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To understand the potential and limitations of circulating tumor cell (CTC) sequencing for molecular
diagnostics, we investigated the feasibility of identifying the ubiquitous KRAS mutation in single CTCs
from pancreatic cancer (PC) patients. We used the NanoVelcro/laser capture microdissection CTC plat-
form, combined with whole genome amplification and KRAS Sanger sequencing. We assessed both KRAS
codon-12 coverage and the degree that allele dropout during whole genome amplification affected the
detection of KRASmutations from single CTCs. We isolated 385 single cells, 163 from PC cell lines and 222
from the blood of 12 PC patients, and obtained KRAS sequence coverage in 218 of 385 single cells
(56.6%). For PC cell lines with known KRAS mutations, single mutations were detected in 67% of ho-
mozygous cells but only 37.4% of heterozygous single cells, demonstrating that both coverage and allele
dropout are important causes of mutation detection failure from single cells. We could detect KRAS
mutations in CTCs from 11 of 12 patients (92%) and 33 of 119 single CTCs sequenced, resulting in a KRAS
mutation detection rate of 27.7%. Importantly, KRAS mutations were never found in the 103 white blood
cells sequenced. Sequencing of groups of cells containing between 1 and 100 cells determined that at
least 10 CTCs are likely required to reliably assess KRASmutation status from CTCs. (J Mol Diagn 2016, 18:
688e696; http://dx.doi.org/10.1016/j.jmoldx.2016.03.006)
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The development of molecularly targeted agents in
oncology has rapidly advanced in recent years, with >800
drugs in clinical trials as of 2013.1 Thus, therapeutic de-
cisions are increasingly being made based on actionable
genetic data obtained from a patient’s tumor, resulting in
precision treatment strategies. Although biopsy or surgical
excision has been the traditional means of obtaining tissue
from solid tumors, these procedures are costly, painful, and
not without risk to the patient. This is especially true for
difficult-to-biopsy tumors such as pancreatic cancer (PC), in
which multiple biopsies or even multiple procedures are
required to obtain sufficient tumor tissue for genetic
testing.2 Because of these limitations, alternatives to tradi-
tional biopsy techniques are an area of active research and
will be crucial to realizing the potential of precision medi-
cine for many tumor types.
stigative Pathology and the Association for M
Circulating tumor cells (CTCs), which are thought to
originate from primary or metastatic sites and to circulate in
the blood, represent one such alternative source of tumor
tissue for the diagnosis, staging, management, and prognos-
tication of solid cancers.3,4 The enumeration of CTCs using
the CellSearch platform currently has Food and Drug
olecular Pathology. Published by Elsevier Inc. All rights reserved.
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CTC Sequencing in Pancreatic Cancer
Administration approval as an adjunctive prognostic marker
during therapy in many solid cancers.5 The development of
CTC assays that allow for the capture and isolation of CTCs
for further analysis has the potential to transform CTCs into a
liquid biopsy for cancers. Such a liquid biopsy has innumer-
able applications, from diagnosing patients with difficult-to-
biopsy tumors to the real-time monitoring of a cancer’s
genotypic changes in response to therapy.6 However, for
CTCs to realize their potential as a convenient source of tumor
tissue, important methodologic issues must be addressed.

The primary issue that CTC assays must overcome is the
rarity of CTCs in circulating blood, because an average 7.5-
mL blood draw typically contains only 1 to 50 CTCs versus
several million white blood cells (WBCs).7 Differentiating
CTCs from the vast hematopoietic cell background requires
highly sensitive and specific assays, as well as a means of
confirming that the cells captured are actually of tumor
origin. One means of doing so is by using molecular anal-
ysis in addition to immunocytochemistry (ICC) to confirm
that the cells are of tumor origin. However, for molecular
analysis, the small number of CTCs available is further
hindered by the limited amount of DNA per cell. Thus,
whole genome amplification (WGA) methods are required
to bridge the gap between the picogram quantities of DNA
available in a single cell and the nanogram to microgram
amounts required for most molecular studies.

Studies of WGA from single cells have demonstrated the
capability to achieve >10,000-fold amplification with up to
96% genome coverage.8 Furthermore, WGA has allowed
researchers to successfully perform whole exome and even
whole genome sequencing of single cells.9 However, WGA
amplification is not linear, and amplification bias, especially
in GC-rich regions, is an inherent limitation. Unequal
amplification can even result in the total loss of one allele
over multiple rounds of amplification, termed allele dropout
(ADO).8 Thus, the limitations of WGA affect CTC
sequencing in two major ways: by failure of the WGA re-
action to provide coverage of the gene of interest and by
ADO of the mutant allele, resulting in only the wild-type
sequence amplifying when in fact a mutant allele is pre-
sent. It is important to differentiate these limitations because
they affect the clinical implications of CTC sequencing
studies in dramatically different ways. For example, for
heterozygous mutations coverage alone is not representative
of the mutation detection rate (MDR) due to the effects of
ADO. Thus, successful sequence coverage and mutation
detection need to be considered separately in characterizing
CTC sequencing results. How these limitations affect CTC
sequencing results have not been well characterized to date.9

In this study, we sought to better understand the potential
and limitations of single-cell sequencing of PC CTCs as it
relates to their development as a clinical biomarker for
diagnostic and pharmacogenomic applications. We did so
by studying Kirsten rat sarcoma viral oncogene homolog
(KRAS ) sequencing of single cells from both PC cell lines
and patient CTC samples. We chose to study PC because
The Journal of Molecular Diagnostics - jmd.amjpathol.org
>95% of patients have an early activating driver mutation in
the KRAS oncogene, and 98% of those mutations are
located in codon 12.10,11 Thus, sequencing of a single
codon can provide molecular evidence distinguishing
CTCs from hematopoietic cells. For CTC isolation we used
the NanoVelcro/laser capture microdissection (LCM) plat-
form, which captures CTCs on a microfluidic chip using
antieepithelial cell adhesion molecule antibodies. We then
identified captured CTCs by ICC and isolated them using
LCM. We developed an ICC-based CTC definition for
PC that incorporated nuclear morphologic and anti-
carcinoembryonic antigen (CEA) staining, a glycoprotein
tumor marker that is overexpressed in 80% of PC, to in-
crease the specificity of the assay.12 We then studied our
sequencing methods on single cells from five PC cell lines
to assess the limits of our platform both in terms of KRAS
codon 12 coverage and KRAS mutation detection rate. We
applied these findings to CTCs from 12 PC patients to
determine our mutation detection rate for KRAS mutations
from single CTCs. Finally, we used our results to better
understand the number of CTCs required for reliable KRAS
mutational analysis.

Materials and Methods

PC Cell Lines

PC cell lines CFPAC-1, AsPC-1, Panc-1, BxPC-3, and
HPAF-II were obtained from ATCC (Manassas, VA) and
grown using RPMI 1640 Medium (ATCC) supplemented
with 10% fetal bovine serum and 100 U/mL penicillin-
streptomycin. All cell lines were grown at 37�C with 5%
CO2 and were routinely passaged at 80% confluence using
an iso-osmotic sodium citrate solution for cell release
(Thermo Fisher Scientific, Waltham, MA). When preparing
cells for single-cell isolation and analysis, cells were
released from the culture plates using the same sodium
citrate solution. After a wash with the culture medium, each
cell line was diluted to a density of 1000 cells per 100 mL.
Approximately 1000 cells (100 mL) were smeared on
polyethylene naphthalate membrane slides (Leica Micro-
systems Inc., Buffalo Grove, IL), air-dried for 10 minutes,
and fixed with 100 mL of 100% ethanol. Cells were then
isolated by laser microdissection as outlined in Chip
Scanning, CTC Identification, and Laser Microdissection.
Batch genomic DNA was prepared from the entire contents
of a 75-mm2 plate at 80% confluence. DNA was extracted
using the Qiagen (Valencia, CA) Blood and Cell Culture
DNA Mini Kit according to the manufacturer’s protocol.

Patients Samples

Twelve patients with pathologic disease confirmed as pan-
creaticobiliary cancers were voluntarily enrolled in the study
under University of California Los Angeles Institutional
Review Board protocol 11-002112. All 12 patients
689
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Court et al
underwent a venous blood draw that began with a 5-mL
waste to prevent epithelial cell contamination, followed by
collection of at least a 10-mL sample into two 8.5-mL ACD
Solution A tubes (BD, Franklin Lakes, NJ). After collection,
the blood was inverted at least 10 times, followed by
transport to the laboratory on ice. Samples were stored for
<24 hours at 4�C before processing.

Sample Processing

Our workflow for sample processing is outlined in Figure 1.
Density gradient centrifugation of patient samples was
performed using 12-mL LeucoSep centrifuge tubes (VWR,
Radnor, PA) according to the manufacturer’s protocol. The
buffy coat layer was washed with 5 mL of wash medium
(RPMI with 5% fetal bovine serum; Gibco, Carlsbad, CA)
and centrifuged at 300 � g for 10 minutes at 4�C, and the
pellet was resuspended in 200 mL of wash medium. Bio-
tinylated antieepithelial cell adhesion molecule antibody (6
mL; R&D Systems, Minneapolis, MN) was added, and the
mixture was placed on a shaker at 4�C for 1 hour. After an
additional wash step, the pellet was resuspended in 200 mL
of PBS and immediately processed on the NanoVelcro/
LCM CTC platform.

NanoVelcro/LCM CTC Chip Processing

NanoVelcro/LCM CTC chips were assembled and operated
as described previously.13,14 Briefly, poly(lactic-co-glycolic
acid) nano-spun chips, manufactured by an electro-spin
method in our nano-materials laboratory, were assembled
onto a laser microdissection slide (Leica Microsystems Inc.)
with an overlaid polydimethylsiloxane microfluidic
component and attached to a syringe-based microfluidic
pump (KD Scientific, Holliston, MA). Prepared samples
were injected through the device at the previously
Figure 1 Overview of the single-cell sequencing workflow using NanoVelcro/LC
line studies. After CTC or PC cell line identification by ICC, individual cells are is
fication of the cell isolated in the Eppendorf tube cap. Single cells then underwen
KRAS PCR was performed and was considered successful if a band of the proper si
success was determined by visual inspection of the trace file. A total of 163 single
the workflow was analyzed, revealing that WGA was responsible for most sequenc
immunocytochemistry; LCM, laser capture microdissection; MDA, multiple displace
WGA, whole genome amplification.
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established optimal flow rate of 0.5 mL/hour and were then
fixed using 100% ethanol.15

ICC and Nuclear Staining

After fixation, processed chips were washed in phosphate-
buffered saline (PBS). Chips were then blocked using PBS
with 2% donkey serum (Jackson Immunoresearch, West
Grove, PA) for 1 hour. Chips were then incubated with a
primary antibody cocktail containing two rabbit anti-
pancytokeratin antibodies (Invitrogen, Carlsbad, CA;
Abcam, Cambridge, MA), two mouse anti-CD45 antibodies
(BD Pharmigen, San Diego, CA; Abcam), and one chicken
anti-CEA antibody (Abcam) overnight at 4�C. After primary
antibody incubation, chips were washed again in PBS.
Secondary antibody incubation was performed for 1 hour at
room temperature using a cocktail of Alexa Fluor 488
donkey anti-rabbit (Invitrogen), Alexa Fluor 555 donkey
anti-mouse (Invitrogen), and Alexa Fluor 647 goat anti-
chicken (Invitrogen). Incubation took place in PBS with 2%
donkey serum. Chips were again washed in PBS with 2%
donkey serum and then stained with Hoechst 33342 (Life
Technologies, Carlsbad, CA) for nuclear visualization.

Chip Scanning, CTC Identification, and Laser
Microdissection

After immunostaining, automated chip scanning was per-
formed at 40� power with a Nikon (Tokyo, Japan) Eclipse
90i scanning fluorescent microscope using NIS Elements
4.1 software (Nikon). Manually acquired 400� power im-
ages of candidate cells were then obtained. For ICC, we
added CEA and nuclear morphologic characteristics to the
standard ICC CTC definition in an attempt to increase our
specificity. Thus, WBCs were defined as Nuclearþ/CD45þ/
CK�/CEA� and CTCs as Nuclearþ/CD45�/and CKþ or
M and stepwise workflow analysis of single-cell sequencing results from cell
olated by LCM. Transfer efficiency of LCM was determined based on identi-
t WGA, and success was assessed by demonstration of a smear band. Next,
ze (295 bp) was found with gel electrophoresis. Finally, Sanger sequencing
cells were isolated and sequenced, and the success of the individual steps in
ing failures. Data are expressed as n (%). CTC, circulating tumor cell; ICC,
ment amplification; PC, pancreatic cancer; Sanger Seq, Sanger sequencing;
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CTC Sequencing in Pancreatic Cancer
CEAþ. Nuclear structural characteristics were assessed by a
trained cytopathologist and were included in our CTC
definition. The positional coordinates of cells to be isolated
were then input into the PALM MicroBeam laser micro-
dissection system (Carl Zeiss, Thornwood, NY). After
locating cells using the preprogrammed coordinates on the
LCM device, single cells were laser dissected and collected
into 200-mL tube caps (Carl Zeiss) using the laser pressure
catapult function. Cell transfer to the tube cap was
confirmed by imaging the cap before cap closure.
WGA, KRAS PCR

Isolated cells were then subjected to genomic DNA isolation
and WGA using the REPLI-g Single Cell Kit (Qiagen) ac-
cording to the manufacturer’s protocol. Genomic amplifi-
cation occurred at 30�C for 8 hours. WGA products were
cleaned using the QIAquick PCR Purification Kit (Qiagen).
Cleaned WGA products underwent PCR amplification of
KRAS exon 2 using the following primers (Integrated DNA
Technologies, Coralville, IA): forward 50-AAGGTACTG-
GTGGAGTATTTG-30 and reverse 50-GTACTCATGAA-
AATGGTCAGAG-30, resulting in a predicted amplicon
length of 295 bp. Melting temperatures were 51.9�C and
51.0�C for the forward and reverse primers, respectively.
PCR reactions were performed on an Arktik Thermal Cycler
(Thermo Fisher Scientific) using the Platinum PCR Super-
Mix High Fidelity Kit (Invitrogen) with total volumes of 50
mL per reaction and 200 ng of template DNA according to
the manufacturer’s protocol. The reaction conditions were as
follows: denaturation at 94�C for 30 seconds, annealing at
55�C for 30 seconds, and extension at 68�C for 45 seconds
for a total of 35 cycles. PCR success was confirmed by
demonstration of the expected 295-bp band on 2% agarose
gel electrophoresis.
Sanger Sequencing

The PCR products were then purified using the QIAquick
PCR Purification Kit (Qiagen) and eluted into 25 mL of
nuclease-free water (Qiagen). DNA was diluted to a con-
centration of 15 ng/mL based on Nanodrop quantification
of the PCR product. Automated dideoxy terminator
sequencing was performed by capillary electrophoresis by
the University of California Los Angeles GenoSeq Core on
an ABI 3730 DNA analyzer using Big Dye Terminator
chemistry (Applied Biosystems, Foster City, CA). Bidirec-
tional sequencing was used to confirm the specificity of the
target in selected samples using the primers listed in the
previous paragraph. The forward primer was then used for
subsequent sequencing runs. Sequences were analyzed by
two methods. All sequences were analyzed by manual in-
spection of the individual trace files using Four Peaks
(Nucleobytes, Aalsmeer, the Netherlands), as well as using
ab1 Peak Reporter (Thermo Fisher Scientific). A minor
The Journal of Molecular Diagnostics - jmd.amjpathol.org
allele peak height of >10% by the 7-scan window of ab1
Peak Reporter was used to define heterozygous samples.

Statistical Analysis

Statistical analyses were performed with the Rstudio version
0.99.489 environment of the open source software RStudio
(Boston, MA; https://www.rstudio.com). Descriptive statis-
tics were used to summarize cell line and patient sample
sequencing results. Pearson’s c2 test with Yates’ continuity
correction was used to compare KRAS codon 12 coverage
and MDRs. The likelihood of detecting mutations was
calculated by single event binomial distribution using the
following equation: P Z nCx � px � qnex, with nCx Z n!/
(x! � (n � x)!), where p Z the probability of detecting a
mutation, and n Z the number of single CTCs sequenced.

dPCR

Digital PCR (dPCR) was performed on a QuantStudio 3D
digital PCR System (Thermo Fisher Scientific) according to
the digital MIQE Guidelines.16 The TaqMan KRAS_521
(Assay ID: AH6R5PI) assay was used for primers and
probes. Reaction mixes (18 mL) were prepared, containing 9
mL twofold QuantStudio 3D Digital PCR Master Mix
(Thermo Fisher Scientific), 0.9 mL 20-fold TaqMan
KRAS_521 primer-probe mix, 1.8 mL diluted gDNA, and
6.3 mL nuclease-free water (Qiagen). The reaction mixture
was loaded onto QuantStudio 3D Digital PCR 20 K Chips
(Thermo Fisher Scientific) using an automatic chip loader
according to the manufacturer’s protocol. Loaded chips
underwent thermocycling on the Gene Amp 9700 PCR
System (Applied Biosystems, Waltham, MA) using the
following conditions: initial denaturation at 96�C for 10
minutes, followed by 39 cycles of 98�C for 30 seconds and
60�C for 2 minutes. VIC and FAM imaging of each chip
was performed by the instrument, which assesses raw data
and calculates the estimated concentration of the nucleic
acid sequence targeted by the FAM and VIC dye-labeled
probes by Poisson distribution. The raw data were then
uploaded to QuantStudio 3D AnalysisSuite Cloud Software
version 3.0.3 (Thermo Fisher Scientific) for analysis. For all
samples, fluorescent cutoff values were determined using
the no template control sample and then applied to the
experimental chip. The lasso tool was used when individual
well calls were not correctly assigned by the no template
control fluorescent cutoffs.

Results

Single-Cell KRAS Sequencing of PC Cell Lines

To test the feasibility of single-cell sequencing using the
NanoVelcro/LCM platform, we used five PC cell lines with
differing KRAS mutations and zygosity. We captured and
isolated a total of 163 single cells using the NanoVelcro/
691
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LCM platform, including 60 CFPAC-1 (heterozygous
G12V) cells, 44 PANC-1 (heterozygous G12D) cells, 27
HPAF-II (heterozygous G12D) cells, 21 AsPC-1 (homozy-
gous G12V) cells, and 13 BxPC-3 (wild-type) cells. Each
cell then underwent WGA, KRAS PCR amplification, and
Sanger sequencing. To better understand the factors that
contributed to the successful coverage of KRAS codon 12,
we performed a stepwise workflow analysis of our methods
to determine the success rate of each step (Figure 1).
Confirmation of LCM transfer of single cells was deter-
mined by visualization of a cell in the cap on inverted
microscopy. The success of WGA and KRAS PCR was
determined by visualization of a smear or band by gel
electrophoresis, respectively. KRAS codon 12 coverage was
determined by manual inspection of the individual trace
files. With the use of this method, we determined which step
failed for the 60 single cells that did not successfully show
an interpretable Sanger trace file. We discovered that failure
occurred at all steps in our method. However, the majority
(81.7%) occurred during WGA (n Z 49), followed by
KRAS PCR (n Z 6; 10%), Sanger sequencing (n Z 3; 5%),
and LCM transfer (n Z 2; 3.3%). Overall, we obtained
Figure 2 Comparison of single cell KRAS sequencing results from different P
mutations were analyzed, and the batch gDNA trace files for the different cell lines
base calls, individual cells were classified as demonstrating the mutation only, the
rate was calculated as the number of single-cell sequences that demonstrated only
percentage of single cells demonstrating a mutant allele over the total number o
positive (AsPC-1) and negative (BxPC-3) controls. ADO, allele dropout; het, heter
cancer; WT, wild-type.
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KRAS codon 12 coverage in 103 of 163 single cells
sequenced (63.2%).

KRAS MDR

After establishing the success rate for amplification and
sequencing of KRAS exon 2 from a single cell, we next
investigated our ability to detect a mutation if it is known to
be present. To do so we calculated and analyzed our MDR,
defined as the percentage of single cells that demonstrated a
mutant KRAS codon 12 allele over the total cells isolated.
By comparing sequencing results from heterozygous and
homozygous cell lines, we were able to quantify the effects
of ADO on the MDR. We first sequenced batch gDNA to
confirm the published KRAS mutations as well as their allele
frequencies (Figure 2). Next, sequencing results from the 81
heterozygous single cells were interpreted using the peak-7
window function of ab1 Peak Reporter, with a threshold of
>10% for base calling of the minor allele peak. The
sequences were then classified as mutation only, both
mutation and wild-type (heterozygous or double peak), or
wild-type only (Figure 2). ADO rate was calculated as the
C cell lines. Cell lines with both heterozygous and homozygous codon 12
are depicted with codon 12 underlined. On the basis of the KRAS sequence
wild-type only, or both alleles, indicative of a heterozygous sequence. ADO
one of the two alleles in the heterozygous samples. MDR was defined as the
f single cells isolated for sequencing. Homozygous cell lines were used as
ozygous; homo, homozygous; MDR, mutation detection rate; PC, pancreatic
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Figure 3 PC immunocytochemical definitions for CTCs and WBCs using
the NanoVelcro/LCM assay. Representative images of the different immuno-
fluorescent channels used to discriminate CTCs from WBCs are shown.
Rows 5 to 6 are overlays of the channels above demonstrating the images
that are typically used to distinguish CTCs from other circulating cells.
Original magnification, �40. CEA, carcinoembryonic antigen; CK, cytoker-
atin; CTC, circulating tumor cell; LCM, laser capture microdissection;
PC, pancreatic cancer; WBC, white blood cell.

CTC Sequencing in Pancreatic Cancer
percentage of single cells demonstrating only a single peak
at the heterozygous site. We determined that ADO occurred
in 68 of 81 single cells (85%; range, 79% to 89%)
sequenced from the three heterozygous cell lines.

Given the high rate of ADO when sequencing single cells,
we then investigated our ability to detect KRAS mutations
from single cells. Of the 81 heterozygous single cells that
demonstrated KRAS codon 12 coverage, only 49 (60.5%)
demonstrated a mutant allele (Figure 2). As expected, all 14
(100%) of the homozygous AsPC-1 cells demonstrated a
mutant allele, and no mutations were found in the eight wild-
type KRAS BxPC-3 cells. Overall, taking into account the
entire workflow from cell capture to Sanger sequencing, we
detected a KRAS mutation in 49 of 131 of heterozygous cells
(37.4%) and 14 of 21 of homozygous cells (67%). Thus,
ADO during WGA was the single biggest limitation to suc-
cessful single-cell KRAS sequencing, greater than the error
rate attributable to all other steps of our methods combined.

Performance of NanoVelcro/LCM on Clinical Samples

We developed an ICC definition for PC CTCs using the
NanoVelcro/LCM system that incorporates anti-CEA stain-
ing and nuclear morphologic characteristics to the commonly
used three-channel ICC definition to improve the specificity
for identifying true circulating cells of tumor origin (Figure 3).
We then studied the performance of the NanoVelcro/LCM
assay on peripheral blood samples from 12 PC patients. We
identified a total of 119 CTCs from the 12 patients, and at least
one CTCwas found per patient (range, 1 to 34 CTCs; average,
9.9 CTCs; median, 8 CTCs). In addition, we identified and
isolated a total of 103 WBCs from the 12 patients to serve as
negative controls.We used LCM to isolate the 222 single cells
and performed single-cell WGA and KRAS Sanger
sequencing as outlined in the previous section. We found a
mutant KRAS sequence in at least one CTC from 11 of 12
patients (92%) (Supplemental Table S1). Importantly, no
mutant KRAS sequences were found in any of the WBCs
isolated and sequenced, demonstrating the specificity of our
CTC definition for the NanoVelcro/LCM platform.

We then analyzed our results to determine the cause of
error for the single cells that failed sequencing. We found
that the type of cell did not significantly influence our
single-cell sequencing results; we obtained KRAS codon 12
coverage in 60 of 119 CTCs (50.4%) and 55 of 103 WBCs
(53.4%) (Table 1). Of the 60 patient CTCs with KRAS
coverage, a mutation was identified in only 33 (55%). Thus,
considering the entire workflow from cell capture to Sanger
sequencing, our MDR for isolated CTCs was 27.7%,
because we detected a mutant KRAS sequence in 33 of 119
CTCs (Table 2).

Overall, we found our CTC sequencing performed simi-
larly to our cell line sequencing studies. Although our CTC
MDR was significantly lower than that found for the ho-
mozygous cell lines (c2 Z 10.45, P < 0.01), it was similar
to that of the heterozygous single cells (c2 Z 2.26,
The Journal of Molecular Diagnostics - jmd.amjpathol.org 693
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Table 1 KRAS Sequencing of Single Cells from Patient Samples
Demonstrating KRAS Mutations in CTCs but Not WBCs

Cell type Cells cut, n
KRAS
coverage, n

Mutation
detected, n

CTC 119 60 30
WBC 103 55 0
Total 222 115 33

CTC, circulating tumor cell; WBC, white blood cell.

Court et al
P Z 0.14). On analysis of individual steps in the workflow,
the only significant difference found between our patient
CTC samples and single cells isolated from PC cell lines
was the rate of successful PCR amplification, 79.2% versus
94.6%, respectively (c2 Z 9.11, P < 0.01).

Comparison of Multiple Cell Sequencing Results

Because ADO was determined to be a significant source of
error for single-cell sequencing, we investigated ways to
minimize it. Because ADO is a stochastic process, one means
of overcoming it is by sequencing multiple single cells. We
therefore investigated the number of single CTCs we would
need to sequence to guarantee detection of a KRAS mutation.
We first modeled our prediction based on our CTC sequencing
results using single event binomial probability. We deter-
mined that if we were able to isolate 5 or 10 CTCs from a
patient, we had an 80.2% or 96.3% chance of detecting a
KRAS mutation in at least one CTC, respectively.

Another method for minimizing ADO is to increase the
amount of template DNA by using more cells. To test if
increasing the amount of starting template improved the
detection rate, we performed our CTC sequencing protocol
on groups of differing numbers of heterozygous HPAF-II
cells (Figure 4). HPAF-II has a known mutant allele
amplification, allowing us to also study how WGA ampli-
fication bias affects allelic fraction determination.17 We first
confirmed the 75:25 mutant:wild-type allele frequencies by
dPCR (Supplemental Figure S1). Then, a total of six repli-
cates were run for each group of differing cell numbers.
KRAS mutations were detected in 4 of 6 single cells (67%),
4 of 6 three-cell groups (67%), 6 of 6 five-cell groups
(100%), 5 of 6 ten-cell groups (83%), and 6 of 6 (100%) of
the 20-, 50-, and 100-cell groups. A heterozygous sequence,
demonstrating both alleles without ADO, was obtained in
Table 2 Stepwise Workflow Analysis for the 119 CTCs Studied

Cell type PC CTCs, n (%)

LCM transfer 119 (100)
WGA 77 (64.7)
KRAS PCR 61 (51.2)
Sanger sequencing 60 (50.4)
Mutation detected 33/60 (55)
Mutation detection rate 33/119 (27.7)

CTC, circulating tumor cell; LCM, laser capture microdissection; PC,
pancreatic cancer, WGA, whole genome amplification.

694
17% (1/6) single cells, 17% (1/6) of the 3-cell groups, 33%
(2/6) of the 5-cell groups, 67% (4/6) of the 10-cell groups,
67% (4/6) of the 20-cell groups, and 100% (6/6) of the 50-
and 100-cell groups. An accurate allelic ratio of the mutant
allele to the wild-type allele (75:25) was not obtained from
any of the 1-, 3-, or 5-cell groups, 17% (1/6) of the 10-cell
groups, 50% (3/6) of the 20-cell groups, and 100% (6/6) of
the 50- and 100-cell groups.
Discussion

CTCs have the potential to allow clinicians access to tumor
tissue from a simple peripheral blood draw. However, for
CTCs to realize their potential, important limitations of
sequencing data from single cells must be understood and
addressed.4 The first is ensuring that the CTC identification
methods used discriminate CTCs from other circulating
cells with high specificity. This high specificity is required
for successful adoption of CTCs as a realistic alternative to
traditional biopsies. Secondly, the isolation and sequencing
of CTCs is difficult, requiring multiple independent tech-
niques that all introduce possible sources of error that can
lead to inaccurate representation of the tumor genotype.
These errors must be studied and addressed if CTC
sequencing is to have clinical relevance. Finally, the
detection efficiency of CTC sequencing for actionable mu-
tations must be established to assess the adequacy of a
sample for genetic analysis and to prevent false-negative
results from interfering with patient care.
In this study, we attempted to better understand the po-

tential and limitations of the NanoVelcro/LCM platform for
single-cell KRAS sequencing of CTCs in PC. We used PC
cell lines to test our method and found that most sequencing
failures occurred duringWGA.We compared the sequencing
results from heterozygous and homozygous single cells and
found that ADO was the primary limiting factor of mutation
detection from heterozygous samples. We then used the
NanoVelcro/LCM platform to identify CTCs and other
hematopoietic cells for isolation and single-cell KRAS
sequencing from 12 PC patients. We demonstrated mutant
KRAS sequences in CTCs from 11 of 12 patients (92%) and
never found a mutant KRAS sequence in any of the other
hematopoietic cells sequenced from the same patient. By
analyzing our sequencing results, we were able to demon-
strate that at least 10 CTCs are likely required to reliably
determine KRAS mutations. We then confirmed this finding
by sequencing groups of varying numbers of cells and, again,
found a distinct drop in mutation detection for heterozygous
alleles with <10 CTCs.
To help ensure that our results would model the realities

of clinical CTC sequencing, we chose to use Sanger
sequencing, which has a lower sensitivity than newer
methods but is still the gold standard for clinical
sequencing.18 In analyzing why sequencing failed, we found
that most failures occurred during WGA, either from
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Figure 4 Determination of the number of cells needed to ensure reliable KRAS sequencing. By analyzing the allelic ratio of the sequencing results from
different numbers of starting cells, the minimum cellular input for reliable KRAS codon 12 Sanger sequencing can be analyzed. The batch gDNA demonstrates
the expected 75:25 G12D mutation-to-wild-type allelic ratio for HPAF-II cells. For each group of differing numbers of cells, the replicate with the best
sequence (ie, with an allelic ratio closest to that of batch gDNA) from among the six replicates is depicted. As the number of cells sequenced increases,
the allelic ratio becomes more similar to that of batch gDNA. Analysis of all replicates indicates a significant increase in mutation detection reliability above
the 5- to 10-cell threshold.

CTC Sequencing in Pancreatic Cancer
complete failure of the WGA reaction or, more commonly,
due to ADO. Our ADO rate of 85% was near the upper
limit of previously reported single-cell MDA-based WGA
studies, which have ranged from as low as 10% to as high
as 90%.8,9,19,20 This high ADO rate may be at least partially
attributed to our use of Sanger sequencing, which is
less sensitive to low mutant allele fractions than newer
methods.21

For clinical samples, we found CTCs in 100% of the 12
patients and confirmed a KRAS mutation in at least one CTC
from 92% of the patients. Because the zygosity of KRAS
mutations in our clinical samples was not known, we
compared our CTC sequencing results with that from both
homozygous and heterozygous cell lines. Our MDR for
KRAS in clinical samples of 27.7% was significantly lower
than that found from homozygous single cells, but statisti-
cally similar to that of heterozygous single cells that we
sequenced. However, previous studies estimate that
approximately 70% of KRAS mutations in PC are hetero-
zygous, indicating that the similarity of our CTC sequencing
results to the heterozygous cell lines is to be expected.22,23

Overall, our SNP detection rate from CTCs is comparable
with or better than previous studies using Sanger
sequencing, which have reported rates as low as 10%.24e26

Our findings are important for two aspects of CTC
research. First, for CTC technologies to move from an
enumeration biomarker to a molecular diagnostic, different
variables are likely to become important. Previous research
had frequently attempted to liberalize CTC definitions in an
attempt to increase the number of CTCs found from pa-
tients.27,28 However, for CTC sequencing studies every
effort must be made to ensure the specificity of CTC iden-
tification methods, because the introduction of any normal
cells within the population would increase the risk of false
negatives to the detriment of patients. To that end, we used
the modular nature of the NanoVelcro/LCM CTC platform
to incorporate anti-CEA staining and nuclear morphologic
structure into our CTC definition to hopefully increase its
specificity. Furthermore, we used CTC sequencing to vali-
date our ICC definition, finding KRAS mutations only in
cells we called CTCs and never in other hematopoietic cells.
The Journal of Molecular Diagnostics - jmd.amjpathol.org
We found using an orthogonal method, such as molecular
analysis, to confirm ICC definitions for CTCs important for
demonstrating the tumor origin of the cells captured. We
think it prudent for new CTC platforms to use such a
method of verification to address the known limitations of
ICC alone in defining CTCs.

Second, our study provides insight into the reality of CTC
sequencing for clinical applications and the quantity of
CTCs required for reliable mutation detection. Although
single-cell CTC sequencing has been described previously,
the variables required for reproducible, accurate sequencing
for clinical use have not been studied.29e31 Our data indi-
cated that WGA was the most error-prone step in per-
forming single CTC sequencing and that ADO was the most
common reason for sequencing failure. However, we also
demonstrated that these limitations could be overcome if at
least 10 individual CTCs are sequenced. Furthermore, we
found a similar cutoff of at least 20 cells for accurately
assessing KRAS allelic fractions in a PC cell line with a
known mutant allele amplification. Overall, our study pro-
vides further evidence that the amplification bias present at
the single-cell level responsible for ADO can be reduced if
at least 10 CTCs are sequenced together.
Conclusions

We demonstrated the mutation detection rate of the Nano-
Velcro/LCM platform for KRAS sequencing of single CTCs.
We investigated the shortcomings inherent in work at the
single-cell level and analyzed ways to account for and
minimize sources of error. Finally, we established a cutoff
of at least 10 CTCs as a lower limit for reliable KRAS
mutational analysis from CTCs. Future studies looking at
other actionable genetic targets, as well as other molecular
analyses such as gene panels, exome sequencing, and
RNASeq, will need to take into account the sources of error
that we have highlighted in our study. We are hopeful that
future studies will further confirm the ability of CTCs to
function as a liquid biopsy, an important step in advancing
precision cancer treatment.
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