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ARTICLE INFO ABSTRACT

Handling Editor: J.P. Landers Background: microRNAs (miRNAs) are small non-coding RNAs regulating gene expression. They have attracted
significant interest as biomarkers for early diagnosis, prediction and monitoring of treatment response in many

Keywords: diseases. As individual miRNAs often lack the required sensitivity and specificity, miRNA signatures are devel-

Dl?““;;iR oped for clinical applications. Digital PCR (dPCR) is a sensitive fluorescent-based quantification method, that can

micro

be used to detect the expression of miRNAs in patient samples. Our study presents the first proof-of-concept of a
; . multiplexed dPCR assay for the simultaneous analysis and quantification of multiple miRNAs.

Personalised medicine o N N . N

Multiplex analysis Results: After reverse transcription (RT) using a pool of miRNA-specific stem-loop primers, dPCR was performed

microRNA signature with a universal reverse primer and miRNA-specific forward primers along with fluorescently-labelled hydrolysis

probes. Multiple experimental parameters were evaluated and strategies for modulating the observed signals

were devised. The optimised assay was applied to the analysis of miRNAs from cell lines and biological samples.

Although absolute quantification was lost, due to the reverse transcription step, quantification was linear for the

dilution series and results were highly reproducible for independent dPCR and RT reactions. Our results

confirmed the high sensitivity of dPCR for patient samples.

Conclusions: We demonstrate the feasibility and reliability of multiplexed detection and quantification of miRNAs

by dPCR that can be applied in a clinical setting to evaluate miRNA signatures.
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1. Introduction

Digital PCR (dPCR) was developed in the 1990s to quantify nucleic
acids using a fluorescent assay (hydrolysis probe or intercalating dye)
similar to quantitative PCR (qPCR), but with improved sensitivity for
some applications such as detection of mutations and viral/bacterial
sequences [1]. dPCR is based on partitioning samples in a limiting
dilution to obtain positive (1) or negative (0) partitions, hence the name
of “digital” in analogy to the binary language of informatics. Partition-
ing can be obtained through the generation of water-oil emulsion
droplets or by distributing the PCR mix into nanowell plates with a
microfluidic system. dPCR has become a frequently used method for the
detection and quantification of nucleic acids. dPCR-based assays have
therefore been implemented in clinical practice, especially for applica-
tions in bacteriology, virology, non-invasive prenatal testing and
oncology.

MicroRNAs (miRNAs) are a family of small non-coding RNAs be-
tween 21 and 24 nucleotides in size. The human genome codes for
around 2600 miRNAs [2]. miRNAs modulate gene expression
post-transcriptionally by promoting the degradation of mRNA tran-
scripts or hindering their translation by binding to their 3'UTR. They
contribute to all fundamental biological processes from development
and differentiation to cell cycle regulation, constructing complex gene
regulatory networks as most human genes are regulated by one or
several miRNAs [3]. miRNAs are relatively stable nucleic acid-based
biomolecules that can be reliably analysed from various biological
sources including liquid biopsies independent of their storage conditions
and are less impacted by sample degradation [4,5]. They have therefore
attracted substantial interest as biomarkers for the early detection and
classification of cancer and other human diseases as well as predicting
and monitoring treatment response [6,7]. Single miRNAs do not often
have the required sensitivity and/or specificity to be used as a reliable
biomarker for these applications. Therefore, commonly signatures
combining several miRNAs are used. To further improve the diagnostic
value, miRNA expression signatures are combined for some applications
with other clinical and molecular features. For instance, computed to-
mography in combination with a 24-miRNA signature for the detection
of lung cancer significantly reduced false positive rates compared to
tomography alone [8]. In epithelial ovarian cancer, the MIROvaR pre-
dictor signature consisting of 35 miRNAs can detect early relapse of
patients with ovarian cancer [9]. Furthermore, a five-miRNA signature
was devised differentiating patients with colorectal cancer or advanced
adenoma from healthy individuals [10]. However, these signatures have
not yet reached clinical routine implementation and are currently under
validation in prospective studies and clinical trials (e.g. MIROvaR [11,
12]; lung cancer CT [13,14]). Nonetheless some miRNA assays have
already been commercialized as CE-marked in vitro diagnostic medical
device including miR-31-3p for the prediction of anti-EGFR response in
colorectal cancer (miRpredX 31-3p®, Integragen, France) [15], a
three-miRNA signature for the assessment of the risk for hepatectomy
post liver failure (hepatomiR®, TAmiRNA, Austria) [16] or 11 miRNAs
used for risk stratification of thyroid cancer patients in the absence of
strong driver mutations (ThyraMIR®v2, Interspace Diagnostics, US)
[17].

gPCR assays, and especially locked nucleic acid (LNA)-enhanced
qPCR assays, are currently considered to be the gold standard for miRNA
expression analysis in clinical applications because of their wide dy-
namic range and low limit of detection [18]. dPCR constitutes an
alternative analytical approach for miRNA analysis and has been found
to improve reproducibility and accuracy compared to qPCR especially
for biological material available only in limited quantities [19,20]. Both
intercalating dye chemistry as well as hydrolysis probes can be used and
showed similar performance with a high sensitivity down to one miRNA
copy/pL [21]. However, the complexity of the biological samples as well
as the multiple steps required for the isolation of the miRNAs will lead to
a reduced sensitivity in practice. dPCR has been less frequently used for
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miRNA analysis compared to qPCR as it is less easily performed in
standardized high-throughput settings. dPCR has for example been used
for the analysis of miR-652-3p as a biomarker for the multi tyrosine
kinase inhibitor Regorafenib [22] as well as for deciphering and quan-
tifying let-7b-5p in a regulatory network associated with favourable
prognostics in oestrogen receptor positive breast cancer [23]. dPCR
miRNA analysis has been applied to determine the tissue of origin for
cancers of unknown origin using an 89-miRNA panel [24]. However,
these analyses were commonly performed using intercalating dyes for
target detection and thus targeting a single miRNA per reaction
requiring multiple reactions for the analysis of miRNA signatures. Hy-
drolysis probes labelled with two different fluorophores have been used
to detect two miRNAs, mostly the target and a reference miRNA, in a
duplex format using dPCR [25].

Recently, several dPCR instruments were commercialized that allow
the simultaneous multicolour detection of an increased number of tar-
gets including genetic variation [26] or pathogens [27]. However,
multiplex dPCR has so far not been applied to the analysis of miRNAs,
but would respond to the needs for implementation of miRNA-based
signatures in clinical analysis. In the current study, we present a novel
strategy to analyse multiple miRNAs simultaneously by dPCR, evaluate
parameters influencing the performance of the assay and enable
adjustment of read-out levels and show that miRNAs can be reproduc-
ibly quantified.

2. Material and methods

The optimisation of the different parameters is described in detail in
the results section. In this paragraph the final optimised protocol is
presented. The Minimum Information for Publication of Quantitative
Digital PCR Experiments (AMIQE) checklist [28] ensuring reproducible
and high-quality dPCR experiments is available in the Supplemental
section (Supplemental Table 1). Of note, not all sections are relevant for
this technology development.

2.1. Synthetic samples

Synthetic miRNAs and templates corresponding to the reverse tran-
scription (RT) products (complementary DNA (cDNA) sequence) were
ordered from Integrated DNA Technologies (IDT, Leuven, Belgium) or
Eurogentec (Seraing, Belgium). Sequences are given in Supplemental
Table 2.

2.2. Biological resources

The human THP-1 cell line (ATCC, TIB-202 lot 63176297, Manassas,
VA, USA) was used as a model system for the implementation of the
multiplex dPCR assay. Cells were maintained in RPMI 1640 plus L-
glutamine medium (Gibco Life Technologies, #21875034, Villebon sur
Yvette, France) complemented with antibiotics 100 units/mL penicillin
and 100 pg/mL streptomycin (Gibco Life Technologies, #15140122,
Villebon sur Yvette, France), 0.05 mM 2-mercaptoethanol (Gibco Life
Technologies, #31350010, Villebon sur Yvette, France) and 10 % foetal
bovine serum (Gibco Life Technologies, #A5670701, Villebon sur
Yvette, France) at 37 °C in a 5 % CO, atmosphere. THP-1 cells were
subcultured in suspension every 2-3 days until passage (p < 10). Total
RNA and the smallRNA-enriched fraction were extracted from the cells
using the RNeasy MinElute Cleanup Kit (Qiagen, #74204, Courtaboeuf,
France) and the miRNeasy Mini Kit (Qiagen, #217004, Courtaboeuf,
France) according to the manufacturer’s instructions. Concentrations
were measured on a Nanodrop (Thermo Fisher Scientific, Wilmington,
DE, USA) and samples were diluted at 2 ng/pL.

Enriched small RNA fractions were also obtained using the same
procedure from monocytes (CD14") from anonymized blood samples
collected by the French Blood Donor Bank (Etablissement Francais du
Sang (EFS), Rungis, France) as previously described [29]. Briefly,
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peripheral blood mononuclear cells were isolated by a Ficoll density
gradient using UNISEP Maxi + tubes (Eurobio Scientific, # U-10, Les
Ulis, France). Monocytes were then positively sorted by CD14* magnetic
beads on a magnetic column, according to the manufacturer’s in-
structions (Miltenyi Biotech, # 130-042-201, Paris, France).

2.3. Selection of miRNAs

For this proof-of-concept six miRNAs (hsa-let-7a-5p, hsa-miR-140-
5p, hsa-miR-107, mir140, miR-335-5p, hsa-miR-23b-3p and hsa-miR-
223-5p) known to be expressed in the human monocytic THP-1 cell
line were randomly selected regardless of any biological function.

2.4. Primer and probe design

Primers and probes were designed following the recommendations of
a previously reported qPCR protocol for miRNA analysis [30]. The
stem-loop sequence, shown in Supplemental Fig. 1 and Supplemental
Table 2, was first reported by Chen et al., allows for the specific capture
of mature miRNAs and covers an expression range of 7 logs [31]. This
stem-loop primer has been used in many research studies and in the
commercially available standard TagMan miRNA assays (Thermo Fisher
Scientific) [5,32-35]. Six nucleotides reverse complementary to the 3’
end of each miRNA were added as recommended in Ref. [30] to the
published stem-loop sequence to generate the miRNA-specific stem-loop
primers (Fig. 1 and Supplemental Fig. 1).

Forward dPCR primers were designed by adding 4 to 6 nucleotides to
5" end of the mature miRNA sequence to reach an appropriate melting
temperature (61-64 °C). Melting temperature, secondary structures and
self-dimers and heterodimers were assessed with the OligoAnalyzer™
Tool (IDT, https://eu.idtdna.com/calc/analyzer, Leuven, Belgium). For
the universal reverse primer, the previously published sequence [30] as
well as a shortened version, removing the first three bases from the
5-end (5-GTGCAGGGTCCGAGGTA-3"), were evaluated. The shortened
version was investigated to differentiate its melting temperature from
the one of the hydrolysis probes (70 °C). Probe sequences (reverse PCR
strand) labelled with a quencher and fluorophore were designed to cover
the junction between the mature miRNA and the stem-loop primer
avoiding overlap with the forward primer (Fig. 1 and Supplemental
Fig. 1). Three to four LNA bases, preferably on the mature miRNA

Targeted miR
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sequence, were added to the probe sequence to increase specificity and
melting temperature. Among the fluorophores and quenchers recom-
mended by the manufacturer for each fluorescent channel, the most
commonly used were chosen for cost effectiveness. Selected combina-
tions were: 6-Fluorescein amidite (FAM)/Black Hole Quencher (BHQ)
1® or Iowa Black® FQ for the blue channel, Cyanine3 (Cy3)/Iowa
Black® FQ (IABKFQ) or ATTO 550/BHQ-2® for the green channel,
Cyanine5 (Cy5)/Iowa Black® RQ (IAbRQSp) for the red channel, ROX
(carboxy-X-rhodamine)/BHQ-2® for the yellow channel, ATTO
700/BHQ-3® for the infrared channel and Yakima Yellow®/BHQ-1® or
Tetrachlorofluorescein (TET)/BHQ-1® for the teal channel. All primers,
probes and miRNA sequences are shown in Supplemental Table 2 and
their relative positioning on the mature miRNA sequences is shown in
Supplemental Fig. 1.

2.5. RT-gPCR

Reverse transcription with a single stem-loop primer was performed
with the Tagman MicroRNA RT kit (Thermo Fisher Scientific,
#10146854, Villebon sur Yvette, France) with the following recom-
mended protocol: 0.15 pL of 100 nM dNTP, 1 pL of MultiScribe™ reverse
transcriptase (50 U/pL), 1.5 pL of 10X reverse transcription buffer, 0.19
pL of RNAse inhibitor (20 U/pL) and 4.16 pL of nuclease-free water
mixed with 5 pL of the miRNA at 0.066 pM. Then 3 pL of the stem-loop
primer (250 nM) were added and reverse transcription was performed in
a thermocycler with an incubation step at 16 °C for 30 min followed by
incubation at 42 °C for 30 min. The reaction was stopped by heating the
mixture for 5 min at 85 °C prior to a final hold at 4 °C.

qPCR gradients of the annealing temperature (58 °C-68 °C) were
performed on a LightCycler 96 gradient (Roche, #05 815,916,001) with
the KAPA SYBR® FAST LC480 kit (Sigma-Aldrich, #KK4610, Saint-
Quentin-Fallavier, France) by mixing 2 pL of the RT product of let7a,
miR-140 and miR-107 or 2 pL of the respective synthetic template, at
0.02 pM, with 0.4 pL of both forward and reverse primers (10 pM), 10 pL
of Master Mix 2X and water to a final volume of 20 pL. qPCR was per-
formed in a 96-well plate on a LightCycler 480 (Roche, # 05015278001,
Meylan, France) with the following program: pre-incubation at 95 °C for
3 min, 45 cycles of amplification at 95 °C for 10 s, a gradient for the
annealing temperature between 58 °C and 68 °C for 20 s and 72 °C for 1
s, melting curve at 95 °C for 5 s, 65 °C for 1 min, heating to 97 °C with

’ 3’ 5’
Stem-|
T
Stem loop RT * }
5 c
GV
3 5 cDNA
5
\ Forward Primer Probe g
3! 5’

gt g’
Universal Reverse Primer

Figure 1. Schematic overview of the developed workflow including the stem-loop reverse transcription (RT) and dPCR reactions. In the RT reaction, cDNA is
synthesized after the stem-loop primer hybridizes to the targeted miRNA with its 3’ end complementary to the 3’ end of the miRNA sequence. In the dPCR reaction, a
forward primer specific for the 5' part of the cDNA and a universal reverse primer complementary to the stem-loop part is used. A hydrolysis probe containing locked
nucleic acids (symbolized as red dots on the probe) with a fluorescent dye and quencher covers both the 3’ end of the miRNA sequence and the stem-loop sequence.
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5-10 acquisitions/°C, then cooling at 40 °C for 10 s.

PCR efficacy was tested with the same KAPA kit on a 12-point
dilution series (2-fold dilutions) using a synthetic template (0.02 pM),
the RT product of 0.33 pmol of the respective miRNAs or 10 ng of
random miRNAs. Total RNA extracted from the THP-1 cell line (0.67 ng/
pL) was also tested with and without an RT reaction. The size of the
amplification product was verified on a LabChip GX (Revvity,
#P231106106, Bussy Saint Martin, France).

2.6. Multiplex reverse transcription

A pool of all the RT stem-loop primers was made by mixing 10 pL of
each primer (2.5 pM except for the primer for miR-140 which was at
250 nM) in Tris-EDTA (pH = 8.0, Sigma-Aldrich #93283, Saint-Quentin-
Fallavier, France) in a final volume of 1 mL. The final concentration for
each primer was accordingly 25 nM and 2.5 nM for miR-140. To facil-
itate the formation of the stem-loop structure, an aliquot of the RT
primer pool was incubated at 95 °C, 80 °C, 70 °C, 60 °C, 50 °C, 40 °C,
30 °C and 20 °C for 30 s at each temperature.

The same TagMan MicroRNA RT kit (Thermo Fisher Scientific,
#10146854, Villebon sur Yvette, France) was used according to manu-
facturer’s instructions with some adjustements: the RT mix consisted of
6 pL of stem-loop-primer pool, 0.3 pL of 100 mM dNTPs (with dTTP), 3
pL of MultiScribe™ reverse transcriptase (50 U/pL), 1.5 pL of 10X
reverse transcription buffer, 0.19 pL of RNase inhibitor (20 U/pL) and 1
pL of nuclease-free water. After mixing gently all reagent on ice (no
vortex) and a brief spin down, 3 pL of the sample was added. The re-
action was incubated for 5 min on ice. Reverse transcription was then
performed with the same program as described in 2.5.

2.7. Digital PCR (dPCR)

2.7.1. Sapphire chips

Primers (six forward and the universal reverse primer) were each
diluted to 25 pM and pooled together at equimolar concentrations (pool
concentration: 25 pM total and 3.57 pM for each of the seven primers).
Probes were diluted to obtain a 6.25 pM solution and then pooled
together equivalently (pool concentration: 6.25 pM total and 1.04 pM
each).

A 25 pL dPCR mix was prepared with the naica® multiplex PCR MIX
5X (Stilla Technologies, #R10054, Villejuif, France) by mixing 9 pL of
nuclease-free water, 5 pL of Buffer A, 4 pL of the primer pool (final
concentration: 4 pM total, 0.57 uM each), 2 pL of the probe pool (final
concentration: 500 nM, 83 nM each) and 5 pL of the RT mix or the
synthetic template (2 fM each cDNA, 0.33 fM when pooled).

Sapphire chips (Stilla Technologies, #C14012, Villejuif, France)
were prepared according to the manufacturer’s instructions and loaded
into the Geode of the naica® system (Stilla Technologies, #H15000,
Villejuif, France) for partitioning and amplification using the following
program: partition at 40 °C for Sapphire V1 followed by denaturation at
95 °C for 10 min, 55 cycles (unless otherwise specified) of 95 °C for 30 s
and 60 °C for 1 min followed by the release pressure program for Sap-
phire V1.

Chips were scanned on a Prism6 scanner (naica® system, Stilla
Technologies, #H24000.6, Villejuif, France) with the Crystal Reader
software (Stilla Technologies, version 3.1.6.3, Villejuif, France) using
the default template “ScanningTemplate Prism6_SapphireChip_naica-
multiplex-PCR-MIX Tagman_v1.4” and results were analysed with
Crystal Miner software (Stilla Technologies, version 3.1.6.3, Villejuif,
France). To correct spill-over, an assay-specific compensation matrix
was computed with Crystal Miner using monocolour controls analysing
the six synthetic miRNAs separately and a negative control. This matrix
was applied to all further experiments analysing the same targets. The
relative uncertainty of the Poisson law was calculated by the Crystal
Miner software for each sample. The Limit of Blank (LoB) for the six
assays was estimated as the 95th percentile based on the concentration
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from 24 negative controls (no input in the RT). The limit of detection
(LOD) for each assay was calculated with the formula LOD = 3.3 *¢/S
where ¢ is the standard deviation of the same 24 negative controls and S
is the slope of the calibration curve.

2.7.2. Ruby chips

The same protocol as for the Sapphire chips with the same buffer,
primer and probe concentrations was used for the loading of the Ruby
chips (Stilla Technologies, #C16011, Villejuif, France) with the excep-
tion of a reduced final reaction volume of 5 pL instead of 25 pL. Ruby
chips were prepared according to the manufacturer’s instructions and
loaded into the Geode of the naica® system for partitioning and
amplification using the following program: partition at 25 °C for Ruby
V1 followed by denaturation at 95 °C for 10 min, 55 cycles of 95 °C for
30 s and 60 °C for 1 min followed by the release pressure program for
Ruby V1. Chips were scanned on a Prism6 scanner with the default
template  “ScanningTemplate_Prism6_RubyChip_naica-multiplex-PCR-
MIX Tagman_v1.1”.

3. Results
3.1. Design

We evaluated different designs for the set-up of probe-based dPCR
assays including ligation-based approaches, polyA-tailing and stem-loop
primers. A design based on a stem-loop was chosen due to its flexibility
to place the primers and probes on the limited space available and avoid
any biases due to ligation. Assays were designed to have a miRNA-
specific forward primer with an estimated melting temperature of
approximatively 62 °C for the amplification and a higher melting tem-
perature of around 70 °C for the probe, obtained by incorporating three
to four LNA bases.

3.2. Development

3.2.1. 1-plex assay

We first focused our development on three miRNAs (let7a-5p, miR-
140b-5p, miR-107). The reverse transcription (RT) reaction for each of
the three miRNAs was performed separately with the respective stem-
loop primers. After RT, an amplification product of the expected size
was detected by capillary electrophoresis on a LabChip GX instrument
demonstrating the feasibility of the first step of our protocol (data not
shown). We then tested the amplification efficiency by qPCR using two
different universal reverse primers (Supplemental Table S2) corre-
sponding to the primer proposed by Kramer et al. [30] as well as a
shortened version removing three bases from the 5 end to obtain a
melting temperature comparable to the miRNA-specific forward
primers. Amplification and melting curves for all three miRNA assays
showed a more efficient amplification as well as the formation of a
specific amplification product only for the shortened version of the
reverse primer (Supplemental Fig. 2A). Reactions without a template did
not yield an amplification product demonstrating the absence of in-
teractions between the miRNA-specific forward primer and the
stem-loop and/or the universal reverse primer (Supplemental Fig. 2B).
Amplifications using either an RNA pool (THP-1) without prior RT or a
random miRNA (5-rNINrNrNrNrNrNrNrNrNrNrNrNrNrNriNrNrNrNr
NrNrN-3') did not yield any amplification product suggesting specificity
of the design (Supplemental Fig. 2B).

qPCR using a dilution series of a synthetic template corresponding to
the RT product as well as the RT product showed high efficiency and
linearity of the amplification (efficiency 1.9, correlation coefficient r*> =
0.96 for the synthetic template and 2.2, r* = 0.99 for the RT product of
let7a, Supplemental Fig. 3).

We rigorously investigated a number of technical parameters of the
dPCR in a simplex reaction targeting let-7a using the synthetic template
of the RT product. Prolonging the elongation time from 30 s to 1 min
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improved separation of positive and negative droplets, as did the in-
crease of the concentration of the forward miRNA-specific primer and
the universal reverse primer from 1 to 2 pM (Supplemental Fig. 4A). On
the other hand, reducing the denaturation time did not improve assay
performance. The estimated annealing/elongation temperature of 60 °C
yielded the best results as lowering the temperatures decreased sepa-
ration between positive and negative droplets and higher temperature
led to less positive droplets.

3.2.2. 3-plex assay

We then moved to a 3-plex assay using the same three miRNAs.
Optimizing primer/probe concentrations and notably providing an
equimolar mixture of all primers (forward and reverse) had little effect
on the quantification of a synthetic template containing an estimated
concentration of 1000 copies (cp)/pL/reaction (Fig. 2B), but had major
effects on separability (Fig. 2A). The optimal concentrations for primer
and probes were 1 pM for each primer and 166 nM for each probe in the
reaction mixture, respectively. These concentrations were tested on
three pools containing the three synthetic templates at a theoretical
concentration of 100, 200 and 300 cp/pL yielding correlation co-
efficients above 0.95 (Fig. 2C). When the RT reaction was included in the
workflow, the omission of the recommended naica® buffer (Buffer B) to
the amplification reaction had a positive impact on droplet separation
(Supplemental Fig. 4B).

Primers
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3.2.3. 6-plex assay

Having demonstrated the feasibility of the simultaneous analysis of
three miRNAs, we extended the analysis to a 6-plex assay targeting six
miRNAs investigating the influence of a large number of parameters on
the assay performance (Table 1).

In the course of adding three additional miRNAs, we changed the
fluorophore for let7a and miR-335 evaluating both Yakima yellow and
TET fluorophores. For let7a, TET was selected due to the larger fluo-
rescent amplitude, while for miR-335 the change of the channel had a
minor impact (Supplemental Fig. 4C). Using 1 pM (or 24,000 copies/pL)
of each miRNA and 1 pM (4000 cp/pL) of a six-miRNA pool, a specific
signal for each miRNA was obtained in the expected fluorescent channel
(Fig. 3), while minimal signal was observed in the other channels except
for the FAM channel where a higher background signal was observed.

We investigated the potential reason for this background by varying
the concentration of the miRNA-specific forward primers as well as the
concentration of the stem-loop (Supplemental Fig. 5). Overall,
increasing the forward primers did not improve detection, but increased
baseline and background noise. This was particularly true for the blue
channel, in which the non-specific signal strongly increased when the
concentration of the forward primers was doubled (Supplemental Fig. 5,
negative control chamber 4 vs chamber 8). No effect was observed for
the other five targeted miRNAs suggesting interactions between the
miR-335 specific forward primer and the stem-loop primers. This was
further supported by qPCR experiments on a dilution series and on the
stem-loop primer pool alone without the addition of the targeted
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Fig. 2. Optimisation of primer and probe concentration (3-plex). The first primer pool (25 pM) contained three times more of the universal primer than the three
forward primers (12.5 uM of the universal reverse primer and 4.16 pM of each forward primer). The second primer pool contained equimolar concentrations of all
primers (6.25 uM each). Probe concentrations were constant (2.08 pM each). Volumes of the primer/probe pools used in this assay are detailed in the table above the
dot plots in panel A. All chambers had a final concentration of 1X Buffer A and 4 % Buffer B and an input of 1000 cp/pL for each synthetic template except for the
negative control (chamber 8). A. Uncompensated 1D dot plots of blue (let7a), green (miR-140) and red (miR-107) channels. B. Concentrations (cp/puL) obtained for
the three targeted miRNAs. C. Linearity of the analysis of synthetic templates (with theoretical concentrations of 200, 300 and 400 cp/pL for each of the three

templates under optimised conditions.



Table 1
Parameters tested and retained for the optimisation of the 6-plex assay.
Step Parameter Tested values/range Retained value for the developed 6-plex Justification for retained values Ref
RT Biological sample concentration (sorted 0.5 -> 2 ng/pL 1 ng/pL Good separability, sufficient number of positive droplets, no saturation. Data not
cells) shown
Biological sample concentration (cell line ~ 0.25 -> 42 ng/pL 2 ng/pL Good separability, sufficient number of positive droplets, no saturation. Data not
total RNA) shown
Biological sample concentration (cell line ~ 0.0035-> 2 ng/pL 0.07 ng/pL Good separability, sufficient number of positive droplets, no saturation. SFig. 7
enriched miRNA)
Final Stem-Loop Concentration 2.5 -> 400 nM 2.5 nM for miR-140 1) 25 nM yields sufficient positive droplets and a low unspecific signal. Fig. 4CSFig. 5
25 nM for the 5 others 2) observed concentrations for miR-140 are comparable to the 5 other miRNAs
when using 10 times less stem-loop primer.
Inactivation step temperature 85/95 °C 85°C Less rain, better separability Data not
shown
dPCR mix Concentration Primer Forward 0.05 -> 1.14 pM each 0.57 pM each (4 pM pool) Low concentrations of forward primers do not lead to sufficient positive Data not
droplets (low signal). shown
High concentrations of forward primers increase non-specific signal. Fig. 2A
SFig. 4A
SFig. 5
Sequence and concentration Primer UR Sequence from Ref. [30] and a shortened sequence Earlier amplification curves, sharper melting curves. SFig. 1A
shortened sequence (CACGCATGAGGTAGTAGG)
0.05 -> 2 yM 0.57 pM (4 1M pool) Low concentrations of reverse primers do not lead to sufficient positive droplets ~ Data not
(low signal). shown
High concentrations of reverse primers increase non-specific signal. Fig. 2A
Better separability with an equivalent concentration of reverse and forward S.Fig. 4A S.
primer. Fig. 5
Teal fluorophore Yakima Yellow, TET TET Better separability. SFig. 4C
Green fluorophore Cy3, Atto550 Atto550 Better performance Data not
shown
Buffer composition With and without Buffer B No buffer B with RT input Better separability. SFig. 4B
dPCR Denaturation time 15/30 s 30s Less dispersion of the baseline. Data not
cycling shown
Annealing temperature 58 -> 62 °C 60 °C Better separability. Data not
shown
Elongation time 15s-> 1 min 1 min Better separability. Data not
shown
Number of cycles 45 -> 65 55 Better separability. Data not
shown
Scan Exposure time in green 100/300 ms 100 ms No improvement with 300 ms. Data not
shown
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Fig. 3. Compensated 1D dot plots for the six channels of the 6-plex assay. RT input consisted of all six targeted synthetic miRNAs separately and mixed together.
Chamber 1 to 6 contains the RT product of each miRNA (with a concentration of 24,000 cp/pL prior to RT in the dPCR mix). Chamber 7 is a negative control (no input
in the RT). Chamber 8 contains the RT product of the six targeted synthetic miRNA pooled together (24,000 cp/pL global and 4000 cp/pL for each miRNA in the

dPCR reaction).

miRNA. Stem-loop primers showed a threshold cycle (C,) close to the
negative control (water) for all the PCRs except for miR-335, for which
amplification occurred within the dilution series, right before the 2 pM
dilution curves. These results confirmed a higher background signal for
miR-335 compared to the five other miRNAs, but still allowing quanti-
fication at higher concentrations. Due to the restricted size and resulting
limited possibility to redesign miRNA assays targeting miR-335, we
decided to continue the evaluation of this miRNA multiplex assay since
this situation is likely to happen in the future when implementing a

panel of clinical relevance and the target miRNA of a signature cannot be
easily replaced.

Subsequently, the linearity of the dPCR reaction in the 6-plex reac-
tion with a dilution series from 100,000 copies to 2500 copies for each
miRNA template as input in the reverse transcription reaction was
investigated. The results (Fig. 4A and B) showed a very high linearity
between the different concentration for the respective miRNAs [R? =
0.898 to 0.999). However, the detected concentrations did not corre-
spond to the expected number of copies per pL and there was some
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Figure 4. Linearity of a dilution series of a pool containing six synthetic miRNAs. A. Compensated 1D dot plots for the six channels. A solution from 1 pM to 25 fM (1,
0.5, 0.25 pM, 125, 100, 50, 25 fM) containing the six targeted miRNA (100,000; 50,000; 25,000; 12,500; 10,000; 5000; 2500 cp/pL each) was used for the RT
reaction resulting in a final concentration of 4000; 2000; 1000; 500; 400; 200 and 100 cp/pL in the dPCR chambers. B. Dot plot for detected concentrations vs
theoretical concentrations with linearity curves and coefficient of determination for the dilution series. The colour code corresponds to the fluorescent channels
(panel A). C. Detected concentrations (cp/pL) for the six targeted synthetic miRNA with different concentrations (10, 5 and 2.5 nM) for the miR-140 specific stem-
loop (SL) primer in the stem-loop pool. Concentration of all other stem-loop primers was kept constant (25 nM). D. Dot plot for detected concentrations vs theoretical
concentrations with linearity curves and coefficient of determination in a dilution series with the new stem-loop pool concentration (2.5 nM for miR-140/25 nM for
the other five miRNAs). The colour code corresponds to the fluorescent channels (panel A).
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variability between the concentrations obtained for the different miR-
NAs suggesting a varying efficiency of the RT reaction. Particularly,
miR-140 showed much higher copy numbers compared to the other
miRNAs. We therefore tested if the assay could be adjusted to obtain
values in a similar range compared to the other miRNAs. Decreasing the
concentration (10 times) of the stem-loop primer for this miRNA led to
comparable values for all miRNAs included in the multiplex assay
(Fig. 4C) maintaining optimal linearity (R? = 0.988 to 0.997) (Fig. 4D).
As the measured number of copies differed from the expected ones, we
aimed at confirming that samples with varying proportions of the six
miRNAs in pools could be accurately measured by the 6-plex assay and
that the measured proportional changes did reflect the expected factors.
Eight pools containing varying concentrations of each miRNA were
tested (Supplemental Fig. 6). Results confirmed a high linearity ®R? =
0.902 to 0.998) between the expected and detected concentrations
demonstrating that the expression of miRNAs differing by a factor of two
could be easily identified. The Limit of Blank (LoB) for the six assays was
calculated as 30.73 cp/pL for miR-335, 0.75 cp/pL for miR-140, 3.51 cp/
pL for miR-107, 1.76 cp/pL for let7a, 2.40 cp/pL for miR-23b and 1.91
cp/pL for miR-223. The limit of detection (LOD) for each assay was
calculated with the calibration curve (Fig. 4D). Except for miR-335,
which showed an elevated LOD at 367 cp/pL due to the high back-
ground, the other miRNAs had a low LOD: 80.19 cp/pL for miR-170,
58.6 cp/pL for let7a, 46.7 cp/pL for miR-23b, 20.6 cp/pL for miR-223
and down to 8 cp/pL for miR-140.

3.3. 6-plex dPCR on the THP-1 cell line and blood monocytes

To validate our approach in complex biological samples expressing
multiple miRNAs and other small non-coding RNAs, the six miRNAs
were analysed in the THP-1 cell line using either 6 ng of total RNA or 6
ng and 210 pg of enriched small RNA fraction. All six miRNAs were
detected in all samples (Supplemental Fig. 7) with the enriched fraction
being saturated for let7a with 6 ng input.

As a last proof-of-concept and reproducibility test, we analysed the
enriched small RNA fraction isolated from blood monocytes of six in-
dividuals (Supplemental Fig. 8). The concentrations of the six miRNAs
(Fig. 5A) were very similar between the three independent experiments
with the coefficients of variation ranging from 2 % to 17 % (Fig. 5B).
These variations can at least be partially explained by the relative un-
certainty of the Poisson law, which was between 2.6 % and 11 % for the
six assays as determined by the Crystal Miner Software. miR-107 and
miR-223 were below the LoB for sample R8 (43 % and 68 % of uncer-
tainty) and thus not included in analyses. Let7a was highly expressed in
all samples and the signal was saturated (Supplemental Fig. 8).

To avoid this saturation problem, we tested a stem-loop pool with a
10-fold lower concentration of the let7a primer (2.5 nM instead of 25
nM) similar to the approach taken for miR-140. As shown in
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Supplemental Fig. 9A, the linearity of the 6 targeted miRNAs was pre-
served and the signal in the monocyte samples was no longer saturated
(Supplemental Fig. 9B) and therefore quantifiable. When analysing
three independent RT reactions using the revised assay, we obtained
similar reproducibility for the monocyte samples (average coefficients of
variation of 7 % for miR-335, 15 % for miR-140, 13 % for miR-107, 12 %
for let7a, 10 % for miR-23b and 11 % for miR-223) and THP-1 cell line
(coefficients of variation of 4 % for miR-335, 21 % for miR-140, 8 % for
miR-107, 20 % for let7a, 20 % for miR-23b and 27 % for miR-223).

3.4. Increasing throughput for the 6-plex dPCR

To evaluate the scalability of our assay, the same dilution series
containing the pool of the six targeted miRNAs (from 4000 to 50 cp/pL
for the dPCR reaction, Fig. 6) in triplicate as well as the miRNA sepa-
rately were tested on Ruby chips. This support allows for the analysis of
16 samples instead of 4, allowing the analysis of 48 samples in one run. A
specific signal for each miRNA was obtained in the expected fluorescent
channel (Supplemental Fig. 10) and even if the detected concentrations
were again lower than expected, they showed good linearity (R? = 0.91
to 0.99) (Fig. 6).

We also tested one of the monocyte samples (with an independent RT
reaction) and compared the concentrations to those obtained on the
Sapphire chips. The correlation between the concentrations of the
different miRNAs found on Ruby and Sapphire chips were very high (R?
= 0.97). We obtained highly similar results for miR-335 (2 % difference
in the quantification results), miR-140 (8 %), let7a (5 %) and miR-23b
(12 %) and a slightly larger variation for the lowly expressed (<150
cp/pL) miRNAs (miR-107, 19 % and miR-223, 20 %).

4. Discussion

In this study, we present a multiplex dPCR assay allowing the
simultaneous detection and quantification of six miRNAs. To the best of
our knowledge, this is the first dPCR assay targeting such a high number
of miRNAs simultaneously.

dPCR shows improved flexibility for the handling of variable
numbers of samples, has a shorter time to results, which can be obtained
at much lower cost, and does not require a bioinformatic infrastructure
for data analysis and interpretation compared to next generation
sequencing-based assays. The shorter time to results, lower cost and
easier interpretation of the obtained results might be of special impor-
tance for timely clinical decision making when dynamically monitoring
treatment response and/or disease progression [36,37]. On the other
hand, dPCR can only analyse a limited number of targets and thus re-
quires prior knowledge on targets and is not well suited for the discovery
of novel biomarkers. dPCR assays show improved sensitivity and
signal-to-noise ratio compared to qPCR-based assays and are less
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Figure 5. 6-plex assay reproducibility. A. Detected concentrations (cp/pL) for the six targeted miRNA in six blood samples for three separate RT reactions. B.
Coefficient of variations for the six targeted miRNAs (without miR-107 and miR-223 for sample R8 due to very low concentrations).
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susceptible to be influenced by PCR inhibitors [1,20,38]. dPCR has
become a method of choice in laboratories performing clinical analyses,
particularly mutation detection, detection of pathogens including
COVID-19 and titration of vectors for gene therapy applications, but also
DNA quantity and quality measures due to the relatively simple work-
flow and high sensitivity allowing to detect a specific signal against a
large background [39-45].

Proof-of-concept studies have demonstrated the capacity of dPCR to
accurately analyse miRNA including from liquid biopsies [19,46].
However, dPCR is not yet used in routine for miRNA analysis. This is at
least partly due to the challenging design due to the limited size of the
analyte, complexity of multiplexing with established technologies and
the limitations on the biological material. Panels of miRNAs need to be
analysed for most applications to achieve sufficient sensitivity and
specificity requiring multiple reactions to be carried. For example, to
determine the tissue of origin for metastatic cancer of unknown primary
site, 13 reactions targeting a single miRNA were required [24]. While for
the analysis of miRNAs from tumour tissue, the quantity of the required
material is likely to be compatible with the analysis of multiple miRNAs,
the required multiple parallel reactions will reduce the biological ma-
terial available for other applications such as genetic profiling and
pathological evaluation [24]. However, the quantity of miRNAs that can
be obtained by non- or minimal invasive sampling from serum, plasma
or other biofluids (liquid biopsy), is generally limited, especially if the
miRNA content of exosomes and other extracellular vesicles is of inter-
est. This precludes the analysis of a large number of miRNAs in parallel
using qPCR-based assays. The implementation of multiplex dPCR assays
addresses these challenges by including all targets in a single reaction,
simplifying the workflow and limiting the required input.

An important advantage of our developed assay system is the pos-
sibility to switch between the Sapphire chips analysing four samples per

chip and the Ruby chips analysing 16 samples per chip without the need
for re-optimizing the reaction conditions. This will allow to develop the
assay on the Sapphire chips and then perform routine analysis more cost-
effectively on the Ruby chips. Analysis using the Ruby chips halves the
cost per assay compared to the Sapphire chips, while allowing to analyse
four times more samples in parallel and up to 144 samples on a working
day. The flexibility might also be useful to adapt clinical applications to
the number of samples that needs to be analysed reducing the time to
results in case of need.

Intercalating dyes have been frequently used when only one or two
miRNAs are targeted in an assay. The small size of miRNAs imposes
significant challenges on the assay design, as it does not allow for the
annealing of non-overlapping primers and a hydrolysis probe, which is
mandatory for highly multiplexed miRNA assays. Three main strategies
have been developed for increasing the size of the amplicon including
ligation of primers/adaptors, polyadenylation of the mature miRNAs
followed by a primer annealing partially to the poly-A tail or the use of
stem-loop primers. Ligation based approaches are commonly used in
sequencing-based approaches and have also been combined with dPCR
[47]. However, ligation-based approaches are subject to a substantial
bias depending on the type and sequence of the small RNA analysed and
do not represent faithfully the distribution of miRNAs in the original
biological sample [48].

Polyadenylation of miRNAs followed by amplification with a poly-T
containing universal reverse primer as used in the miRCURY assays
(Qiagen) has been shown in combination with LNAs to achieve high
specificity [18]. This approach allows, at least in theory, for the
amplification of all miRNAs with the same efficiency. However, due to
the limited size of unique sequence, this design is difficult to use in
combination with hydrolysis probes, which are a pre-requisite for mul-
tiplexing. The hydrolysis probe would partly overlap with the poly-A tail
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and thus likely create unspecific signals due to the interaction with the
poly-A tail of the different miRNAs. Furthermore, approaches based on
poly-A tailing are unable to distinguish between mature miRNAs and
pre-miRNAs.

The third approach, also used in the present study, uses thermostable
stem-loop primers for the initial miRNA-specific reverse transcription
step, creating an amplicon of sufficient size to place the two primers and
the hydrolysis probe. While this approach significantly reduces the
shortcomings associated with the other approaches, it should nonethe-
less be noted that each stem-loop primer has a specific 3' end comple-
mentary to the targeted miRNA requiring thus a different stem-loop
primer for each miRNA targeted. While this might be more costly during
the optimisation phase than the other approaches, this cost is negligible
for miRNA panels used on a large number of samples. The use of stem-
loop primers reduces potential background from non-targeted and
thus not amplified miRNAs. Stem-loop primers, similar to the one we use
in the present study, are highly multiplexable analysing up to 220
miRNAs in a single cell [33]. In our study the designs were specific to the
targeted miRNAs and no amplification was observed when the target
miRNA was omitted from the analyses (Fig. 3, Supplemental Fig. 10). A
pool of random miRNA sequences did also not show any unspecific
amplification. Nonetheless, the potential cross-reactivity and
non-specific amplification remains to be investigated in more detail for
miRNAs with high sequence homology as well as in the presence of
several isoforms of a miRNA of interest (isomiRs). Stem-loop based
primers have been reported to not discriminate sufficiently between
sequence variation at the 3’ end [49].

One of the major advantages of dPCR is its ability for absolute
quantification of some target molecules such as genetic variation or
viral/bacterial sequences abolishing the need for calibration curves or
standards [1]. Due to the presence of a single target molecule in each
droplet, PCR efficiency biases are eliminated. Here, we show that due to
the necessity to incorporate a reverse transcription step, the capacity for
precise absolute quantification is lost. However, relative quantification
is achieved with high accuracy and linearity as demonstrated by the high
correlation coefficients between the expected and measured concen-
trations of the miRNAs. Therefore, absolute quantification of miRNAs
can be achieved through the establishment of standard curves for the
miRNAs of interest. Nonetheless, as we observed approximately
12-times less copies/pL as expected, it will be important for clinical
applications to include only miRNAs that are expressed at a sufficiently
high level to be reliably detected (100 cp/pL) and that differ sufficiently
for the phenotype of interest to ensure accurate discrimination. With a
coefficient of variation not exceeding 30 % for the lowly expressed
miRNAs, a 1.5-fold difference in expression should allow robust
discrimination.

The high reproducibility between independent dPCR runs and RT
reactions as shown in Fig. 5 will allow establishing the standard curves
once for an assay panel and its further use for calculating absolute copy
numbers/pL of the samples. It should be pointed out that the expected
concentration of the miRNAs is based on the concentration provided by
the oligonucleotide supplier and there is currently no method available
that would allow us to determine the actual concentration more
accurately.

While in the present study we have targeted six different miRNAs
expressed in the THP-1 cell line, the addition of one or several reference
miRNAs could be used to improve absolute quantification. Normal-
isation strategies based on the global mean have been found to be most
accurate for normalizing microRNA data [50], but are difficult to
implement for dPCR due to the limited number of miRNAs that can be
analysed. The choice of reference miRNAs will strongly depend on the
tissue or cells targeted and widely used reference RNAs such as the small
nuclear RNAs U6 or U44 have been shown to display high variation and
in many cases perform less well compared to endogenous RNAs high-
lighting the need for references from the same class of RNA molecules
[51-53]. The use of the geometric mean of several endogenous RNAs as
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reference RNAs validated for the specific application of the dPCR
multiplex assay would allow improved quantification, but probably
require a separate assay to be performed. This assay could also contain
other quality control measures such as a control for haemolysis for liquid
biopsy samples, commonly measured by the ratio between miR-451 and
miR-23a [54]. Specific exogenous miRNAs spiked in the reaction already
during RNA extraction such as cel-39-3p would in addition allow cor-
recting for technical issues and sample-dependent performance of the
reactions with a single assay.

We also investigated the feasibility and reproducibility of our assay
in biological samples. The six assays were optimised to perform similarly
on the different miRNAs leading to similar levels of quantification.
However, the assay targeting let7a led to a complete saturation of the
respective fluorescent channel in the CD14" monocytes pointing to the
need to take expression levels of the targeted miRNAs into account early
during the assay development in the same type of samples that will be
subsequently analysed. As demonstrated for miR-140 during the opti-
misation of the assay and let7a for the analysis of the samples, reducing
the amount of the stem-loop primer is an easily applicable method to
decrease the signal for this miRNA while the performance of the
detection of the other miRNA remains unaffected. Increasing the signal
by increasing the stem-loop primer concentration to some extent might
therefore be a viable alternative for some assays (Supplemental Fig. 5).
Adjusting the stem-loop concentration can therefore be used to modu-
late the measured concentration of the target miRNAs and further
reduce the limited variability between the different miRNA assays
(Fig. 4D). dPCR assays analysing mutations or quantifying viral se-
quences have demonstrated high interlaboratory reproducibility [55,
56]. The development and analysis of miRNA signatures and their
translation into the clinics has been hampered by assay-inherent biases
as well as variability in the collection and pre-analytical treatment of the
samples, which can lead to an altered representation of the miRNAs in
the sample [6,48]. Furthermore, different enzymes or commercial kits
used for the RT step are likely to have an impact on the measured
expression level as previously shown for gene expression analysis by
dPCR [57]. To enhance interlaboratory reproducibility, it will be
important to provide standard operating procedures for the
pre-analytical treatment as well as define all reagents prior to the dPCR
reaction.

While a very low background signal as determined by the LoB was
obtained for most of the targeted assay (<4 cp/pL for 5 out of 6 targets),
the miR-335 assay had a significantly higher background signal (33 cp/
uL) probably due to some interactions of the forward primer with the
stem-loop primer pool, although these interactions were considered to
be rather weak during the verification phase of the design. The limits of
detection were similar to those previously reported (50 cp/uL) [20] for
simplex assays suggesting that the multiplexing has no influence on the
sensitivity of the assays. The assay for miR-335 performed not optimally
with a higher background signal compared to the other assays. For the
current multiplex panel, we could have exchanged the miRNA for an
assay with a lower signal in the negative control, but we aimed to
evaluate the performance of such an assay on biological samples. For
clinical applications it might not always be possible to replace a miRNA
performing less well with another one having the same information
content. Due to the limited size of miRNAs, there are little possibilities
for a re-design. While we focussed on a single stem-loop primer back-
bone for the presented study, stem loop primers with a different
sequence have been published [58] and might reduce the observed in-
teractions. Another possibility would be to shorten the forward primer
by one or two bases and reinforce annealing to the targeted miRNA
through the inclusion of locked-nucleic acids as for the hydrolysis
probes. Our results demonstrate that despite the slightly increased
background, quantification remained accurate and reproducible allow-
ing thus to include such assays in the multiplex panel.

It is therefore likely that higher multiplexing factors can be achieved
allowing to further increase the number of targets that can be analysed
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in parallel. As stated, the RT reaction can be performed on a high
number of targeted miRNAs and is therefore not likely to present a
bottleneck for multiplexing although the chances for undesired in-
teractions between the probes, specific primers and the stem-loop
primers increase with their number and need to be carefully evalu-
ated. Previous work using a commercial assay with a stem-loop primer
design showed that non-specific signal only increased when more than
16 RT primers were pooled [20]. Beyond the use of different probe
concentrations for amplitude-based multiplexing, that is commonly used
for analysing more than one target in the same fluorescent channel, the
use of two or more different fluorophores with different emission in-
tensities in the same channel presents an interesting alternative as
exemplified in our study by the use of either TET or Yakima Yellow® in
the Teal channel. These approaches have been successfully applied to
other molecular targets [59] and are likely transferable to the analysis of
miRNAs although the impact of increased multiplexing on sensitivity
and specificity needs to be evaluated in detail as spectral overlap of the
fluorophores will impact these parameters. In addition, photobleaching
using a combination of photostable and photosensitive reporter fluo-
rophores in the same channel [60], population specific reporter assays
[61] and colour combination approaches have been recently devised
enabling to increase the multiplexing level up to a 16-plex assay for a
six-colour scanner [62]. By using two probes per target, each population
can be revealed in two colours expanding the number of targets per
assay detectable while maintaining a simple analysis framework. These
approaches have been mainly devised for the analysis of somatic mu-
tations, but are likely transferable to miRNA analysis. A large number of
different approaches for the multiplex analysis of miRNAs have been
devised using a variety of amplification and detection technologies [63].
Few of them have been combined with dPCR leaving ample space for
future developments. However, simplicity of data acquisition and
interpretation will be key for maintaining the required sensitivity and
specificity of the developed assays for clinical applications.

In the future, we will apply our method to the development of
miRNA signatures with potential clinical relevance that could assist in
clinical decision making. Besides the analysis of miRNAs in tissue and
cells, miRNAs as bioactive cargo of exosomes and other extracellular
vesicles have been implicated in deciphering diverse pathophysiological
conditions making them potential biomarkers and therapeutic targets
for a variety of diseases [64]. While the miRNA content of extracellular
vesicles can be analysed by smallRNA sequencing (e.g. [65]), targeted
analyses by qPCR are hampered by the limited available quantity and
abundance of the biomolecules in the samples. dPCR has proven to be
well suited for miRNA analysis from extracellular vesicles [20,46] and
multiplex miRNA assays will further increase its usefulness by enabling
the analysis of several miRNAs simultaneously reducing the required
quantity of biological material. The quantity of miRNAs we obtain from
liquid biopsies is compatible with the use in dPCR allowing probably for
several multiplex assays to be performed on each sample [65]. However,
appropriate normalisation strategies accounting for the overall miRNA
content of a sample will be required for the correct interpretation of the
results especially for longitudinal studies with multiple samples over
time.

5. Conclusions

miRNA signatures have great potential to contribute significantly to
the diagnosis of disease, monitor treatment response or detect disease
progression. However, current technologies are not well suited for the
use in clinical routine. dPCR has become a widely used method for
clinical applications such as analysis of somatic mutations and detection
of viral sequences, but has been little used for miRNA analysis. The
presented study represents a first proof-of-concept for the multiplexed
analysis of miRNAs using multi-colour dPCR demonstrating its feasi-
bility and applicability to clinical samples with high reproducibility.
Translation of already developed signatures into the proposed assay
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format could facilitate their uptake and implementation in clinical lab-
oratories. The presented assay is performed on commercial dPCR in-
strument and applies a frequently-used strategy for reverse
transcription. The assay has a short time to results and interpretation of
results is straightforward. The developed approach addresses thus an
important technology gap in the analysis of miRNAs with many clinical
applications.
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