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Somatic mutations within tumoral DNA can be used as highly specific biomarkers to distinguish cancer
cells from their normal counterparts. These DNA biomarkers are potentially useful for the diagnosis,
prognosis, treatment and follow-up of patients. In order to have the required sensitivity and specificity
to detect rare tumoral DNA in stool, blood, lymph and other patient samples, a simple, sensitive and
quantitative procedure to measure the ratio of mutant to wild-type genes is required. However,
techniques such as dual probe TagMan® assays and pyrosequencing, while quantitative, cannot detect
less than ~1% mutant genes in a background of non-mutated DNA from normal cells. Here we
describe a procedure allowing the highly sensitive detection of mutated DNA in a quantitative manner
within complex mixtures of DNA. The method is based on using a droplet-based microfluidic system to
perform digital PCR in millions of picolitre droplets. Genomic DNA (gDNA) is compartmentalized in
droplets at a concentration of less than one genome equivalent per droplet together with two TagMan®
probes, one specific for the mutant and the other for the wild-type DNA, which generate green and red
fluorescent signals, respectively. After thermocycling, the ratio of mutant to wild-type genes is
determined by counting the ratio of green to red droplets. We demonstrate the accurate and sensitive
quantification of mutated KRAS oncogene in gDNA. The technique enabled the determination of
mutant allelic specific imbalance (MASI) in several cancer cell-lines and the precise quantification of
a mutated KRAS gene in the presence of a 200 000-fold excess of unmutated KRAS genes. The
sensitivity is only limited by the number of droplets analyzed. Furthermore, by one-to-one fusion of
drops containing gDNA with any one of seven different types of droplets, each containing a TagMan®
probe specific for a different KRAS mutation, or wild-type KRAS, and an optical code, it was possible

to screen the six common mutations in KRAS codon 12 in parallel in a single experiment.

Introduction

A complex array of genetic alterations exists in most human
cancer cells: deletions, amplifications, point mutations and
chromosomal rearrangements all play a major role in the
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development and progression of cancers.> Somatic mutations
can, therefore, serve as biomarkers that allow tumor cells to be
distinguished from their normal counterparts.®* Mutations within
tumor cells and in DNA released by tumor cells into clinical
samples, such as blood, lymph, stools or urine, can be used to
detect cancers.*® Furthermore, tumor-specific genetic changes
can have a profound impact on clinical decision-making and
outcome.b

In order to use tumor-specific somatic mutations as
biomarkers for clinical oncology, the mutations must be detected
in a large excess of non-mutated DNA from normal cells. The
majority of genetic tests are based on the polymerase chain
reaction (PCR), which is the most sensitive method for the
detection of rare species in a complex sample. Highly sensitive
methods have been developed to preferentially enrich mutant
sequences present at low concentrations in a background of wild-
type DNA in clinical samples and selectivity of up to 10~ has
been described (see ref. 7 for a review). However, such assays are
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qualitative, which has two disadvantages. First, an assay can
yield a false-negative result (inadequate sensitivity) because the
amount of starting DNA is too low to detect rare mutations.
Second, an assay can yield a stochastic false-positive result
(inadequate specificity) because, for example, rare random
mutations are present in a sample.

Quantitative technologies, however, can overcome these
problems. They have the ability to directly measure the number
of DNA molecules tested per assay and therefore ensure that the
amount of starting material is sufficient to detect rare mutations
in the predicted frequency range. Quantification also allows
random and pathogenic mutations to be distinguished by
establishing a baseline mutant-to-wild-type ratio (the back-
ground mutation frequency of human cells). Quantitative assays
also allow standard quality control monitoring which is a neces-
sary requirement for routine diagnostic testing.® Most quanti-
tative assays are analog in nature: an average signal is acquired
from the mutant and wild-type DNA molecules present in the
sample and the ratio between the mutant and wild-type signal is
an estimate of the mutation frequency.>*** However, commonly
used analog assays have limited sensitivity. Frequently used
techniques like pyrosequencing'*** or real-time PCR'>!¢ have
sensitivities ranging from 1% to 10% for the detection of mutant
gDNA diluted in wild-type gDNA (see ref. 17 for a review).

More precise and sensitive quantification of mutated DNA is
possible using digital techniques, which allows the analysis of many
individual DNA molecules.? One of the most important techniques
is digital PCR, which is based on the compartmentalization and
amplification of single DNA molecules.'®** Digital PCR allows the
discrete counting of the mutant and wild-type alleles present in
a sample. Its sensitivity is only limited by the number of molecules
that can be analyzed and the false positive rate of the mutation
detection assay. Digital assays are particularly well suited for the
analysis of clinical samples like stool or plasma where tumor
derived DNA fragments represent only a small fraction of the total
DNA?® and digital PCR has been used for detection of KRAS
mutations in various clinical samples.!*?*3

The original microtitre plate-based digital PCR techniques
were, however, both slow and expensive. To address these issues,
several miniaturized methods allowing millions of single-mole-
cule PCR reactions to be performed in a single assay have been
developed.? Single-molecule PCR in a polyacrylamide film can be
used to generate discrete DNA colonies (polonies).>* Alterna-
tively, single-molecule PCR reactions can be performed on beads
in picotiter plates,>® or in aqueous droplets in water-in-oil
emulsions (BEAMing).?%?” After recovering the beads, hybrid-
ization of fluorescently labeled oligonucleotides®® or single base
extension (SBE) with fluorescently labeled dideoxynucleotides®®
is used for sequence differentiation and the beads are analyzed by
flow cytometry. The resulting highly sensitive digital procedure
has found many applications including single-molecule reverse-
transcription PCR,? or detection and enumeration of rare
genetic mutations.?® For example, BEAMing followed by SBE
and flow cytometry was used to quantify the level of mutated
DNA circulating in the plasma of colorectal cancer patients.*®
The detection limit, determined by the error rate of the DNA
polymerase used for the pre-amplification of the plasma DNA,
was one mutant DNA molecule in a background of 10 000 wild-
type DNA molecules.

Other strategies for digital PCR are based on microfluidic
technology. Digital PCR has been performed by spatial separa-
tion of PCR reactions in capillary systems.?! Digital PCR in
nanolitre microcompartments defined by pneumatic valves3*3
has been applied to various applications including single-cell
gene expression analysis,** copy-number evaluation®® and single
nucleotide polymorphism genotyping.**>*” However, none of
these procedures can analyze more than several thousand reac-
tions in parallel.

An alternative strategy is to perform digital PCR in aqueous
droplets separated by oil in microfluidic systems.?**! In contrast
to classical procedures used to create emulsions, droplet-based
microfluidic systems allow the creation of highly monodisperse
droplets (<1.5% polydispersity) and precise manipulation of the
droplets.** Droplets of microlitre to nanolitre volume also allow
several thousands of PCR reactions to be performed in
parallel.**** However, a further reduction in assay volume and
increase in processivity is necessary to perform highly sensitive
assays, which require millions of parallel PCR reactions. To
analyze millions of reactions, digital PCR can be performed
using picolitre droplets, which can be generated and manipulated
at kHz frequencies in microfluidic systems. Real-time PCR
amplification using fluorescent probes to monitor DNA ampli-
fication has been performed directly in picoliter droplets in
microfluidic systems,33%446 ag has reverse-transcription real-
time PCR (RT-rtPCR),* isothermal amplification of single
DNA molecules*® and DNA amplification using primer func-
tionalized microbeads.*

In this manuscript, we describe the development and valida-
tion of a method, based on digital PCR, which allowed the highly
sensitive and quantitative detection of mutations in the KRAS
oncogene®™! within a large excess of wild-type sequences
(Fig. 1). Using a microfluidic system, single target DNA mole-
cules were compartmentalized in microdroplets together with
clinically validated fluorogenic TagMan® probes specific for
mutated and wild-type KRAS,"® thermocycled and the fluores-
cence of each droplet measured. The amplification of mutant
DNA gave a green-fluorescent droplet while the amplification of
wild-type DNA gave a red-fluorescent droplet and the ratio of
mutant to wild-type DNA was determined from the ratio of
green to red droplets. This strategy is both highly quantitative
and highly sensitive. It enabled the precise determination of
mutant allelic specific imbalance (MASI) in several cancer cell-
lines and the precise quantification of a single mutated KRAS
gene in a background of 200 000 unmutated KRAS genes.
Furthermore, it was possible to screen the six common mutations
in KRAS codon 12 in parallel in a single experiment.

Results

Quantification of mutated and wild-type KRAS DNA:
determination of the mutant allelic fraction in different cell-lines

We developed a microfluidic procedure, based on digital PCR in
picoliter volume droplets, to measure the ratio of mutant and wild-
type genes in gDNA extracted from cell-lines. The basic procedure
involves 3 major steps (Fig. 1): (i) emulsification of PCR reagents,
primers and TagMan® probes specific for mutant and wild-type
DNA together with gDNA at a concentration equivalent to less
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Fig. 1 Overview of the system. (a) An aqueous phase containing the gDNA, PCR reagents and TagMan® probes specific for the wild-type and mutant
genes is emulsified within a microfluidic device. Light micrographs of drop production, mixing, and collection are shown (scale bars 60 um). The
concentration of gDNA is such that there is, on average, less than one (haploid) genome equivalent per droplet. (b) The emulsion is collected in a PDMS-
sealed tube (the collection/reinjection device) and thermocycled. During DNA amplification, the TagMan® probes are cleaved and the corresponding
fluorophores are released. TagMan® probes specific for the mutant sequence carry a 6-FAM fluorophore (Acx 494 nm/A., 522 nm) and TagMan® probes
specific for the wild-type sequence carry a NED fluorophore (4ex 546 nm/A., 575 nm). Thus the amplification of mutant DNA gives green-fluorescent
droplets while the amplification of wild-type DNA gives red-fluorescent droplets. (c) The emulsion is then reinjected onto a microfluidic chip, the droplets
are spaced by oil, and the fluorescent signal of each droplet is analyzed. A light micrograph of re-injection and spacing is shown (scale bar 60 um).

than one (haploid) genome equivalent per droplet; (ii) thermocy-
cling of the emulsion to perform the PCR reaction; and (iii)
measurement of the fluorescence of each droplet.

Mutations in KRAS are amongst the most common oncogenic
alterations in a range of human cancers. The KRAS oncogene is
constitutively activated by a small set of specific mutations which
almost all occur in codons 12 and 13 of exon 2.5° We used the
system to quantify mutations in codons 12 and 13 of the KRAS
oncogene in gDNA extracted from six different human cell-lines
(see Experimental): (i) a homozygous cell-line bearing a wild-type
KRAS gene (SW48); (ii) a homozygous cell-line bearing
a mutated KRAS gene (SW620); and (iii) four different hetero-
zygous cell-lines (H1573, H358, LoVo and LS123) bearing wild-
type and mutated KRAS genes with a different mutation in each
cell-line (Table 1). 6 pg of gDNA from each cell-line was com-
partmentalized in 9 pL droplets (for H358, LoVo, SW620 and
SW48 cell-lines) or 4 pL droplets (for LS123 and H1573 cell-
lines) together with PCR reagents, primers and TagMan® probes
specific for both mutant and wild-type DNA (Fig. 1a).

A Poisson distribution of gDNA is expected in the droplets
and, assuming that the mass of a (haploid) genome equivalent is

3.3 pg, in an emulsion containing 100 pL of aqueous phase each
droplet should contain, on average, 0.08 genome equivalents (for
the 9 pL droplets) or 0.04 genome equivalents (for the 4 pL
droplets). The probes specific for mutated sequences were
conjugated to the fluorophore 6-FAM (6-carboxyfluorescein, A,
494 nm/A., 522 nm), which generates a green-fluorescent signal,
whereas the probe complementary to wild-type sequence was
conjugated to the fluorophore NED (2,7,8'-benzo-5'-fluoro-
2'.4,7-trichloro-5-carboxyfluorescein, Ae, 546 nm/A., 575 nm),
which generates a red-fluorescent signal. The emulsion was
thermocycled off-chip, in a specially adapted tube, using
a conventional thermocycler (Fig. 1b). After thermocycling, the
droplets were analyzed by injecting the emulsion onto a second
microfluidic device, spacing the droplets with oil, and measuring
the green and red fluorescence of each droplet in a microfluidic
channel upon laser excitation (Fig. 1¢). In addition, a monolayer
of emulsion was analyzed by confocal microscopy. Red, green
and yellow droplets were counted to evaluate the ratio of mutant
to wild-type genes (Table 1 and Fig. 2).

For H358, LoVo, SW620 and SW48 cell-lines the ratio of
fluorescent to non-fluorescent droplets was in the range of 0.06 to
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Table 1 Mutant Allelic Specific Imbalance (MASI) analysis. Variations in the ratio of mutant to wild-type KRAS alleles (mA%) were determined in
four heterozygous cell-lines (H1573, H358, LoVo, and LS123) and compared with literature data obtained by DNA sequencing (DNA seq.), restriction
fragment length polymorphism (RFLP), subcloning or cDNA sequencing (cDNA seq.).*® No literature data were available (NA) for the H1573 cell-line.
The cell-lines SW48 and SW620, which are homozygous for wild-type and mutant KRAS, respectively, were used as controls

Number of droplets containing

Number DNA Reported mA%

of
Cell- droplets Green Red Yellow Experimental DNA cDNA
line Mutation analyzed droplets droplets droplets mA% seq. RFLP Subcloning seq.
SW48 — 11 490 0 1228 0 0 NA NA NA NA
SW620 GI12v 4938 621 0 0 100 NA NA NA NA
H1573 GI12A 5612 119 116 2 49.3 NA NA NA NA
H358 Gl12C 4677 239 145 0 62.2 68.7 85.0 82.4 71.8
LoVo GI13D 28 905 2317 1134 34 67.1 66.7 NA 68.4 NA
LS123 G128 23192 336 330 9 50.4 60.3 51.3 55.0 NA

Fig. 2 Fluorescence confocal microscopy analysis of thermocycled droplets. gDNA extracted from homozygous cell-lines bearing wild-type KRAS
alleles (SW48) (a), mutant KRAS alleles (SW620) (b) and a heterozygous cell-line bearing both mutant and wild-type KRAS alleles (H358) (c) were
analyzed by fluorescence confocal microscopy. TagMan® probes specific for the wild-type sequence carried a NED fluorophore (Aex 546 nm/A;,, 575 nm)
and TagMan® probes specific for the mutant sequences carried a 6-FAM fluorophore (A.x 494 nm/A;, 522 nm). Red-fluorescent droplets contain wild-
type DNA, green-fluorescent droplets contain mutant DNA, yellow-fluorescent droplets contain both mutant and wild-type DNA, and non-fluorescent

droplets do not contain target DNA (scale bar 100 pm).

0.1, consistent with the expected number of KRAS genes per
droplet (0.08) (Table 1 and Fig. 2). For LS123 and H1573 cell-
lines, on the other hand, this ratio was in the range of 0.03 to
0.04, consistent with the expected number of KRAS genes per
droplet (0.04). As expected, with gDNA from the homozygous
cell-line containing a wild-type KRAS gene (SW48) all fluores-
cent droplets were red (Fig. 2a and Table 1) and with the
homozygous cell-line containing a mutated KRAS gene (SW620)
all fluorescent droplets were green (Fig. 2b and Table 1). For the
four different heterozygous cell-lines containing a mutated and
a wild-type KRAS gene (H1573, H358, LoVo and LS123), the
fluorescent droplets were either red (due to amplification of
a wild-type KRAS gene), green (due to amplification of a mutant
KRAS gene), or yellow (due to amplification of a mutant and
a wild-type KRAS gene) (Fig. 2c and Table 1).

Variations in the ratio of mutant to wild-type alleles (mutant
allele specific imbalances or MASI) are commonly observed in
tumors and cell-lines harboring oncogenic mutations, and have
been described for various oncogenes, including KRAS.5* The
ratios of mutant to wild-type KRAS, determined for the
heterozygous cell-lines H358, LoVo and LS123 from the ratio of

green to red droplets, were in good agreement with previously
published data for the same cell-lines (Table 1).2

Quantification of mutated and wild-type KRAS DNA:
determination of the sensitivity of the procedure

To demonstrate that genes bearing a somatic mutation can be
detected within a large excess of wild-type sequences, gDNA
from the heterozygous cell-line H1573, which contains a G to C
transversion in the second base of KRAS codon 12, was serially
diluted into gDNA containing the wild-type KRAS gene from the
cell-line SW48. The gDNA was fragmented by nebulization to
obtain 1-5 kb fragments. This not only approximates the situa-
tion with clinical samples such as plasma where the DNA is
degraded to small fragments by nucleases® but also decreases
viscosity, an essential condition for rapid and stable droplet
generation. The DNA mixtures were diluted to 30 ng uL~', and
compartmentalized in 9 pL droplets, together with PCR
reagents, primers and TagMan® probes specific for both mutant
and wild-type DNA and processed as above (Fig. 1). The ratio of
green to red fluorescent droplets in gDNA from the cell-line
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H1573 alone indicates a mutant allelic fraction of 49% (Table 1).
The ratio of mutant to wild-type KRAS was then determined
from the ratio of green to red droplets in 10-fold serial dilutions
of H1573 gDNA in wild-type SW48 gDNA (Fig. 3). There was
a close linear correlation (coefficient of determination, R* > 0.99)
between the theoretical and experimental ratio of mutant KRAS
to wild-type KRAS down to 1 mutant in 200 000 wild-type KRAS
genes. The method is thus, both sensitive and quantitative, the
sensitivity being limited only by the number of droplets analyzed.
By analyzing ~10° fluorescent droplets, even the results obtained
for the highest dilution (1/200 000) fall within the 95% confidence
interval, though the results were less precise than for lower
dilutions due to the limited number of green droplets (corre-
sponding to mutated genes) analyzed: the maximum number of
green droplets observed in a single experiment was 16 (within
1 871 215 red droplets). To obtain more precise data for high
dilutions, a greater number of droplets could be analyzed
(Fig. S21). The number of fluorescent droplets that need to be
analyzed to achieve a desired sensitivity can be determined by
calculating the threshold at which finding no green-fluorescent
(mutant) droplets is within the 95% confidence interval. When
the number of green-fluorescent droplets containing mutant
DNA, N,, is much smaller than the total number of red-fluo-
rescent droplets containing wild-type DNA, N,, and the total

. 1.967 (0.1 N)

10 g 7 Mk B B
gL V=10 ;
10°k
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Fig. 3 Sensitivity of the method. Experimental measurement of the
fraction of green-fluorescent droplets containing mutant KRAS (N,) over
the number of red-fluorescent droplets containing wild-type KRAS (N;)
as a function of the ratio of mutant (N,,) to wild-type (Ny,) genes. In an
ideal assay, Ny/N, is equal to Ny,/Ny, (dashed line). The 95% confidence
interval (orange area) for the analysis of N = 10° droplets when Ny, /N =
0.1 is shown (see ESIt for details on the determination of the 95%
confidence interval). All the experimental points (x) obtained in dupli-
cate (except for the 1/200 000 which was in triplicate) for the different
dilutions fall into this 95% confidence interval. The dotted line corre-
sponds to the point where a measured N, = 0 falls in the 95% confidence
interval. Inset: higher ratios of mutant to wild-type genes, statistically
relevant data are obtained by the analysis of a smaller subset of droplets.
The experimental points (x) are plotted as a zoom and compared to the
95% confidence interval (orange area) determined from the analysis of
N =2 x 10* droplets analyzed experimentally.

number of droplets, N, the 95% confidence interval is in good

approximation:
1.
FzF*(l:l: 96) (1)

VNn

where F = N,/N, and F* = N/N,, = ratio of mutant to wild-
type genes (see ESIt). Solving eqn (1) for F> 0 and N/N = 0.1
we obtain N > 1.96%(0.1 F*). For example, when F* = N,/N =
5 x 107° = 1/200 000, to exclude N, = 0 from the 95% confi-
dence interval more than 7 683 200 droplets should be analyzed
(1.96%(0.1 x 5 x 107%)). Reciprocally, if we measure N, = 0 we
can say that F* < 1.96%0.1N within the 95% confidence limit. The
threshold N,,/Ny, of 3.84 x 107> at which Ny, = 0 falls in the 95%
confidence interval for N = 10° and N,,/N = 0.1 is indicated in
Fig. 3.

Parallel analysis of multiple mutations in KRAS

We have adapted the method to simultaneously detect and
quantify multiple somatic mutations in a single experiment
(Fig. 4). First, a microfluidic device was used to produce a “probe
emulsion” comprising seven different types of 3 pL droplets
(Fig. 4a and Slat). Each type of droplets contained a TagMan®
probe, labeled with 6-FAM, targeting the six most common
mutations in codon 12 of the KRAS gene, or the wild-type KRAS
codon 12.34

In addition, each type of droplets contained a different
concentration of a red fluorescent dye (Dextran Texas Red,
DTR), which served as a code to identify the KRAS sequence
targeted by the probe in each droplet. The droplets were pooled,
then re-injected onto a microfluidic device where they were
spaced by oil and passively fused one-to-one with 9 pL droplets
produced on-chip containing PCR reagents and gDNA (Fig. 4b
and S1bt). We used a passive droplet fusion device which does
not require any electric fields, lasers or specific channel treatment
to induce droplet fusion:> the fusion chip is therefore simple to
use and manufacture, requiring no electrodes or surface
patterning. Using a ~7 : 2 ratio of 3 pL : 9 pL droplets ~60% of
9 pL droplets were fused with a single 3 pL droplet.

The emulsion obtained after fusion was thermocycled and the
fluorescence of each droplet measured as described above
(Fig. 1). As a proof of principle for this strategy we analyzed
12 pug of gDNA from the heterozygous cell-line H1573, which
contains a nearly 1 to 1 ratio KRAS genes with a G to C trans-
version in the second base of codon 12 and wild-type KRAS
genes. Fig. 5 shows the results obtained with this strategy.
Plotting red fluorescence versus droplet width allowed droplets
containing the seven different probes to be identified and drop-
lets arising from uncontrolled coalescence to be excluded from
subsequent analysis (Fig. 5a). The apparent droplet width
increases with increasing red fluorescence® therefore separate
width gates were defined for each population. The red and green
fluorescence of the gated droplets was then plotted (Fig. 5b). Two
populations of green-fluorescent droplets were identified, corre-
sponding to droplets containing TagMan® probes for wild-type
codon 12 and the G to C transversion in the second base of codon
12: 7.6% of droplets with the wild-type code were green-fluo-
rescent, 8.0% of droplets with the code for the G to C trans-
version of codon 12 were green-fluorescent. This corresponds to
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