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BACKGROUND: A plethora of options to detect mutations
in tumor-derived DNA currently exist but each suffers
limitations in analytical sensitivity, cost, or scalability.
Droplet digital PCR (ddPCR) is an appealing technology
for detecting the presence of specific mutations based on
a priori knowledge and can be applied to tumor biopsies,
including formalin-fixed paraffin embedded (FFPE) tis-
sues. More recently, ddPCR has gained popularity in its
utility in quantifying circulating tumor DNA.

METHODS: We have developed a suite of novel ddPCR
assays for detecting recurrent mutations that are preva-
lent in common B-cell non-Hodgkin lymphomas
(NHLs), including diffuse large B-cell lymphoma, follic-
ular lymphoma, and lymphoplasmacytic lymphoma.
These assays allowed the differentiation and counting of
mutant and wild-type molecules using one single hydro-
lysis probe. We also implemented multiplexing that al-
lowed the simultaneous detection of distinct mutations and
an “inverted” ddPCR assay design, based on employing
probes matching wild-type alleles, capable of detecting the
presence of multiple single nucleotide polymorphisms.

RESULTS: The assays successfully detected and quantified
somatic mutations commonly affecting enhancer of zeste 2
polycomb repressive complex 2 subunit (EZH2) (Y641) and
signal transducer and activator of transcription 6 (STAT6)
(D419) hotspots in fresh tumor, FFPE, and liquid biopsies.
The “inverted” ddPCR approach effectively reported any
single nucleotide variant affecting either of these 2 hotspots
as well. Finally, we could effectively multiplex hydrolysis
probes targeting 2 additional lymphoma-related hotspots:
myeloid differentiation primary response 88 (MYD88;
L265P) and cyclin D3 (CCND3; I290R).

CONCLUSIONS: Our suite of ddPCR assays provides suffi-
cient analytical sensitivity and specificity for either the
invasive or noninvasive detection of multiple recurrent
somatic mutations in B-cell NHLs.
© 2016 American Association for Clinical Chemistry

Quantification of circulating tumor DNA (ctDNA)5 in
plasma from cancer patients has recently emerged as a
powerful and noninvasive method to monitor tumor
burden in solid cancers including non-Hodgkin lympho-
mas (NHLs) (1 ). Assays for quantifying ctDNA in NHLs
thus far have leveraged the presence of clonal structural
alterations characteristic of mature B cells (2 ). Although
these demonstrate promise for tracking tumor burden
and measuring minimal residual disease with exquisite
analytical sensitivity, such methods are blind to the so-
matic driver mutations in the tumor. A clear benefit of
detecting such mutations extends so-called “liquid bi-
opsy” approaches beyond simple monitoring to the ap-
pealing potential of prognostication and informing on
therapeutic management (3, 4 ). For instance, the nonin-
vasive assessment of recurrent KRAS proto-oncogene,
GTPase (KRAS)6 mutations in metastatic colorectal and
other cancers has attracted attention given their involve-
ment in innate and acquired resistance to standard ther-
apeutic treatments (5, 6 ).

Mutations with potential diagnostic or prognostic im-
plications have begun to emerge from common NHLs (7).
For example, somatic mutations affecting the residue Y641
of the enhancer of zeste 2 polycomb repressive complex 2
subunit (EZH2) histone methyltransferase have been
identified in more than 20% of cases of the germinal

1 Department of Molecular Biology and Biochemistry, Simon Fraser University, Burnaby,
BC, Canada; 2 Deeley Research Centre, BC Cancer Agency, Victoria, BC, Canada; 3 Depart-
ment of Medicine, Jewish General Hospital, Montreal, Quebec, Canada; 4 Genome Sci-
ences Centre, BC Cancer Agency, Vancouver, BC, Canada.

* Address correspondence to this author at: Department of Molecular Biology and Bio-
chemistry, Simon Fraser University, 8888 University Drive, 7157 SSB, Burnaby, BC, Can-
ada, V5A 1S6. Fax 778-782-9582; e-mail rdmorin@sfu.ca.

Received January 27, 2016; accepted June 23, 2016.
Previously published online at DOI: 10.1373/clinchem.2016.255315
© 2016 American Association for Clinical Chemistry

5 Nonstandard abbreviations: ctDNA, circulating tumor DNA; NHL, non-Hodgkin lymphoma;
DLBCL, diffuse large B-cell lymphoma; ddPCR, droplet digital PCR; FFPE, formalin-fixed par-
affin embedded; VAF, variant allele frequency.

6 Human genes: KRAS, KRAS proto-oncogene, GTPase; EZH2, enhancer of zeste 2 poly-
comb repressive complex 2 subunit; STAT6, signal transducer and activator of transcrip-
tion 6; MYD88, myeloid differentiation primary response 88; CD79B, CD79b molecule;
CCND3, cyclin D3; ALK, anaplastic lymphoma receptor tyrosine kinase; ROS1, ROS proto-
oncogene 1, receptor tyrosine kinase; RET, ret proto-oncogene; BRAF, B-Raf proto-
oncogene, serine/threonine kinase; EGFR, epidermal growth factor receptor.

Clinical Chemistry 62:9
1238–1247 (2016)

Cancer Diagnostics

1238

D
ow

nloaded from
 https://academ

ic.oup.com
/clinchem

/article/62/9/1238/5611936 by guest on 19 April 2024



center B-cell molecular subtype of diffuse large B-cell
lymphoma (DLBCL) and follicular lymphoma tumors
(8, 9 ). Owing to the functional effect of this mutation on
the catalytic activity of the Polycomb Repressive Com-
plex 2, EZH2-driven lymphomas are generally consid-
ered to have increased trimethylation activity of histone
H3 on K27. As a result, research efforts have been aimed
at the design of small pharmacological inhibitors of the
EZH2 catalytic subunit in these cancer types (10, 11 )
and potential therapeutic inhibitors developed for treat-
ing EZH2-driven cancers have entered clinical trials.
Likewise, mutations affecting the residue D419 of the
transcription factor signal transducer and activator of
transcription 6 (STAT6) have been detected in more than
10% of follicular lymphoma cases (12 ) and have recently
been associated with therapeutic resistance and relapse in
DLBCLs (13 ). Here, recurrent D419 mutations were
observed in 36% of relapsed/refractory germinal center
B-cell–DLBCL cases and linked to increased expression
of STAT6 targets. Each of these genes bears a mutation
“hotspot” at the affected codon with 4 commonly ob-
served alleles. Additional recurrently mutated genes are
also characterized by mutation hotspots in B-cell lym-
phomas, including myeloid differentiation primary re-
sponse 88 (MYD88; L265P), CD79b molecule (CD79B;
Y196C), or cyclin D3 (CCND3; I290R) (13–15).
MYD88 mutations are found in most cases of lymphop-
lasmacytic lymphoma (16 ), and both MYD88 and
CD79B mutations are common in the more aggressive
activated B-cell molecular subtype of DLBCL. Such mu-
tations are associated with new therapeutics that inhibit
oncogenic pathways driving these tumors and may be
considered as potentially predictive or prognostic bio-
markers (17, 18 ). Given the noninvasive potential for
screening plasma samples for tumor-associated muta-
tions, there is considerable interest in developing liquid
biopsies to identify such mutations not only for inform-
ing patients on treatment options but also as a potential
method for measuring tumor dynamics.

Regardless of whether the genetic profiling of pa-
tients is accomplished via invasive tumor biopsies
(13, 19 ) or through more attractive noninvasive meth-
ods (1, 3–4), there is an unmet need for accurate and
cost-effective assays to screen for the presence of cancer-
related genetic aberrations. Monitoring ctDNA in
plasma has major clinical advantages over needle core
biopsies, including reduced morbidity, faster turnaround
times, and the possibility to detect subclonal mutations
that may be overlooked in traditional biopsies because of
tumor heterogeneity (20 ). Allele-specific assays and as-
says with high analytical sensitivity, relying on hydrolysis
probes, have proven successful in the detection and quan-
tification of single nucleotide polymorphisms (6 ), indels
(21 ), copy number changes (22 ), and structural variants
(23, 24 ). Even the most robust of these assays nonethe-

less suffer limitations for screening applications. One key
limitation is the requirement for multiple probes to cover
the full spectrum of known mutations at a hotspot. Few
studies have satisfactorily designed such multiplexed as-
says (6 ) and, because there is no guarantee that any given
pool of probes detects the presence of all possible mutant
alleles (25 ), there is a risk of false negatives associated
with such assays. Because ctDNA can be present at levels
as low as 1 mutant copy per 10000 wild-type copies
during initial or residual stages of the disease (1, 3–4), or
in cancers affecting the central nervous system (26 ), con-
ventional PCR-based methods do not offer enough ana-
lytical sensitivity (27–29). Nevertheless, droplet digital
PCR (ddPCR) has fuelled powerful approaches for the
absolute quantification of ctDNA, holding promise for
the early detection and more comprehensive monitoring
of cancer malignancies (30–32).

The use of molecular probes in ddPCR enables the
parallel compartmentalization, replication, and detection
of single DNA molecules in thousands of droplets of
nanoliter volumes. This technology also offers the possi-
bility to leverage differences in probe concentration to
generate different fluorescence amplitude bands, afford-
ing the simultaneous assessment of several mutations (6 ).
Here, we describe a suite of ddPCR assays for detecting
and quantifying clinically relevant EZH2, STAT6,
MYD88, and CCND3 mutations in B-cell lymphomas.

Methods

SAMPLE ACQUISITION

Genomic DNA from the DLBCL cell lines WSU-
DLCL2 and DB were used as controls for the EZH2
Y641F and Y641N mutations, respectively (33 ). Cell
line DNA was sheared to approximately 200 bp using a
Covaris M220 focused ultrasonicator (Thermo Fisher
Scientific) and subjected to a double size selection to
mimic cell-free DNA using AMPURE XP beads (Beck-
man Coulter). We validated our ddPCR assays on a col-
lection of clinical samples with previously known muta-
tions, including fresh (n � 27) and formalin-fixed
paraffin embedded (FFPE) (n � 4) tumor biopsies (see
Table 1 in the Data Supplement that accompanies the
online version of this article at http://www.clinchem.org/
content/vol62/issue9). The DNA extracted from fresh
tumors was sheared to a mean 300 bp. FFPE samples
were processed with the QiAamp DNA FFPE tissue kit
(Qiagen). DNA samples were stored at �20 °C in Tris-
EDTA buffer for several months (13, 34 ). Liquid biop-
sies were also collected within a clinical trial (n � 17)
testing the efficacy of the drug Panobinostat (a histone
deacetylase inhibitor) (34 ) plus 4 additional plasma sam-
ples, 2 from 2 additional DLBCL patients and 2 samples
collected from patients with lymphoplasmacytic lym-
phoma (see online Supplemental Table 1). We used the
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QiAamp circulating DNA kit (Qiagen) to extract cfDNA
from plasma (34 ). cfDNA samples were stored in AVE
Buffer (Qiagen) at �20 °C during several months. We
used a mixture of human genomic DNA (Promega) as a
source of wild-type DNA and as negative control during
our experiments. Pools of DNA samples known to har-
bor different mutations were also used during our multi-
plexed experiments.

PROBE DESIGN AND ddPCR EXPERIMENTS

We designed Custom PrimeTime� Mini LNA probes
and ZEN double-quenched hydrolysis probes (Inte-
grated DNA Technologies) for EZH2 (Y641), STAT6
(D419), MYD88 (L265), and CCND3 (I290) hotspots,
as described in the online Supplemental Methods file.
Digital PCR reactions were performed in an automated
QX200 ddPCR system (Bio-Rad). Each amplification
reaction was prepared in a final volume of 20 �L con-
taining 10 �L of 2� ddPCR Supermix for Probes (no
dUTP) (Bio-Rad), 1.0–1.125 �mol/L of primers, be-
tween 0.015 and 0.5 �mol/L of each corresponding hy-
drolysis probe for multiplex assays, 0.312 �mol/L of
probes or unlabeled competing oligonucleotides (op-
tional) for uniplex or duplex assays. We used a variable
amount of input DNA that ranged from 1 to 30 ng,
according to Qubit readings (ThermoFisher Scientific).
The thermocycling protocol of the nano-droplet emul-
sion consisted of an initial denaturalization step of 10
min at 95 °C, followed by 39 cycles of 30 s at 94 °C and
1 min at 58 °C (EZH2 assays) or 60 °C (for the remain-
ing assays) plus a final incubation time of 10 min at
98 °C. Droplets were analyzed in an automated QX200
droplet reader. Multiplexed assays targeting up to 4 vari-
ants in both EZH2 and STAT6 hotspots relied on the
optimization of the concentration of the 4 probes target-
ing each of the 4 mutant alleles (see online Supplemental
Methods file). The fractional abundance of each allele,
expressed as variant allele frequency (VAF), was calcu-
lated using the QuantaSoft ver 1.7.4 software (Bio-Rad).
We found it critical that the right type of ddPCR Super-
mix and fresh reagents were used. Our QX200 ddPCR
system consistently generated between 10000 and
18000 accepted droplets and the mean number of copies
per droplets in our assays varied according to input DNA
mass, to a maximum of 0.45 copies per droplet. To our
knowledge, this manuscript complies with the essential
requirements listed on the digital MIQE (Minimum In-
formation for Publication of Quantitative Real-Time
PCR Experiments) guidelines (35 ).

Results

Using the QX200 ddPCR system with single hydrolysis
probes targeting mutant alleles, we initially observed that
droplets harboring a perfect complementary match be-

tween the probe and the targeted allele generated high
fluorescence signal. Interestingly, probes in droplets with
wild-type alleles were also consistently hydrolyzed, but at
a much lower rate, because of the existence of base mis-
pairings. This phenomenon allows direct counting of
wild-type and mutant DNA molecules with one single
probe and leads to the generation of distinct fluorescence
amplitude bands following endpoint PCR, with the in-
trinsic lowest fluorescence emitted by empty droplets be-
ing the consequence of the imperfect quenching of un-
cleaved probes (Fig. 1). Herein, we leveraged this feature
to implement a suite of uniplex and multiplexed ddPCR
assays to detect and quantify clinically relevant mutations
in B-cell lymphomas.

We first evaluated the performance of the hydrolysis
probe targeting the EZH2 Y641F mutation using an as-
say that lacked a probe targeting the wild-type allele on
DNA from a cell line heterozygous for that mutation.
The fractional abundance of each allele, as determined by
counting intermediate droplets as wild-type molecules
and top droplets as mutant molecules, was remarkably in
line with the expectations derived from the analysis of a
serial dilution of that cell line DNA (Fig. 2A). Moreover,
we found a strong correlation between the VAFs inferred
through this uniplex and a standard duplex assay that
simultaneously targeted Y641F and wild-type alleles with
probes labeled with different fluorophores (r2 � 0.991,
see online Supplemental Figs. 1 and 2). We designed
probes targeting the remaining common EZH2 and
STAT6 alleles and validated each through uniplex assays
(i.e., no wild-type probes) on a set of liquid biopsies
known to harbor different mutations [(13, 34 ); also see
online Supplemental Table 1]. We observed in all posi-
tive cases the generation of 3 fluorescent amplitude
bands. We noted that up to 3 key factors played a critical
role on the performance of single-probe assays: (a) an-
nealing temperature (see online Supplemental Fig. 3), (b)
the inclusion of an unlabeled oligonucleotide represent-
ing a wild-type version of the hydrolysis probe that com-
petes for hybridization, and (c) probe and primer concen-
tration (see online Supplemental Fig. 4).

The collection of 8 probes targeting recurrent so-
matic mutations at both EZH2 and STAT6 hotspots spe-
cifically reported the presence of mutant DNA in
amounts as low as 0.05% in liquid biopsies and as low as
0.01% in highly diluted tumor DNA samples in one
single reaction (see online Supplemental Fig. 5). We also
tracked ctDNA levels in 5 patients enrolled in the Pano-
binostat trial from which liquid biopsies were available at
2 time points (day 0: start of the trial; day 15: 15 days
after the start of the trial). The temporal trends of ctDNA
abundance agreed with clinical observations. Each of 3
patients with stable disease upon their first clinical assess-
ment following baseline exhibited a decrease in ctDNA
from day 0 to day 15 (Fig. 3) (34 ). This trend was not
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observed in patients who relapsed on therapy, including a
patient who showed an increased level of Y641H (Fig. 3)
and a second patient (not shown in Fig. 3) who showed a
marked increase in ctDNA, with a fractional abundance
for EZH2 Y641S �25% at day 15.

We next performed a series of titrations with varying
probe concentrations such that the 4 probes targeting
individual alleles of a hotspot would yield satisfactory
separation in signal for each of EZH2 (Fig. 4A) and
STAT6 (Fig. 4B). The resulting assays generated up to 6
well-defined fluorescence clusters when applied to a pool
of DNAs harboring each of the 4 somatic mutations plus
wild-type DNA. As expected, all samples known to har-
bor EZH2 and STAT6 mutations generated 3 clusters of
droplets and only 2 clusters were observed in samples
known to only harbor wild-type DNA (Fig. 4C, D; online
Supplemental Fig. 6, online Supplemental Table 1). Partic-
ularly illustrative were the data obtained from the cell line
carrying the heterozygous EZH2 Y641F mutation [mutant
allele: 33 copies/�L (Poisson maximum, minimum CIs,
36.4, 29.6); wild-type allele: 33.9 copies/�L (37.3, 30.5),
Fig. 4D], for which the inferred abundance of each allele
strongly fit expectations.

We then evaluated the performance of hydrolysis
probes specifically targeting wild-type EZH2 and STAT6
alleles during uniplex ddPCR assays. Surprisingly, the
generation of 3 different fluorescent bands allowed us to
simultaneously count mutant and wild-type alleles with
one single probe in 4 tumor DNA samples each known to
harbor different EZH2 mutations (Fig. 2). The investi-
gation of the fractional distribution of alleles in the
WSU-DLCL2 cell line DNA [wild-type copies/�L, 12.1
(14.0, 11.1); total copies/�L, 24.5 (27.3, 23.1)] together
with a serial dilution of this DNA into a background of
wild-type DNA supported the suitability of our inverted
assay (Fig. 2). We then combined wild-type probes tar-
geting EZH2 and STAT6 wild-type alleles, labeled with
different fluorophores, to create an inverted assay for
both hotspots (Fig. 5), and applied this to a series of fresh
tumor and FFPE DNA samples with known mutations
[(15, 34 ); also see online Supplemental Table 1]. This
assay accurately determined whether the samples har-
bored either an EZH2 or STAT6 mutation (or both) or
whether samples were lacking mutations at either hotspot
(see online Supplemental Fig. 7). Combining assays for
each of the MYD88 and CCND3 hotspot mutations with
mutant-specific probes revealed 2 fluorescence amplitude
bands in the 6-FAM channel and 2 distinct fluorescence
amplitude bands in the HEX channel (Fig. 6), allowing
to count both mutant and wild-type molecules at the 2
loci in one single assay. This assay also accurately inferred
whether a certain tumor sample carried a MYD88 muta-
tion or CCND3 mutation or lacked mutations affecting
either hotspot (see online Supplemental Table 1 and on-
line Supplemental Fig. 8).

Fig. 1. Fundamentals of single hydrolysis probe-based assays.
The use of single fluorescent probes during ddPCR assays generated
populations of droplets within at least 3 distinct and well-defined flu-
orescence amplitudes. The population of droplets showing the high-
est end-point fluorescence signal (A) was related to the specific and
efficient cleavage of the probe during emulsion PCR. The population
of droplets showing the lowest end-point fluorescence (C) was ex-
plained by the imperfect quenching of the fluorescent dye in droplets
containing no template DNA. Interestingly, a second population of
droplets exhibited an intermediate level of end-point fluorescence
signal (B) caused by the unspecific and less efficient hydrolysis of the
probe in the absence of a competing probe specifically targeting the
allele that perfectly matches the DNA template. Large arrows denote
PCR primers, blue and dark circles represent quenched fluorophores
and molecular quenchers, respectively. Light blue stars represent ac-
tive and free fluorophores. Single mismatches during the annealing
of the probe and the DNA template (red dots) causes that the vast
majority of probes get displaced instead of being hydrolyzed during
PCR amplification.
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Fig. 2. Single hydrolysis probe-based assays on a QX200 ddPCR system.
Mutant allele quantification using a single hydrolysis probe targeting an EZH2 Y641F mutation across a series of samples representing different
dilutions of sheared cell line DNA heterozygous for that mutation in a background of nonfragmented wild-type DNA plus a pure sample of wild-type
DNA used as negative control (A). Three different fluorescent amplitude bands can be observed for each assay, except for the wild-type DNA control
(mutant droplets: top band, wild-type droplets: intermediate band; nontemplate droplets: bottom band). The chart below (A) shows the estimated
fractional abundance of the mutant allele (white squares) together with Poisson maximum and minimum confidence intervals (horizontal black lines).
Inverted ddPCR assays relying on hydrolysis probes matching wild-type sequences enabled the detection and quantification of multiple genetic
aberrations (B and C). (D and E), Results derived from the analysis of a serial dilution of sheared WSU-DLCL2 cell line DNA in a background of
nonfragment wild-type DNA (1 to 3), plus a pure sample of wild-type DNA (4). Three different fluorescent amplitude bands can be also observed for
each assay, except for the wild-type negative control. The main particularity of inverted ddPCR assays was that mutant droplets were now within the
intermediatetopfluorescenceamplitudebandandwild-typedropletswerewithinthetopfluorescenceamplitudeband.ThechartbelowdisplaysVAFs
estimates (white squares) and Poisson confidence intervals (horizontal black lines). Ch, channel.
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Overall, the correlation between our ddPCR VAF
estimates and the VAF estimates obtained through tar-
geted hybrid capture coupled with next-generation se-
quencing (13, 34 ) was very high (r2 � 0.904, n � 30;
P � 0.001; see online Supplemental Fig. 2). We also
observed strong concordance between the VAFs obtained
through a duplex [15.9 copies/�L (19.1, 14.8)], uniplex
[13.5 copies/�L (15.4, 11.6)] and an inverted ddPCR
assay [16.9 copies/�L (18.1, 13.6)] conducted on the
same FFPE tumor sample (patient QC2–02, see online
Supplemental Table 1), in addition to the expected re-
sults every time that we tested different assays on the same
cell line DNA sample (Figs. 2 and 4).

Discussion

We describe here a collection of accurate and versatile
ddPCR assays with utility for screening tumor tissue or
noninvasive genetic profiling of NHL patients, particu-

larly focusing on mutations that are common and have
potential clinical relevance in DLBCL and follicular lym-
phoma. Our custom probes targeting recurrent genetic
alterations in EZH2, STAT6, MYD88, and CCND3 have
been validated for detection and quantification of so-
matic mutations in cell line DNA dilution series and
clinical specimens representing fresh tumor, FFPE, and
liquid biopsy samples. These probes could be applied in a
wide variety of forms, including standard duplex hydro-
lysis probe-based assays. The main novelty of this study
relies on the fact that our assays enable the simultaneous
quantification of mutant and wild-type probes with one
single probe. We also present multiplexed assays target-
ing mutation hotspots and the possibility to screen for
mutations at 2 different loci in one single assay. A per-
ceived disadvantage associated with forgoing specific
probes during uniplex assays is the recognition of drop-
lets with multiple templates. Wild-type counts could be
therefore underestimated because the signal generated by

Fig. 3. Simultaneous quantification of wild-type and mutant DNA in a set of 4 paired liquid biopsy samples using hydrolysis probes
targeting specific mutant alleles.
The fluorescence of droplets containing mutant molecules targeted by specific hydrolysis probes (upper fluorescence band) and wild type
molecules (middle band) in 4 paired liquid biopsies drawn from DLBCL patients enrolled in a clinical trial testing the efficacy of the drug
Panobinostat. The bottom band reflects empty droplets. Three of the cases shown exhibited response to the drug (A: targeting STAT6 D419A,
patient QC2–12; B: targeting EZH2 Y641S, patient QC2–32; and C: targeting EZH2 Y641S, patient QC2–15) and the fourth patient progressed
despite treatment on this trial (D: targeting EZH2 Y641H, patient QC2– 07). White squares represent the estimated variant allele fraction (VAF)
for mutant alleles and horizontal black lines delimit Poisson confidence intervals. Ch, channel.
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wild-type molecules might be obscured by the higher
fluorescence signal generated by mutant molecules. This
phenomenon would affect the VAF of mutant DNA, but
because wild-type counts are only used as a denominator
in VAF determination, the absolute count of mutant
DNA molecules per microliter of sample would be unaf-
fected. Droplets containing DNA molecules coming
from different loci, on the contrary, would be easier to
identify (Figs. 5 and 6).

To our knowledge, there are few published examples
of multiplexed ddPCR assays pursuing hotspot muta-
tions in cancer, and these typically focus on KRAS (6 ).
These studies targeted the 7 most common KRAS muta-
tions in codons 12 and 13 across a cohort of plasma or
FFPE samples obtained from colorectal cancer patients.
Other multiplexed digital PCR designs have recently per-
mitted researchers, for instance, to simultaneously target
ALK (anaplastic lymphoma receptor tyrosine kinase),

Fig. 4. Probe multiplexing for detecting mutations at EZH2 Y641 and STAT6 D419 lymphoma hotspots.
(A and B), a pool of DNA harboring different somatic mutations was interrogated with a pool of probes targeting up to 4 distinct nucleotide
substitutions. Optimization of probe concentration translated into the generation of 6 unique fluorescence clusters: 1 for each targeted
somatic mutation (3 blue and 1 green clusters), 1 for the wild-type (WT) alleles (large orange cluster), and another 1 just reflecting droplets with
no DNA template (black cluster). Additional clusters (like the small orange cluster underneath the D419N text) is likely related to droplets
containing a mixture of mutant (D419N in this case) and wild-type molecules. The use of these pools of probes over DNA carrying one specific
mutation only generated 3 distinct clusters (C: sheared tumor DNA carrying a STAT6 D419G mutation; D: WSU-DLCL2 cell line DNA carrying an
EZH2 Y641F mutation) one corresponding to mutant DNA, a second for wild-type DNA, and a third one for empty droplets. The y and x axes
show fluorescence intensity units in the 6-FAM or HEX channel, respectively.

1244 Clinical Chemistry 62:9 (2016)

D
ow

nloaded from
 https://academ

ic.oup.com
/clinchem

/article/62/9/1238/5611936 by guest on 19 April 2024



ROS1 (ROS proto-oncogene 1, receptor tyrosine kinase),
and RET (ret proto-oncogene) fusions in lung cancer
(24 ). Such assays have been nevertheless developed for
applications beyond cancer, including screening for vari-
ants associated with rare genetic disorders (36 ) and as-
sessing the DNA integrity of clinical samples (37 ). Sim-
ilarly to the strong correlations that we found between

ddPCR and NGS-based methods (see online Supple-
mental Fig. 2), the study by Taly et al. (6 ) also found
strong correlations between the VAFs inferred indepen-
dently by duplex and multiplex assays targeting the same
mutations and the VAFs inferred through ddPCR and
qPCR. It must be noted that we exclusively used fresh or
FFPE tumor biopsies for a comparison between methods

Fig. 5. Inverted ddPCR assay on a QX200 ddPCR system using 2 hydrolysis probes that target EZH2 and STAT6 wild-type (WT)
alleles.
Nine different clusters can be noticed in this figure. The largest clusters of blue and green droplets are related to the specific hydrolysis of the probes
inside droplets containing wild-type alleles. The nonspecific hydrolysis of wild-type probes, occurring in those droplets containing mutant DNA,
accumulate lower fluorescence signal. These plots also permit elucidating the presence of droplets with mixed content based on the amount of relative
fluorescence emitted in either the FAM or the HEX channel (orange circles). Empty droplets are depicted in black. MUT, mutant.

Fig. 6. Gene multiplexing on a QX200 ddPCR system using single hydrolysis probes that target specific single nucleotide variants.
The result from combining 2 probes, each targeting a distinct gene and labeled with different fluorophores (6-FAM: CCND3 I290 hotspot; HEX:
MYD88 L265 hotspot). Two fluorescence amplitude bands were clearly generated for each gene (lower band: nonspecific hydrolysis of mutant
probe; upper band: specific hydrolysis of mutant probe). Droplets presumably containing more than one template molecule are colored in
orange. WT, wild type.
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because we observed that ddPCR may underestimate the
VAFs of mutant alleles if gDNA contamination from lysed
cells has occurred during the storage and manipulation of
blood samples. Whereas ddPCR counts gDNA fragments as
wild-type fragments, the process of library preparation dur-
ing NGS-based methods naturally removes these high mo-
lecular weight DNA fragments (unpublished data).

Previous studies have clearly demonstrated the enor-
mous potential of ddPCR to detect minute amounts of
ctDNA in plasma (26, 30, 31 ). The analytical sensitivity
of ddPCR has enabled researchers to monitor in the
plasma, for instance, BRAF (B-Raf proto-oncogene,
serine/threonine kinase) V600E, and epidermal growth
factor receptor (EGFR) T790M mutations in melanoma
and nonsmall lung cell lung cancer patients, respectively,
at fractional abundances as low as 0.005% (32, 38 ). Our
uniplex assays have demonstrated outstanding analytical
sensitivity by inferring mutant DNA levels as low as
0.01% in diluted tumor DNA samples and 0.05% in
liquid biopsies in one single reaction (see online Supple-
mental Fig. 5). We believe uniplex and duplex assays may
outperform multiplex assays relying on variable probe
concentration in terms of analytical sensitivity owing to
the potential difficulty to clearly discern between mutant
and wild-type droplets when the mutant allele is targeted
with the probe at the lowest concentration (Fig. 4) and
shows a very low number of positives in the sample. A
way to circumvent this potential issue would be using high
concentration for all probes (e.g., 0.312 �mol/L or higher)
during “blind” experiments (i.e., experiments in which mu-
tations are not known a priori). This may enable a most
confident identification of mutant DNA but it would re-
quire a second set of experiments to specify the exact nature
of the mutation and it will also consume more probes.

The collection of assays presented here offers diverse
opportunities to balance cost and scope against accuracy
for applications to tissue or ctDNA. As we have done, we
expect that the multiplex assays will be typically used in
screening tissue samples for common hotspots, and sub-
sequent uniplex assays matching the identified allele
would be used for corresponding ctDNA samples.
Though inverted ddPCR assay hold promise for the de-
tection of rare mutations in fresh tumor and FFPE biop-
sies with VAFs around 10% and higher (Fig. 2), we be-
lieve their analytical sensitivity on ctDNA might be
compromised by high false-positive rates. Amplification
efficiency can differ between droplets due to factors such
as the presence of PCR inhibitors, probe performance or
the pattern of DNA fragmentation; hence, droplets con-
taining wild-type alleles could be mistaken with droplets
containing mutant alleles. We nonetheless assert that in-
verted assays could offer an alternative for detecting rare
germline mutations causing genetic disorders. However,
probe efficiency in other situations such as indels or com-
plex mutations requires further exploration. Access to

samples displaying such genetic alterations for a proper
validation is challenging. A recently published study by
Castellano-Rizaldos et al. (25 ) also used wild-type probes
for mutation scanning experiments. Their method is
based on a combination of COLD (coamplification at
lower denaturation temperature)-PCR with ddPCR us-
ing 2 FAM/HEX probes targeting 2 wild-type sequences
in the locus of interest. One advantage of this method
over our inverted ddPCR is that Castellano-Rizaldo et al.
demonstrated sensitivity levels as low as 0.2% for TP53
and EGFR mutations and can cover longer stretches of
one particular locus. In contrast, the main advantage of
our method is the ability to perform mutation scans at 2
different genes in one single experiment.

In summary, this study extends the benefits of
ddPCR to the genetic profiling and noninvasive assessment
of common forms of NHLs. The ddPCR-based assays re-
ported here should enhance the early diagnosis, prognosti-
cation, and therapeutic management of common B-cell
lymphomas. The field of personalized medicine (39, 40)
demands patient-specific molecular assays to track ctDNA
levels in the blood or other biological fluids (26). We assert
that the single-probe strategy introduced here may enable
researchers and clinicians to design cost-effective experi-
ments that demand lower amounts of clinically precious
samples and, notably, promote the possibility to investigate
clonal evolution in response to therapeutic treatment by
tracking multiple mutations in one single assay.
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