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Characterization of genetic alterations in tumor biopsies serves as useful biomarkers in prog-
nosis and treatment management. Circulating tumor cells (CTCs) obtained non-invasively
from peripheral blood could serve as a tumor proxy. Using a label-free CTC enrichment strat-
egy that we have established, we aimed to develop sensitive assays for qualitative assessment
of tumor genotype in patients. Blood consecutively obtained from 44 patients with local and
advanced colorectal cancer and 18 healthy donors were enriched for CTCs using a size-
based microsieve technology. To screen for CTC mutations, we established high-resolution
melt (HRM) and allele-specific PCR (ASPCR) KRAS-codon 12/13- and BRAF-codon 600- specific
assays, and compared the performance with pyrosequencing and Sanger sequencing. For
each patient, the resulting CTC genotypes were compared with matched tumor and normal
tissues. Both HRM and ASPCR could detect as low as 1.25% KRAS- or BRAF-mutant alleles.
HRM detected 14/44 (31.8%) patients with KRAS mutation in CTCs and 5/44 (11.3%) patients
having BRAF mutation in CTCs. ASPCR detected KRAS and BRAF mutations in CTCs of 10/44
(22.7%) and 1/44 (2.3%) patients respectively. There was an increased detection of mutation
in blood using these two methods. Comparing tumor tissues and CTCs mutation status using
HRM, we observed 84.1% concordance in KRAS genotype (p = 0.000129, Fishers’ exact test;
OR = 38.7, 95% CI = 4.05—369) and 90.9% (p = 0.174) concordance in BRAF genotype. Our results
demonstrate that CTC enrichment, coupled with sensitive mutation detection methods, may
allow rapid, sensitive and non-invasive assessment of tumor genotype.
© 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights
reserved.

Abbreviations: CTC, circulating tumor cell; CRC, colorectal cancer; HRM, high-resolution melt; ASPCR, allele-specific PCR; KRAS, Kirs-
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1. Introduction

Tumor genotypingis instrumental in prognosis and treatment
management of cancer patients as characterization of genetic
alterations serve as useful biomarkers of disease. Typically,
mutations in genes coding for signaling proteins such as
KRAS (Kirsten rat sarcoma viral oncogene), BRAF (proto-onco-
gene B-Raf) and EGFR (epidermal growth factor receptor) are
routinely detected in tissue biopsies by PCR-based methods
(Bihl et al., 2012; Sgambato et al., 2012). In colorectal cancer
(CRC), KRAS and BRAF mutations are useful markers for pa-
tients receiving systemic chemotherapy; besides predicting
the therapeutic efficiency of anti-EGFR therapy, patients
with poor prognosis may be identified (Richman et al., 2009;
Yokota et al.,, 2011). There has been significant attention on
these mutations as potential prognostic and predictive bio-
markers in patients with metastatic disease treated with
anti-EGFR therapies, such as panitumumab and cetuximab
(Karapetis et al., 2008; Laurent-Puig et al., 2009). Prospective
studies have shown that patients with KRAS mutations do
not benefit from cetuximab treatment. Since almost 40% of
CRC patients harbor the KRAS mutation, identifying this sub-
set of patients would be valuable in making informed clinical
decisions (Asghar et al., 2010; Modest et al., 2011; Price et al.,
2011). In addition, retrospective analysis has shown that
wild-type BRAF is necessary for a successful response to pan-
itumumab or cetuximab therapies in metastatic CRC (De
Roock et al., 2010; Laurent-Puig et al., 2009). Together, KRAS
and BRAF serve as useful predictive markers for anti-EGFR
therapies.

Genotyping tumor may be challenging due to invasiveness
and limited availability of tissue biopsies. Circulating tumor
cells (CTCs) are seen as an alternative source of tumor cells
circulating in the peripheral blood of cancer patients
(Husemann et al., 2008; Klein, 2009). The concept of hematog-
enous dissemination of cancer dates back to mid-19th cen-
tury, supported directly by pioneering postmortem
observations of the presence of cancer cells in the blood via
microscopy (Langenbeck, 1841; Paget, 1853), potentially
providing a dynamic pool of genetic biomarkers that can be
assessed repeatedly. The ability to capture and profile CTCs
presents an attractive platform to genotype tumors non-
invasively.

Numerous approaches have been employed to capture
CTCs for diagnostics and discovery applications. To date, the
CellSearch® system (Veridex) is the only FDA-approved and
leading automated immunomagnetic separation platform
for routine clinical detection and analysis of CTCs in patients
with metastatic breast cancer, prostate cancer and CRC. The
platform utilizes ferrofluid nanoparticles coated with anti-
EpCAM antibodies to capture CTCs passing through a mag-
netic field (Allard et al., 2004). However, such targeted
approach introduces a bias on the profile of captured CTCs
since CTCs are largely heterogeneous; thus, some subpopula-
tions of cells might not be properly captured. (Spizzo et al.,
2011). Other non-targeted approaches such as size-based
microfiltration and density centrifugation have shown the
ability to enrich CTCs for downstream analysis. Regardless
of the CTCs enrichment approaches (Cima et al., 2013), both

methodologies still demonstrate sub-optimal performance in
isolation of pure CTCs.

CTCisolates typically contain rare tumor cells mixed white
blood cells. As such, sensitive platforms are required to detect
low fractions of mutant alleles in the background of normal
cells. Although Sanger sequencing is the gold standard for
mutant identification, it is only reliable in detecting 20%
mutant copies at the allelic level (Tsiatis et al., 2010). Lower
level of mutations, which are typically masked by high back-
ground of wild-type DNA, cannot be detected by conventional
sequencing. Other PCR-based approaches for detecting ge-
netic alterations have also been demonstrated, with advan-
tages and disadvantages in terms of cost, sensitivity and
specificity. These reported techniques include pyrosequenc-
ing (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), and high-resolution melting (HRM) anal-
ysis (Simi et al., 2008).

In this study, we report the use of in-house silicon micro-
sieve technology (Lim et al., 2012) to capture and enrich
CTCs from peripheral blood of CRC patients. Using the micro-
filtered cells, we demonstrate the ability to perform non-
invasive mutation analysis using HRM and allele-specific
PCR (ASPCR) assays. HRM is a rapid, simple in-tube scanning
methodology that detects changes in nucleotide sequences
by monitoring the melting profile of PCR amplicons and is use-
ful in scanning for unknown mutations. Coupled with the use
of ASPCR to ascertain the mutations, we were able to identify
CRC patients harboring KRAS and BRAF hotspot mutations in
the CTCs. Mostimportantly, we observed a reasonable concor-
dance in mutation status between the tumor tissues and
CTGCs.

2. Materials and methods
2.1. Patient samples

All study subjects gave informed written consent to partici-
pate and biological samples were obtained according to proto-
cols approved by the Institutional Review Board (IRB), National
University of Singapore and Fortis. Blood samples from 44
cancer patients were provided by Fortis Surgical Hospital,
while blood samples from 18 subjects without cancer were
provided by the National University Hospital Singapore. Blood
was collected in EDTA vacutainer tubes (Becton—Dickinson),
and was processed within 6 h. Fresh frozen tumors obtained
from surgical resections at Fortis Surgical Hospital were
stored at —80 °C until use. Clinicopathological data for the sub-
jects are described in Table 1 and Supplementary Table 1.

2.2.  Microsieve technology for capturing CTCs

CTCs were isolated using a microfabricated silicon microsieve
serving as a size-based filtration unit (IBN microsieve)
(Figure 1A). The IBN microsieve is integrated in a customized
filtration cartridge as described previously (Lim et al., 2012).
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Table 1 — Clinicopathologic characteristics of study subjects.

Healthy Colorectal cancer
controls patients
n=18 n=44

Age (median, range) 50 (34—70) 58.5 (26—74)
Sex
Female 12 (66.7%) 20 (45.5%)
Male 6 (33.3%) 24 (54.5%)
Race
Chinese 12 (66.7%) 37 (84.1%)
Indian 5 (27.7%) 1(2.3%)
Malay 1(2.3%)
Others 1 (5.6%) 5 (11.3%)
Site of primary tumor
R (Ascending colon) 2 (4.5%)
R (Caecum) 4 (9.1%)
L (Descending colon) 3 (6.8%)
L (Rectum) 20 (45.5%)
L (Rectosigmoid) 3 (6.8%)
L (Sigmoid) 10 (22.7%)
L (Splenic flexure) 2 (4.5%)
Dukes tumor stage
Adenoma 4 (9.1%)
A 8 (18.2%)
B 14 (31.8%)
© 15 (34.1%)
D 3 (6.8%)
Metastasis
Yes 4 (9%)
No 40 (91%)
Neo-adjuvant chemotherapy at point of primary tumor
Yes 8 (18.2%)
No 35 (79.5%)
Incomplete data 1(2.3%)
Neo-adjuvant radiotherapy at point of primary tumor
Yes 5 (11.4%)
No 38 (86.4%)
Incomplete data 1(2.3%)
Adjuvant chemotherapy at point of primary tumor
Yes 20 (45.5%)
No 22 (50%)
Incomplete data 2 (4.5%)
Adjuvant radiotherapy at point of primary tumor
Yes 4 (9%)
No 39 (88.6%)
Incomplete data 1(2.3%)

The fluidic flow of whole blood was controlled by a peristaltic
pump (IPC 4, Ismatec) connected to the IBN microsieve
through peristaltic tubes, with a column at an inlet to contain
whole blood and a bottle at the outlet to collect waste.
Briefly, 3 ml of blood from CRC patients or healthy sub-
jects was passed through the IBN microsieve followed by
3—4 washes of 1 ml of 1X PBS/0.5% BSA/2 mM EDTA wash
buffer at a flow rate of 0.5 ml/min. The sieve was removed
from the cartridge, placed in a nuclease-free 2-ml ultracen-
trifuge tube, and immediately stored at —80 °C until further
use. The presence of CTCs (as defined by cytokeratin-
positive and CD45 negative cells) in all 44 patient samples
was documented in a separate run using 1 mL of blood. After
filtering, the «captured cells were fixed with 4%

paraformaldehyde and permeabilized using 0.1% Triton X-
100 containing buffer solution. Cells were immunostained
with antibody cocktail consisting of DAPI (BUF061, AbD Sero-
tec), pan-keratin (C11) mouse mAb (Alexa fluor® 488 conju-
gate) (4523S, Cell Signaling Technology), vimentin antibody
(V9) TRITC (sc-6260 TRITC, Santa Cruz Biotechnology) and
mouse anti human CD45:alexa fluor® 647 (MCA87A647, AbD
Serotec) for 1 h. After that, the stained cells were imaged us-
ing BX61 microscope (Olympus). Serial enumeration studies
are ongoing.

2.3. DNA extraction and whole-genome amplification of
CTCs

The QIAamp DNA Mini Kit (Qiagen) was used according to the
manufacturer’s protocol. Briefly, 200 pl of PBS containing 20 ul
of proteinase K was added to the tube containing IBN micro-
sieve, followed by 200 pl of lysis buffer and incubation at
56 °C for 1 h. The solution containing DNA from lysed cells
was placed and washed in the spin column. DNA was eluted
and subsequently amplified using the RepliG Ultra-Fast Mini
Kit (Qiagen). Whole-genome amplified DNA was cleaned using
ethanol precipitation. DNA quality and concentration were
measured with NanoDrop 1000 spectrophotometer (Thermo
Scientific).

2.4.  Conventional PCR and sequencing

PCR was performed as previously described, with primers for
KRAS exon 2 and BRAF exon 15 generating 280 bp and 224 bp
products, respectively (Feng et al., 2005; Lee et al., 2011). PCR
products were purified using FastAP Thermosensitive Alkaline
Phosphatase and Exonuclease I (Thermo Scientific) prior to
DNA sequencing.

2.5. High resolution melt (HRM) assay and sensitivity
testing

Samples were assayed using the Viia7 real-time PCR machine
(Applied Biosystems). Each 20 pl-triplicate reaction contained
20 ng of DNA diluted in Melt Doctor HRM Master Mix and
200 nM HRM primers (KRAS exon 2 forward primer 5'-
GGCCTGCTGAAAATGACTGA-3' and KRAS exon 3 reverse
primer 5'-CCTCTATTGTTGGATCATATTCG-3'; or BRAF exon
15 forward primer 5-TTCATGAAGACCTCACAGTAAAAA and
BRAF exon 15 reverse primer 5-AACTCAGCAGCATCT-
CAGGG-3'), with the following PCR program and melting con-
ditions used for all amplicons: 95 °C for 10 min; 50 cycles of
95 °C for 15 s and 60 °C for 1 min; denaturation at 90 °C for
10 s, annealing at 60 °C for 1 min, followed by a high-
resolution melt of 60—-95 °C (0.01 °C/s, 45 acquisitions/°C).
Data were acquired and analyzed using the accompanying
High Resolution Melt software.

For sensitivity testing, cell lines-derived DNA carrying a
heterozygous KRAS G13D mutation (DLD-1, ATCC® CCL-
221™) or a heterozygous BRAF V600E mutation (HT29, ATCC®
HTB-38™) was mixed with wild-type DNA of healthy donor
(IBN-A01) with various percentages of mutant alleles. The
resulting mixtures of mutant alleles serve as templates for
sensitivity testing.
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Figure 1 — Targeted mutation analysis of CTCs: an overview. (A) Matched normal, tumor and CTC DNA were extracted from patient. (B)

Patients were sequenced for KRAS and BRAF mutations using Sanger sequencing. (C) Mutations were identified using HRM, which rapidly

detects sequence variation based on melting profile. (D) Mutations were validated using ASPCR followed by gel electrophoresis.

2.6.  Allele-specific PCR (ASPCR)

Samples were assayed using CFX96 C1000 real-time thermal
cycler (Bio-rad). Each 10 pl-quadruplicate reaction comprised
of 20 ng of template DNA in QuantiFast SYBR Green PCR Mas-
ter Mix (Qiagen) and 250 nM allele-specific primers (nucleo-
tide changes of ¢.34G > T, ¢.34G > A, c.34G > C, ¢.35G > T,
€.35G > A, ¢.35G > C, and c.38G > A, corresponding to amino
acid changes of G12C, G12S, G12R, G12V, G12D, G12A, and
G13D for KRAS and c.1799T > A corresponding to amino
acid change of V600OE for BRAF) (Lang et al., 2011). The
following cycling conditions were used: 95 °C for 3 min, 40
cycles of 95 °C for 10 s, 60 °C for 30 s, and 72 °C for 30 s.
For CTC, reactions containing 10 ng of template DNA were

subjected to 50 cycles of amplification. PCR reactions were
separated on a 2% agarose gel for visual confirmation of
products.

2.7. Pyrosequencing

10 ng input DNA was amplified using PyroMark® PCR kit (Qia-
gen) and biotinylated primers (BRAF forward 5'-TGAAGACCT-
CACAGTAAAAATAGGTG-3 and BRAF reverse 5'-
biotinCCACAAAATGGATCCAGACA-3; or KRAS forward 5'-
AGGCCTGCTGAAAATGACTG-3' and KRAS reverse 5'-bio-
tinCAAGATTTACCTCTATTGTTG-3') on the following PCR pro-
gram: 95 °C for 15 min; 45 cycles of 94 °C for 30's, 56 °C for 30 s,
72 °C for 30 s; and 72 °C for 5 min. The PCR product was
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incubated with Streptavidin Sepharose beads (GE Healthcare)
and PyroMark® Binding Buffer (Qiagen) at room temperature
for 30 min followed by hyridization to the sequencing primers.
The pyrosequencing reaction was performed on the

Difference Plot

PyroMark® Q24 (Qiagen) platform using PyroMark® Gold Q24
reagents. The pyrosequencing result was analyzed using
PyroMark® Q24 software. Samples with more than 5%
mutated alleles were scored as positive.
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passed through the IBN microsieve and served as negative controls. (G) No KRAS mutation detected in subjects without cancer.
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2.8. Statistical analysis and calculation of sensitivity
and specificity

Concordance in mutational status between tumor tissue and
CTCs using the various approaches were evaluated in 2 x 2
contingency tables. Fisher’s exact test of probability, odds ratio
(OR) and 95% confidence interval (CI) were determined for each
approach. Sensitivity was calculated as the number of positive
samples as defined by Sanger sequencing divided by a sum of
true-positive and false-negative samples, multiplied by 100.
Specificity was calculated as number of true-negative samples
as defined by Sanger sequencing divided by the sum of true-
negative and false-positive samples, multiplied by 100.

3. Results

DNA from matched normal tissues, tumor tissues and CTCs
was extracted from each patient, and subjected to Sanger
sequencing, HRM and ASPCR as illustrated in Figure 1.

3.1. Analytical sensitivity of the HRM and ASPCR assay

Genomic DNA of the heterozygous KRAS or BRAF mutant
samples from DLD-1 and HT29 cells were mixed in wild-
type DNA of a healthy donor (labeled as IBN-A01) in various
dilutions of mutant alleles. A non-linear difference in fluo-
rescence was observed with decreasing percentage of
mutant alleles (Figure 2A). Both HRM and ASPCR could
detect as low as 1.25% KRAS and BRAF mutant alleles
(Figure 2B—E), which corresponded to 2.5% tumor cells car-
rying a heterozygous mutation. To investigate the lowest
concentration of mutant DNA that could be reliably identi-
fied as being qualitatively present in the sample, the HRM
assay was performed with 20 ng—0.2 ng of KRAS G13D
mutant DNA template. KRAS mutation in non-degraded
samples could be detected using only 2 ng of mutant DNA
(Supplementary Figure 1A). Finally, to determine the mini-
mal number of mutant cells that can be reliably detected
in healthy blood, known numbers of mutant cells were
spiked in healthy blood and processed through the micro-
sieve. Our data indicates that a minimal of 100 mutant cells
needs to be captured on the microsieve for confident detec-
tion of mutation (Supplementary Figure 1B).

3.2 Specificity of KRAS and BRAF HRM assay

An accurate diagnostic assay that can correctly identify sam-
ples with mutations while excluding wild-type samples
without mutation is critical in clinical diagnosis. To establish
specificity of the assays, 3 ml of blood from 18 subjects
without known history of cancer was processed through the
IBN microsieve. DNA extracted from the captured cells on
the sieve was subjected to whole-genome amplification and
were used as negative control. Neither HRM nor ASPCR
detected KRAS and BRAF mutations in the blood of these
healthy subjects (Figure 2F and G), indicating 100% specificity
for the tested samples. These results were confirmed by
Sanger sequencing.

3.3. KRAS mutation detected in tissues and CTCs of CRC
patients

44 patients with early- and advanced-stage CRC were
screened for mutations. DNA obtained from the matched
normal and tumor tissues of each patient was profiled for mu-
tations using Sanger sequencing, HRM and ASPCR whereas
the CTCs were profiled using the latter two techniques. We
first profiled KRAS mutations in tumor tissues; mutations
were detected in 9 (20.4%) out of 44 patients by Sanger
sequencing, in 12 (27.3%) patients by HRM analysis, and in
11 (25%) cases by ASPCR. Five different substitutions were
detected at KRAS codon 12/13, with 82% mutations occurring
at codon 12 as determined by ASPCR. The agreement between
these 3 approaches can be found in Supplementary Table 2.
HRM could identify patients with and without mutation, as
validated by Sanger sequencing (Figure 3A—D). Using HRM
and ASPCR, we were able to profile the mutation status of
CTCs (Figure 3E and F), and observed 70% concordance in
the mutation status of tumor tissues and CTCs from patients.
Notably, the HRM and ASPCR approaches detected KRAS mu-
tations in 2 patients who were classified as KRAS wild-type
by Sanger sequencing (Figure 3G—I). These results provide ev-
idence that our technique is able to detect mutant KRAS in
CTCs that mirror the primary tumor.

3.4. BRAF mutation detected in tissues and CTCs of CRC
patients

Mutation at codon 600 accounted for most of the BRAF muta-
tions found in CRC (Yokota et al., 2011). In our study, BRAF mu-
tation was detected in 1 (2.5%) out of 44 patients by
conventional sequencing method, in 3 (7%) patients by HRM
analysis, and in 2 (4.5%) cases by ASPCR. HRM and ASPCR
were able to detect the mutant sample identified by Sanger
sequencing (Figure 4A—C). Furthermore, both HRM and ASPCR
could detect the mutation in the CTCs of this patient. Howev-
er, we did not detect a BRAF mutation in the CTCs of 2 patients
with BRAF-mutant tumor tissues (Figure 4D—F).

3.5. Concordance in tumor genotyping between tumor
tissues and CTCs using Sanger sequencing, HRM, ASPCR
and pyrosequencing

DNA obtained from the normal tissues, tumor tissues and
CTCs of each of the 44 patients was profiled for KRAS and
BRAF mutations (See Supplementary Tables 2 and 3, respec-
tively). For HRM, we obtained 84.1% concordance
(p =0.000129, Fishers’ exact probability test) in KRAS genotype
between tumor tissues and CTCs (OR = 38.7, 95%
CI = 4.05—-369) (Table 2). Similarly for the ASPCR approach,
we obtained 70.5% concordance (p = 0.659) in KRAS genotype
(OR =2, 95% CI = 0.398—10.1). Despite having insufficient pos-
itive BRAF-mutant cases, we observed high concordance of
90.9% (p = 0.175) and 100% (p = 0.0227) in BRAF genotype be-
tween tumor and CTCs using HRM and ASPCR approaches,
respectively.

Nonetheless, we observed that there were discrepancies in
mutation status of several patients using the 3 methods
described above. Using pyrosequencing, we were able to
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Figure 4 — Detection of BRAF mutations in CTCs of CRC patients. (A) BRAF mutation detected by HRM in patient FIT-054’s tumor tissue and
CTCs. (B) Sanger sequencing and (C) ASPCR identified the mutation in FIT-054 as BRAF V600E. (D) HRM detected BRAF mutation in tumor
tissues, but not in CTCs in a (E) sequencing-negative clinical patient FIT-033. (F) ASPCR identified the mutation in FIT-033’s tumor tissue as

BRAF V600E, but no mutation was detected in CTCs.

determine the presence of mutation with a minimal require-
ment of 5% mutant alleles that needs to be present in the tu-
mor or CTCs before a positive call for mutation was made (See
Supplementary Figure 2).

3.6. Sensitivity, specificity and predictive value of assays
The apparent sensitivity, specificity and predictive values of

the HRM- and ASPCR- KRAS and BRAF assays were analyzed.
Regardless of the approach used for detection of KRAS and

BRAF mutations, we obtained 100% apparent sensitivity,
with variable specificity of 91.4%—97.6%, depending on the
approach and assay that was utilized (See Supplementary
Tables 4 and 5).

4. Discussion

In the classical cancer paradigm, cell detachment and metas-
tasis are the final steps in cancer progression, whereby tumor
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Table 2 — 2 X 2 table of mutation status between tumor and CTCs.

Tumor tissue Concordance 95% confidence Odds 95% confidence Fisher’s
(Sanger sequencing) interval ratio interval exact probability
X test
Mutant Wild-type
CTCs (KRASHRM  Mutant 8 1 84.1% [73.3%—94.9%] 387 [4.05—369] 0.000129
assay) Wild-type 6 29
CTCs (KRAS ASPCR Mutant 3 6 70.5% [57.1%—83.4%] 2 [0.398—10.1] 0.659
assay) Wild-type 7 28
CTCs (BRAFHRM  Mutant 1 0 90.9% [82.4%—99.4%] NA NA 0.114
assay) Wild-type 4 39
CTCs (BRAF ASPCR Mutant 1 0 100.0% NA NA NA 0.0227
assay) Wild-type 0 43

cells finally acquire sufficient mutations to endow them with
the ability to escape from the primary tumor site and circulate
freely in the bloodstream, before seeding at secondary sites
(Fidler, 2003). Emerging data, however, suggest that metas-
tasis initiation occurs as a relatively early event in tumor
development (Mego et al., 2010); early dissemination of tumor
cells has been observed before primary tumor became
morphologically invasive (Hisemann et al., 2008; Klein,
2009). The early dissemination of tumor cells has significant
clinical and biological implications — it provides a potential
source of tumor cells that can be obtained non-invasively
and analyzed at the molecular level. CTCs are thus regarded
as “virtual” biopsy, providing a dynamic pool of genetic bio-
markers during cancer progression.

Biomarkers are crucial to guide treatment decisions. In
CRC, information on KRAS and BRAF genotype is extremely
valuable in systemic chemotherapy; besides predicting the
therapeutic efficiency of anti-EGFR therapy, patients with
poor prognosis can be identified. Herein we present an effec-
tive way to screen for KRAS and BRAF mutations in CRC pa-
tients using CTCs isolated from blood through microsieve
filtration.

A recently published study aimed at molecular profiling of
CTCs enriched using the CellSearch® system have demon-
strated variable degree of success (Mostert et al., 2013). Muta-
tions were assessed by cold-PCR, real-time PCR (EntroGen™),
and nested allele-specific blocker (ASB)-PCR. Despite being un-
able to correlate tissue-based mutational status with CTCs,
the authors were able to detect KRAS and BRAF mutations in
CTCs of 6 (14%) out of 43 CRC patients, with ASB-PCR proving
to be the most sensitive method for mutation detection. Inter-
estingly, 5 out of 6 patients with mutations had CTC counts
above 3 in 30 ml of blood. Thus, they concluded that improve-
ments in both CTC enrichment and mutational analysis ap-
proaches were necessary to extract mutational data from
the majority of the patients who has less than 3 CTCs. In
contrast, the IsoFlux System isolated more than 4 CTCs in
87% of their 15-patient CRC cohort (Harb et al., 2013). By using
the competitive allele-specific Tagman® PCR method (Life
Technologies), they obtained a KRAS mutant rate of 50%,
with 46% of patients displaying a CTC KRAS mutational status
that differed from their previously acquired tissue biopsy
data. Together, these studies indicate that a combination of
good CTC enrichment step and sensitive molecular profiling

approaches is key to successful non-invasive molecular
profiling.

To the best of our knowledge, both the HRM and ASPCR as-
says that we have presented here offers a novel non-invasive
genetic assay for tumor profiling, providing us the means to
verify the presence of CTCs through molecular approach. In
our study, HRM clearly has an edge over sequencing methods
in terms of ease of use, speed and sensitivity in scanning for
mutations in amplicon of interest, while ASPCR is sensitive
and could be quantitative. The performance of our size-
based CTCs enrichment platform is critical in the successful
detection of mutation in CTCs from only 3 ml of blood using
the assays that we have developed. Remarkably, we able to
observe a high concordance in mutation status between the
tumor tissues and CTCs, which might have several major im-
plications: (i) the HRM and ASPCR approaches have adequate
sensitivity to detect low abundance mutation in CTCs amidst
the high background of wild-type normal blood cells, (ii) CTCs
originate from the primary tumor since they have the same
tumor genotype, and (iii) CTCs are potentially present in
non-metastatic CRC patients. Detection of mutations in
CTCs provides the opportunity to profile this rare population
of cells as a mean to genotype tumor non-invasively.

Interestingly, we observed an increased detection of muta-
tion in the blood which was not readily detected in the tumor.
On the other hand, we were unable to detect mutation in some
of the CTCs, despite the presence of mutation in the tumor. To
resolve this disparity between tumor and CTCs, we proposed
that microdissection of different areas of the same primary tu-
mor could be taken and compared to the respective CTCs in
the same patients. Since clinical biopsy samples often contain
populations of tumor cells that present intra- and inter-tumor
heterogeneity at the genetic level, mutation could be present
at periphery of tumor but not in the core of the tumor, and
vice versa (Kosmidou et al., 2014). Therefore, it is conceivable
that we would expect similar discordance in genotypes, espe-
cially between the tumor and CTCs, which has been described
by several published studies (Harb et al., 2013; Mostert et al.,
2013; Powell et al., 2012; Raimondi et al., 2014). Furthermore,
a recent study had found significant heterogeneity within sin-
gle CTCs from the same patient (Gasch et al., 2013), and it is
conceivable that the pooled CTCs that we have captured
would contain a mixed population of CTCs along with the
contaminating leukocytes.
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We also acknowledged that there may be limitations in our
microsieve technology, resulting in variable performance dur-
ing the enrichment of CTCs, which could influence the num-
ber and purity of CTCs captured. Likewise, we also recognize
that there could be some technical limitations in our HRM
and ASPCR approaches. While it is clear that HRM is useful
in detecting a change in nucleotide and detecting unknown
changes in amplicon of interest, single nucleotide polymor-
phisms could not be distinguished from mutations, invariably
resulting in false-positives calls. Also, unlike ASPCR, HRM is
non-quantitative; thus, quantification of the percentage of
mutant alleles in the sample is not possible. Alternative
methods such as pyrosequencing, which allows detection
and quantification of mutant alleles, could also be used. We
have employed the pyrosequencing platform in an attempt
to verify the source of discrepancy in mutation status in
several of our patients. Representative examples of pyro-
grams, along with PCR, HRM and ASPCR results indicate that
the sensitivity of these methods are important factors in
deciding a positive call for mutation. While having a high-
sensitivity enables detection of rare mutant alleles, this may
increase the false-positive rates.

Despite these limitations that have been discussed, it is
apparent that our CTC enrichment platform, coupled with
the HRM and ASPCR approaches, exhibit high sensitivity and
specificity in mutation detection in CRC patients. The ease of
scanning for mutations using our approaches offers the added
advantage of speed and simplicity in assessment of mutation
in CTCs with minimal blood sample requirement. Ideally,
CTCs would be useful as a liquid biopsy to select a specific
personalized therapy on the basis of the molecular features
of a patient’s tumor. CTCs could present as complementary
biomarkers for identification of predictive targets and real-
time monitoring of disease in clinical practice. The assays
that we have described could serve as a valuable tool to iden-
tify mutations in CRC patients non-invasively.

5. Conclusion

Mutation analysis of clinical samples involve the use of legacy
material, and testing of circulating tumor cells (CTCs) ob-
tained from peripheral blood may allow non-invasive evalua-
tion of a patient’s tumor status. Herein we have systematically
tested this approach using a label-free enrichment platform to
capture CTCs from blood in a consecutive series of patients
undergoing surgery. Coupled with the application of our opti-
mized PCR-based assays to detect KRAS or BRAF mutation, we
have shown that CTC genotyping may be achieved with high
sensitivity and specificity. This approach enables a rapid,
qualitative and non-invasive assessment of tumor genotype
in the clinical setting, allowing better treatment decisions.
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