qPCR

DNA diagnostics

gets digitised

Quantitative real-time PCR (qPCR) has during the last two decades emerged
as the preferred technology for nucleic acid analysis in routine as well as in
research. qPCR has the sensitivity to detect a single molecule, the specificity to

differentiate targets by a single nucleotide, and, because of its exponential

nature, virtually unlimited dynamic range!.

ith the recent appearance of high

throughput platforms represented by

the OpenArray from Life
Technologies2, the BioMark from Fluidigm3, the
LC1536 from Roche* and the SmartChip from
Wafergen’, can it get better? Well, classical gPCR
is excellent platform technology and will dominate
nucleic acid analyses years to come. But the expo-
nential nature of qPCR, which is the key to its
many advantages, is also limiting in some aspects.
In particular, for example, multiplexing is chal-
lenging. True multiplexing based on one tube
amplification and separate detection of targets is
limited by competition for reagents and is in prac-
tice limited to two to four parallel reactions. In lab-
oratories today most analyses performed are sin-
gleplex. When multiple targets are assayed the
sample is divided into aliquots that are analysed
separately. If sample amount is limited the nucleic
acid may be pre-amplified. There are several meth-
ods to pre-amplify nucleic acids; some are linear
while others are exponential, some are sequence
specific while others are global, some target RNA
while others target DNA. The methods are in gen-
eral good, but they all require additional steps that
add variation into the analysis, and they may also
introduce bias. Another limitation of qPCR is pre-
cision. Replicate qPCR amplification curves for
high quality assays and with some 25 or more ini-
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tial template molecules appear usually very similar,
and the standard deviation of the number of cycles
required to reach threshold (Cq) is generally below
0.25 cycles and with some of the better instruments
even below 0.1 cycle. From a technical perspective
this reflects excellent instrument and assay per-
formance (at a Cq of 25 cycles, SD of less than
0.25 cycles corresponds to a coefficient of varia-
tion below 1%). However, variation in Cq reflects
imprecision in the logarithm of the concentration;
imprecision in concentration (regular linear scale)
scale is substantially larger. This has impact on, for
example, copy number determinations using
qPCR. Precision in copy number determinations
depends on the quality of the standard curve (ran-
dom error among replicates, number of standards,
dynamic range, and position on the standard
curve), but is rarely within 50% (strictly, the confi-
dence interval is symmetric in logarithmic scale).
Hence, under advantageous conditions the preci-
sion of qPCR is sufficient to detect a trisomy (dis-
tinguishing between two and three copies) with
acceptable false negative and positive rates, but not
sufficient to measure smaller differences in copy
number. Third limitation of qPCR is limited speci-
ficity. True, a well-designed PCR assay amplifies
with high preference a target with perfect sequence
match for primers binding than sequences with

even a single mismatch in a primer region, and
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The principle of digital PCR.
An extensively diluted sample
is partitioned into a large

number of reaction chambers,

such that most chambers are
empty or contain a single

template molecule only. PCR is

performed in the chambers
amplifying the template

molecules that are present. At

the end of the PCR the
number of positive reactions
are scored, which reflects the
initial number of template

molecules that were present in
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the sample
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qPCR is extensively used for mutation and SNP
analysis. But there is finite possibility an assay with
primers targeting an SNP will also amplify wild-
type sequence. This gives rise to false positive sig-
nal and limits assay specificity. A SNP present in
only a fraction of the template molecules may be
missed. An alternative approach is to use generic
primers and sense sequence variation using probes.
The probe, however, binds with finite probability
also to wild-type sequence, which limits assay
specificity of this design. The specificity of a qPCR
assay limits the background of wild-type sequence
that is tolerated in a sample. Using regular Tagman
assays already, 10-fold background of wild-type
sequence is often challenging. qPCR assay speci-
ficity can be marginally increased by using modi-
fied primers/probes with elevated thermal
stability6. Other strategies to enhance qPCR speci-
ficity is by sequestering, as used in CastPCR recent-
ly made available from Life Technologies’, or by
using modified primers such as the myT primers
developed by Swift Biosciences8. Final limitation of
qPCR is its sensitivity to inhibition. Analysing field
sample substances from the sample matrix that
have not been removed or carryover of reagents
from upstream steps may interfere with the PCR
influencing the measured Cqs and thus the estimate
of target DNA concentration”. Wild-type Taq as
well as several engineered variants are exceedingly
sensitive to common inhibitors such as human
blood, and major attempts are made to find more
resistant variants using either rational design or

selection strategies !0,

Already in 1992, even a vyear before Russ
Higuchi described gPCR11, Sykes et all2 had the
idea of quantifying target numbers by PCR using
limiting dilution. Diluting a sample to such an
extent that it contains a very small number of tar-
get molecules such that when aliquoted into reac-
tion containers most will be empty, while some will
contain a single template molecule only (Figure 1).
Performing PCR the number of positive reactions
will correspond to the number of template mole-
cules in the original sample!3. In 1999 Bert
Vogelstein used the technique to quantify K-ras
mutations in stool DNA from colorectal cancer
patients and named it digital PCR (dPCR)!4. It
took time for dPCR to gain popularity as its preci-
sion was limited by the rather small number of
reaction chambers in conventional 96 and 384-
well plate instruments that often had to be filled
manually. This changed when the high throughput
platforms with integrated loading systems became
available. Most convenient is the OpenArray from
Life Technologies (Figure 2)2 that we use in our
dPCR services in Europe!S. The measurement plat-
form is a small metal plate the size of a microscope
slide with 3072 reaction chambers in the form of
small through holes that each hold 33nl of sample.
They are arranged in 48 subarrays with 64 (= 8x8)
chambers in each. This offers flexibility to tune the
loading to the requested resolution and is also con-
venient for the serial dilutions initially performed
to find optimum loading concentration. Other
excellent platforms are the EP1 and the BioMark
from Fluidigm2. These use Fluidigm’s ingenious
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integrated fluidic circuits that are able to run 12
samples, each partitioned into 765 reaction cham-
bers (12.765) and 48 samples each partitioned into
770 reaction chambers (48.770). Reaction volumes
are 6nl and 0.85nl, respectively.

Many of the limitations of qPCR are alleviated
in dPCR and the technology has important advan-
tages in several applications. Most popular dPCR
application is copy number determination. In theo-
ry it should be possible to determine absolute copy
numbers with dPCR, ie, loading a sample and
measuring the number of target DNA copies it con-
tains directly without having to use a reference. In
practise, this is not so easy because of dead vol-
ume, losses during processing and handling of the
sample, and ambiguity in separating positive and
negative reads!®. In the future some of these prob-
lems may be solved, perhaps by calibration, which
would bring dPCR a step closer to becoming an
absolute standard and as such exceedingly impor-
tant as a reference method in nucleic acid testing.
For now, copy number determinations, even with
dPCR are performed as relative measurements.
One may measure the relative abundance of one
target in two samples or the relative amounts of
two targets in a single sample. The latter is a typi-
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cal comparison with an endogenous control, such
as a conserved sequence present in exactly one
copy per haploid genome. One such assay is
ValidPrimel”7, which targets a non-transcribed
region in the genome and is therefore not amplify-
ing any ¢cDNA. One of the obvious applications is
to determine allelic imbalance such as gene dupli-
cation/amplification, genetic aberrations, allelic
loss and similar variations in gene copy numbers.
The precision in the dPCR determination depends
on the number of reaction chambers used, and has
been detailed mathematically!® and confirmed
experimentally!®. For example, four from five

copies can be distinguished using some 1,200

qPCR

Figure 2

Digital PCR service in Europe.
Left: Dr Anders Stahlberg
loading the OpenArray at the
TATAA Biocenter digital PCR
service facility in Gothenburg,
Sweden. Above: The
OpenArray through hole plate
with 3072 reaction chambers
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Dilution
Factor

RPL7

18 1:16

ValidPrime

1:32 1:64 1:128 NTC

Figure |

Probing sensitivity to genomic
DNA of RT-PCR assays using
ValidPrime.The intron
spanning RPL7 assay and
ValidPrime, which targets a
non-transcribed sequence
present in exactly one copy
per haploid human genome,
are used to amplify purified
human genomic DNA in the
dPCR OpenArray platform. A
two-fold dilution series is
performed across the 64-well
subarrays. Comparison reveals
that the RPL7 assay, despite
being designed to span an
intron, generates more PCR
product from the genomic
DNA than the ValidPrime
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chambers, while with 8,000 chambers 10 from 11
copies can be separated. With qPCR it is challeng-
ing to separate two from three copies20. Recently
Henrik Laurell pointed to a problem in RT-qPCR
that can be approached with dPCR21. Analysing
gene expression mRNA is reverse transcribed into
¢cDNA and quantified using qPCR. Since tran-
scripts are copies of the genome the RT-qPCR
assay may also amplify genomic DNA that has not
been removed during the processing of the sample.
Current recommendation to deal with the problem
is to design qPCR assays spanning introns. The
intron-spanning primers will be close to each other
in the transcript and readily amplified, while they
are far apart on the genomic sequence and will not
give rise to PCR product. True, at least for genes
that have introns. But, Henrik Laurell says, many
genes have intron-less pseudo genes that are ampli-
fied even when intron spanning primers are used.
In fact, the number of intron-less pseudo genes of
a gene in the genome may be large and highly vari-
able among species. For example, the commonly
used reference gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) has 62 pseudogenes in
human and 331 in mouse?2. These pseudogenes
may contribute with substantial background. The
sensitivity of RT-qPCR assays optimised for the
quantification of cDNA to genomic DNA can be
tested with dPCR. Dilution series of genomic DNA
with an intron-spanning RFPL assay and
ValidPrime (Figure 3) reveals the RFPL assay is
picking up more DNA signal than ValidPrime,
which amplifies one sequence copy per haploid
genome. Obviously, the intron-spanning RFPL
assay is picking up signal from intronless pseudo-
genes in the genome. Indeed, presence of pseudo-
genes is a major complication in RT-qPCR and for
serious quantitative studies it is good practice to
experimentally test the importance of genomic
contribution to the RT-qPCR signal. It is also

advisable to consult the excellent database of

known human pseudogenes made available by
Gerstein’s lab at Yale University23.

The sequence discrimination is enhanced in
dPCR by the partitioning of the sample into the
large number of reaction containers, which effec-
tive reduces the background level of related
sequences. Consider a somatic mutation present
in one out of 1,000 copies. With conventional
probe-based qPCR we would not be able to detect
the mutation because of insufficient discrimina-
tion. However, in dPCR the reaction chamber
that happens to contain the mutated sequence
will have substantially lower background of the
wild-type sequence and the mutation is readily
detected. This advantage was employed already in
the pioneer paper by Vogelstein for early detec-
tion of a mutant ras oncogene in the stool of
patients with colorectal cancer!0, and later to
quantify EGFR
patients. The same approach has been to detect

alterations in lung cancer
non-cultivatable pathogens against excessive
backgrounds?5, and to probe individual environ-
mental bacteria for viruses26. The improved dis-
criminative ability of dPCR has also been
employed for analysis of foetal DNA in plasma27,
and for sensitive quantification of minimal resid-
ual disease in chronic myeloid leukemia28. An
esoteric dPCR/qPCR application is tomography
to study the spatial distribution of transcripts in
samples including gradients of transcripts within
individual cells2?.

More extensive dilution, such that reaction
chambers rarely contain more than a single tem-
plate molecule, confers additional advantages to
dPCR, including more extensive multiplexing. In
conventional qPCR multiplexing is in practise lim-
ited to some four targets because of competition
for reagents of the parallel reactions that compro-
mises sensitivity and accuracy, and by crosstalk
between detection channels when simultaneously
quantifying multiple signals!. Clonal amplification
obliterates these complications since there is no
competition between reactions and there is no
crosstalk. In fact, clonal amplification allows for
an even higher degree of multiplexing using com-
binatorial detection based on multiple probes bind-
ing per target30:31, dPCR is potentially also less
sensitive to inhibition. While inhibitors may delay
amplification affecting the Cq values in qPCR lead-
ing to erroneous concentration estimates, they do
not obliterate product formation and therefore do
not influence the count in dPCR.

Clearly, digital PCR is a forthcoming technique
that is rapidly becoming established in the field of
nucleic acids analysis. Still, the wider spread of the
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technique to routine applications is hampered by
the rather high cost per sample analysed. This is
about to change. Since digital PCR is an end-point
technique that does not require continuous moni-
toring of product formation, the arena is open for
other platforms. A spinning disc of inexpensive
plastic with microfluidic architecture has been
designed that passively compartmentalises a sam-
ple into 1,000 nanolitre-sized wells by centrifuga-
tion. A rapid air thermocycler is used for PCR and
a CCD camera to acquire a fluorescent image to
count positive reads32. The SlipChip has been
described to perform digital PCR in a very simple
and inexpensive format. Elongated wells in two
plates are designed to overlap during sample load-
ing. The fluidic path is broken up by slipping of
the two plates that removes the overlap among
wells and brings each well in contact with a reser-
voir preloaded with oil to generate 1,280 nanolitre
reaction compartments. After thermal cycling end-
point fluorescence intensity is measured33. A
microfluidic ‘megapixel’ digital PCR device was
recently presented that uses surface tension-based
sample partitioning and dehydration control to
enable single molecule amplification in 1 million
reactors of picolitre volume. The device has a
dynamic range of 107, can detect a single-
nucleotide-variant in one copy per 100,000 wild-
type sequences and discriminates 1% difference in
chromosome copy number34. Out of the forth-
coming next generation dPCR platforms, closest
to market are droplet techniques based on water-
oil emulsions. The aqueous droplets act as micro-
reactors in the bulk oil phase. Biochemical reac-
tions in emulsion systems date back to 199835,
and the first report on single molecule PCR in
droplets came almost 10 years ago36. The early
emulsion-based systems either had poor amplifica-
tion efficiency or required a complicated work-
flow. But major improvements during the last
decade have led to the commercialisation of these
platforms3”7. QuantaLife was first to launch with
its Droplet Digital™ PCR system available at the
end of last year38, The system is based on a
droplet generator that partitions samples and mas-
ter mix into nanolitre-sized droplets. DNA in the
droplets is amplified by conventional thermal
cycling whereafter a droplet reader (which is
essentially a FACS) detects and measures the fluo-
rescence of the droplets at a rate of 1,000 droplets
per second. 32 samples can be analysed per hour.
Raindance is expected to be next to launch3?, ten-
tatively early in 201249, Also Stokes Bio, which is
part of Life Technologies, develops microfluidic
solutions for quantitative PCR41,
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Future view

Digital PCR is here to stay and as awareness of the
technology is increasing it will gain popularity.
Commercialisation may be hampered by a com-
plex IP landscape that may take some time to cross
licence. In parallel, in-house development may be
spurred by recent publication of ‘Idiot-proof emul-
sion PCR’ protocol42. Routine diagnostic applica-
tions that require IVD approval are still far ahead
and will require the technology to mature. DDW

Dr Mikael Kubista is head of the department of
gene expression at the institute of Biotechnology of
the Czech Academy of Sciences in Prague®3, and
CEO and founder of the TATAA Biocenters
(www.tataa.com). TATAA Biocenters are leading
providers of qPCR services in Europe and have an
OpenArray from Life Technologies as well as a
BioMark from Fluidigm. In collaboration with
Life Technologies, TATAA offers digital PCR serv-
ices in Europe. TATAA has an intensive R&'D pro-
gramme related to qPCR and has developed sever-
al important products such as the dyes Chromofy
and Visiblue, the 1-step extraction, RT, qPCR
CelluLyser reagent, ValidPrime for RT-qPCR qual-
ity control, and proprietary panels for the identifi-
cation of optimum reference genes, for profiling of
embryonic stem cells, and for profiling of circulat-
ing tumor cells. TATAA also offers hands-on train-
ing courses in qPCR and molecular diagnostics
world-wide (www.tataa.com/Courses/Courses.

btml) and arranges an annual qPCR symposium

(www.qpcrsymposium.eu).

Dr Anders Stablberg is working as Researcher at
the Department of Pathology, Sahlgrenska Cancer
Center, University of Gothenburg, Sweden. His
primary research interest is to understand molecu-
lar mechanisms in buman sarcoma development
and stem cell differentiation. He has developed sev-
eral strategies for gene expression profiling, espe-
cially at single cell level.
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