate new tu-
mors or metastasis (Cao et al., 2015; Barriere et al., 2014a,
2014b; Yu et al., 2013).

In contrast, we acknowledge that small CTCs, which are
close to leucocytes in size, would be lost using this technic
(Williams et al., 2012). Moreover, even if we are able to detect
a higher number of tumor cells, it is at the expense of lower
specificity due to leucocyte contamination. Consequently, if
we wish to carry out molecular characterization of CTCs using
this device, we need an extremely sensitive method in order to
detect very small amounts of mutant DNA. We here propose a
combination of techniques that improves our capacity to
detect mutants of interest in CTCs based on multiplex KRAS
ddPCR-assay and which furthermore appear feasible to imple-
ment by a hospital platform.

Collectively, our data show that it is feasible to use the
KRAS mutant multiplex screening assay exploiting ddPCR
technologies. The sensitivity observed in the studies pre-
sented here (about 0.05%) is clearly superior to what is
observed for other technics in current use. The association

of size-based capture of CTCs with ddPCR allowed us to detect
mutant DNA in CTCs in 57% of samples (17 out of 30) with a
concordance of 83% compared to the corresponding tumor tis-
sues. This represents a clear improvement compared to other
recent studies. For example, the KRAS status was determined
in CTCs isolated by CellSearch by different methods including
COLD-PCR (Transgenomic™), real-time PCR (Entrogen™) or
Nested-ASB (allele specific blocker) PCR (Mostert et al., 2013).
The results showed that Nested-ASB had the best sensitivity
(about 0.2%) and allowed the detection of KRAS mutation in
5 (12%) out of 43 CRC patients; unfortunately, a correlation
with the corresponding tumor tissues was not reported. Inter-
estingly, the same study reported that it was possible to detect
mutant DNA even if the number of total CTCs measured either
by cytological or immunoselection method was low or unde-
tectable, which is in agreement with the results presented
here. These findings are in favor of characterizing CTCs with
a molecular approach even if only part of the CTCs harbors
the mutation of interest. In another recent study, the IBN
microsieve size based filtration unit (Lim et al., 2012) was
coupled to molecular KRAS mutation detection using HRM
(High Resolution method) and ASPCR (Allele specific PCR)
methodology (Mohamed Suhaimi et al., 2015). This study re-
ported sensitivity for both technics estimated at 1.25%. They
also found a number of patients with KRAS mutant CTCs of
32% (14/44) for HRM and 23% (10/44) with ASPCR as well as a
significant concordance of KRAS status for matched tumor tis-
sues. Similar findings have been reported in other studies us-
ing more or less complex methodologies. (Lyberopoulou et al.,
2015; Buim et al., 2015; Raimondi et al., 2014; Gutierrez et al.,
2013). Therefore, ddPCR provides increased sensitivity and
can overcome the inherent problem of the ScreenCell method
with retention of a leucocyte subfraction. Furthermore, it has
been reported that multiplex picodroplet digital PCR could be
used to detect KRAS mutations in circulating DNA from
plasma of colorectal cancers (Taly et al., 2013). Collectively,
this study and our demonstrates that multiplex ddPCR allows
for screening of multiple mutations simultaneously with
sensitivity sufficient to detect mutations by minimal invasive
blood sampling. Future research will be needed to compare
molecular analysis of circulating tumor DNA or CTCs as the
more pertinent marker for prognosis, theranostic or treat-
ment efficiency.

With regard to the discordance detected between the geno-
type of the CTCs and the genotype of the tumor, the explana-
tion may, at least in part, be biological. Human tumors are
genetically instable and therefore prone to evolve during dis-
ease progression due to both to Darwinian selection and ther-
apeutic pressure (Chisholm et al., 2015). Several studies have
reported a discordance between the primary tumor and the
metastasis with respect to KRAS status (Mostert et al., 2013).
Furthermore, single cell analysis provided evidence for ge-
netic heterogeneity of CTCs in agreement with the known het-
erogeneity of their tissue of origin (Gasch et al, 2013).
Moreover, in the cases where the tumor was wild-type and
the CTCs mutant, we also have to consider the method used
for the genotyping of the tumor. Generally, methods in routine
use do not allow the detection of low levels of mutant cells
and/or low mutant copy numbers. Furthermore, considering
the heterogeneity of solid tumors, we cannot exclude that
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Table 3 — Circulating tumor cells (CTCs), KR4S status of the tumor, KRAS status in the CTCs as determined by multiplex assay and serum

tumor markers. Sex, F (Female) M (Male). Type, Col. Colon adenocarcinoma; Rec, Rectal adenocarcinoma. Stage, Tumor stage according to

UICC.

Patient Sex Tumor CTCs/CTMs Tumoral markers
Type Stage KRAS genotype Cytology CTCs CTMs Multiplex KRAS ACE (ug/L) CA199 (kKU/L)

3 M Col. v WT? “F 2 0 = 19.9 12.3
4 F Rec. 1IIb WT? + 1 0 — 2.7 23.4
5 M Col. 1IIb WT? “F 7 0 aF 1.8 13.1
6 F Col. 1IIb c.35G > A (G12D)* + 15 0 + 1.9 15.8
7 M Col. Illc WT? < 9 0 — 6.8 <1.2
8 M Col. v WT? + 25 30 Failed 1.4 <1.2
9 F Col. 1IIb WT? “F 16 0 = 20.1 20.5
11 M  Col I €.38G > A (G13D)? + 2 0 = 24 15.6
12 F Col. I WT? < 2 0 = 7.6 17.3
13 M Col. I na - 0 0 - 1.1 7.1
14 M Col. IIb €.34G > A (G12S)° na na na = 3.9 <1.2
15 F Rec. IIa WT? na na na - 0.4 325
17 M Col. 11b Mut© na na na + 0.6 8.9
18 F Col. 1IIb WTS na na na - 1.6 41.4
19 M Col. is ¢.38G > A (G13D)* 4 2 1 aF 1 12.7
20 M Rec. 1 WT€ na na na - 1.6 11
21 F Col. Ila ¢.35G > T (G12v)? na na na = 11 5.7
22 F Col. Tla €.38G > A (G13D)? + 1 0 + 68.2 813.2
23 M Rec. IIa WT* < 10 0 aF 1.8 18.1
24 M Col. b  c.38G > A (G13D)° + 1 0 + 1.8 42.8
26 F Col. v c.35G > A (G12D)b aF 2 0 1P 26.5 4781
30 M Col. is na + 12 0 + 1.2 45.6
31 F Col. IIa WTP < 2 0 aF 2.6 40.8
32 F Col. Illc WT? —+ 1 0 — 1.3 12.5
33 M Rec. I na — 0 0 =F 3.7 14.3
34 F Col. Illa c.35G > A (G12D)® 4 7 0 “F 0.8 13
35 F Col. IIa WT? < 4 0 Failed 1.6 16
36 M Col. v WT® + 3 0 Failed 36.8 990.6
37 M Col. 11Ib c.38G > A (G13D)* + 3 0 — 1.6 38.3
38 F Rec. 1IIb WT? 4F 1 0 - 0.3 6.4
39 M Col. Illa WT? = 4 0 o 1.4 17
40 M Col. IIa WT? = 5 0 Failed 1.6 66.7
41 F Rec. is na - 0 0 + 0.5 3.5
42 M Col. I WTS —+ 10 0 Failed 2.4 5.6
43 M Col. IIa c.34G > T (G12C)? =+ 3 0 + 1.3 13.8

Tumor KRAS genotype as determined by a) tumor genotyping with MiSeq Illumina Tumor, b) HRM + Sanger sequencing or c) HRM only.
Cytology, +, the number of circulating tumor cells was at least 1 CTCs per 3 mL whole blood. CTCs, number of circulating tumor cells per
3 mL whole blood. CTMs, number of circulating microemboli per 3 mL whole blood. The multiplex assay screen the 7 most frequent mutations
in KRAS codons 12—13. The test is considered positive if the measured abundance ratio is >0.2% according to our validation specifications.
Serum concentrations of the tumoral markers CEA and CA19.9 are indicated (normal CEA < 5 pg/L and CA19.9 37 kU/L). In Tumor KRAS genotype
column a, b, c refers to the method used for genotyping Illumina, HRM + Sanger Sequencing or digital PCR, respectively. na: not available.

the tumor section that was selected for analysis may not have
been representative of the total tumor population. A particu-
larly pertinent question would be to establish which muta-
tions are overrepresented in CTCs able to initiate new
tumors compared to the tumor of origin. Detailed analysis

Table 4 — Concordance of KRAS genotype between CTCs and the
matched tumor tissues.

CTCs WT Mutant Total
Tumor

WT 10 4 14
Mutant 2 10 12
Total 12 14 26

with highly sensitive methods such as ddPCR or assimilated
should be able to provide answers to these fundamental ques-
tions (Laurent-Puig et al., 2015).

In conclusion, the data presented here suggest that it is
feasible to detect KRAS mutations in CTCs from blood samples
of colorectal cancer patients that are predictive for those pre-
sent in the tumor. The minimal invasive nature of this proce-
dure in combination with the high sensitivity of ddPCR might
provide in the future an opportunity to monitor patients
throughout the course of disease on multiple levels including
early detection, prognosis, treatment and relapse as well as to
provide improved mechanistic insight with respect to tumor
invasion and metastasis. Although the current study was
focused on KRAS mutations, this strategy should also allow
us to monitor other clinically relevant mutations, or combina-
tions of mutations, for improved patient care.
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