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Objective: Quantification of small molecule numbers often requires preamplification to generate
enough copies for accurate downstream enumerations. Here, we studied experimental
parameters in targeted preamplification and their effects on downstream quantitative real-time
PCR (gPCR). Methods: To evaluate different strategies, we monitored the preamplification
reaction in real-time using SYBR Green detection chemistry followed by melting curve analysis.
Furthermore, individual targets were evaluated by gPCR. Result: The preamplification reaction
performed best when a large number of primer pairs was included in the primer pool. In
addition, preamplification efficiency, reproducibility and specificity were found to depend on
the number of template molecules present, primer concentration, annealing time and annealing
temperature. The amount of nonspecific PCR products could also be reduced about 1000-fold
using bovine serum albumin, glycerol and formamide in the preamplification. Conclusion: On
the basis of our findings, we provide recommendations how to perform robust and highly

accurate targeted preamplification in combination with gPCR or next-generation sequencing.

Kevworbs: experimental design ¢ multiplex PCR e preamplification e primer-pools ¢ quantitative real-time PCR

o single-cell analysis e targeted preamplification

Today, many research studies and clinical
assessments are based on DNA and RNA analy-
ses of limited sample sizes, including rare tis-
sues, liquid biopsies, fine-needle aspirates and
single cells. Numerous techniques to analyze
individual cells are available, and single-cell
analysis has become a powerful tool to identify
and characterize distinct cell types and cell
states, as well as to decipher molecular processes
relevant in development and disease [1-4].
Single-cell studies have revealed large cell-to-cell
variability, even within seemingly homogenous
populations, and we have only started to under-
stand the role and importance of different
molecular concentrations their
impact on cellular functions and signaling [56].
The analysis of DNA and RNA in a few or
single cells with quantitative real-time PCR

in cells and

(qPCR) or next-generation sequencing usually
requires that the material is preamplified to a
that s with method

level compatible

constraints (Fcure 1A). Preamplification can be
either global, targeting all molecules in an unse-
lective manner (78], or specific, targeting
sequences of interest only [9-13]. The most com-
mon strategy for targeted preamplification is
based on multiplex PCR using pools of specific
primer pairs [14]. The preamplification PCR is
performed in a limited number of cycles to
avoid competition for reagents among the par-
allel reactions. To reduce the formation of non-
specific PCR  products, the applied primer
concentration is 10-20 times lower than a stan-
dard PCR. To compensate for the lower primer
concentration, the annealing time is usually
extended up to several minutes. The properties
and limitations of targeted preamplification in
DNA and ¢DNA quantification are poorly
understood, despite its wide application.

In this work, we studied targeted preamplifi-
cation in detail. To assess its overall perfor-
mance, we monitored the preamplification
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Figure 1. (A) Overview of RNA and DNA analysis using gPCR and next-generation sequencing for small sample sizes. (B) Experimental

setup evaluating the properties of targeted preamplification.

reaction in real-time using SYBR Green I detection chemistry
followed by melting curve analysis. Furthermore, the formation
of specific amplicons was evaluated with standard qPCR
(Ficure 1B). We estimated the impact of assay numbers used, tem-
plate and primer-pool concentrations, annealing-time and tem-
perature on the reproducibility, specificity and efficiency of
targeted preamplification. To minimize the amount of formed
nonspecific PCR products, several additives were tested. Alto-
gether, our data allow us to provide general recommendations
for accurate targeted DNA and ¢cDNA preamplification.

Methods

Cell culture & single-cell collection

All cell lines were cultured at 37°C and 5% CO,. The myxoid
liposarcoma cell lines MLS1765-92 and DL221 were cultured
in RPMI 1640 GlutaMAX medium supplemented with 5%
fetal bovine serum, 50 U/ml penicillin and 50 pg/ml

streptomycin (all Life Technologies). MCF-7 cells and experi-
mentally generated cancer-associated fibroblasts [15] were cul-
tured in DMEM medium supplemented with 10% fetal bovine
serum, 2 mM L-glutamine and 1% penicillin/streptomycin (all
PAA).

For single-cell collection, MCF-7 cultures were washed with
1X PBS, pH 7.4 (Sigma-Aldrich) and enzymatically dissociated
with 0.25% Trypsin-EDTA (PAA). Dead cells were removed
with the MACS Dead Cell Removal Kit (Miltenyi Biotec)
according to the manufacturer’s instructions. Cells were resus-
pended in 1X PBS, pH 7.4, supplemented with 2% bovine
serum albumin (Sigma-Aldrich) and kept at 4°C until sorting.
Cell aggregates were removed by filtering through a 35 um cell
strainer (BD Biosciences). Individual cells were sorted into
96-well PCR plates (Life Technologies), containing 5 pul
1 ug/ul bovine serum albumin and 2.5% glycerol (Thermo
Scientific) in DNase/RNase-free water (Life Technologies)
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using a BD FACSAria II (Becton Dickinson) instrument and
the FACSDiva software as previously described [16]. Sorted
plates were immediately frozen on dry ice and stored at —80°C.

RNA extraction & reverse transcription

Total RNA was extracted from DL221, MLS1765-92 cell lines
and experimentally generated cancer-associated fibroblasts using
the RNeasy Mini Kit, including DNase treatment (Qiagen).
RIN values were determined with the 2100 Bioanalyzer Instru-
ment (Agilent Technologies) and were larger than nine for all
RNA samples. Reverse transcription was performed with Super-
Script III reverse transcriptase (Life Technologies) (17). To each
sample containing 500-1000 ng total RNA, 0.5 mM dNTPs,
2.5 UM random hexamers and 2.5 UM oligo(dT;s) primers
(all Sigma-Aldrich) were added to a total volume of 6.5 pl.
Samples were incubated at 65°C for 5 min and subsequently
cooled on ice. 100 U SuperScript III, 20 U RNaseOUT,
5 mM dithiothreitol, 50 mM Tris-HCI, pH 8.3, 75 mM KClI
and 3 mM MgCl, (all Life Technologies, final concentrations
are shown) were added to a final volume of 10 pl. The follow-
ing temperature profile was applied: 25°C for 5 min, 50°C for
60 min, 55°C for 15 min and 70°C for 15 min. cDNA was
diluted to a concentration corresponding to 1 ng/ul with
nuclease-free water and stored at —20°C.

Single MCF-7 cell ¢cDNA synthesis was performed using
TATAA GrandScript cDNA Synthesis Kit (TATAA Biocenter).
Briefly, 2 pl 5X TATAA GrandScript RT Reaction Mix,
0.5 ul TATAA GrandScript RT Enzyme and 2.5 pl water were
added to a final volume of 10 pl. The following thermal pro-
gram was used: 22°C for 5 min, 42°C for 30 min and 85°C
for 5 min and samples were stored at —20°C.

PCR assays & quantitative real-time PCR

Quantitative PCR was performed in 6 pl reactions utilizing the
2X TATAA SYBR GrandMaster Mix (TATAA Biocenter),
400 nM of each primer (Sigma-Aldrich) and 2 pl template. PCR
assays were designed for 96 human transcripts, applying Primer-
BLAST [18). In silico oligonucleotide secondary structure prediction
was performed with NetPrimer (PREMIER Biosoft International).
Detailed primer information is provided in (Sveriementary Taste 1
[supplementary material can be found online at www.informa-
healthcare.com/suppl/14737159.2015.1057124]). All assays were
target specific, highly sensitive and exhibited a high dynamic range
and reproducibility (19]. No additional nonspecific PCR products
were formed within 45 cycles of amplification. All assays have
been applied for single-cell gene expression profiling on different
cell types, including fibroblasts, myxoid liposarcoma and breast
cancer cell lines (data not shown) as described [1220]. To test for
specificity all PCR products were subjected to melting curve anal-
ysis and were further validated by gel electrophoresis. Quantitative
PCR was performed in a CFX384 Touch Real-Time PCR Detec-
tion System (Bio-Rad), applying the following thermal protocol:
95°C for 2 min, followed by 40 cycles of amplification (95°C for
5's, 60°C for 20 s and 70°C for 20 s). Melting curve analysis was
performed in the range of 60°C to 95°C, 0.5°C per 5 s

increments. Cycle of quantification (Cq) values were determined
by the second derivative maximum method. Preamplification effi-
ciencies were estimated from standard curves with GenEx (Mul-
tiD Analyses). All qPCR experiments were conducted in
accordance with the Minimum Information for Publication of
Quantitative Real-Time PCR Experiments (MIQE) guidelines [21].
Single-cell data were preprocessed as described [22], and absolute
quantification of each cDNA species was performed with known
DNA standards [20). Missing single-cell data were assigned a value
of 0.5 cDNA molecules to calculate the geometric mean.

Generation of DNA standards

Reverse transcribed RNA from MLS1765-92, D1221 cells and
experimentally generated cancer-associated fibroblasts was used
as template in qPCR to generate PCR product standards for all
experiments in this study. Specific PCR products were purified
with the MinElute PCR Purification Kit (Qiagen) and eluted
in EB buffer. DNA concentration was quantified with the
Qubit dsDNA HS Assay Kit on the Qubit Fluorometer (Life
Technologies) and converted to molecules per microliter [23].
Concentrations of all PCR products were adjusted to 5 X 10°
molecules per pl and stored at —20°C.

Targeted DNA preamplification

Preamplification was performed under various experimental
conditions: a detailed summary of all tested parameters is
shown in Taee 1. Targeted preamplification was performed in
10 pl reactions, or in 20 pl reactions for MCF-7 single-cells,
using 2X TATAA SYBR GrandMaster Mix, 40 nM of each
primer and 0.1-2.0 pul template. Identical primer pairs were
applied for targeted preamplification and downstream qPCR.
One hundred purified DNA molecules of each target sequence
were used as template if not stated otherwise. The following
thermal profile for targeted preamplification was applied on a
T100 Thermal Cycler (Bio-Rad): 95°C for 3 min, followed by
20 cycles of amplification (95°C for 20 s, 60°C for 3 min and
72°C for 20 s). After the final extended (10 min) elongation
step, the samples were immediately frozen on dry ice, slowly
thawed on ice, diluted 1:20 in 10 mM Tris and 1 mM EDTA,
pH 8.0 (Life Technologies) and stored at —20°C until analysis.
Individual ~assay performance was analyzed on the
CFX384 Touch Real-Time PCR Detection System or on the
BioMark high-throughput qPCR platform (Fluidigm).

To monitor the targeted preamplification reaction in real
time, we used SYBR Green I detection chemistry in the
CFX384 Touch Real-Time PCR Detection System. The fol-
lowing thermal protocol was used: 95°C for 3 min, followed
by 35 cycles of amplification (95°C for 20 s, 60°C for 3 min
and 72°C for 20 s). Melting curve analysis was performed in
the range of 60°C to 95°C, 0.5°C per 5 s increments. Cq val-
ues were determined using a threshold.

Preamplification additives
The effects of 18 different PCR additives on the preamplifica-

tion reaction were evaluated (final tested concentrations are
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Table 1. Summary of analyzed parameters for targeted preamplification.

Template concentration 40 96
(FiGure 2)

Template concentration 40 96
(FiGure 3)

Number of 40 6, 12, 24,
assays (FiGure 4) 48, 96
Primer concentration 10, 40, 160, 240 96
(FIGURE 5)

Annealing temperature 40 96
(FiIGURE 6)

PCR Additives 40 96
(FiGure 7)

shown): 7-deaza-2’-deoxyguanosine 5'-triphosphate lithium salt
(50 and 100 uM; Sigma-Aldrich), ammonium sulfate (10 and
15 mM; Sigma-Aldrich), betaine (0.25 and 0.50 M; Sigma-
Aldrich), bovine serum albumin supplied at 20 mg/ml in
10 mM Tris-HCI, 100 mM KCI, 1 mM EDTA and 50% glyc-
erol (1 and 2 pg/ul; Thermo Scientific), D-(+)-trehalose dehy-
drate (0.15 and 0.30 M; Sigma-Aldrich), dimethyl sulfoxide
(1%; Sigma-Aldrich), dithiothreitol (1.5 and 3.0 mM; Life
Technologies), formamide (0.5 M; Sigma-Aldrich), gelatin
(0.01 and 0.10%; Sigma-Aldrich), glycerol (2.5 and 5.0%;
Sigma-Aldrich), IGEPAL CA-630 (0.25 and 0.50%, Sigma-
Aldrich), L-carnitine inner salt (0.25 and 0.50 M; Sigma-
Aldrich), GenElute-LPA (50 and 100 ng/pl; Sigma-Aldrich),
polyinosinic:polycytidylic acid potassium salt (5 and 50 ng/ul;
Sigma-Aldrich), tetramethylammonium chloride (30 and
60 mM; Sigma-Aldrich), Triton X-100 (0.2 and 0.4%; Sigma-
Aldrich), TWEEN 20 (0.10 and 0.50%, Sigma-Aldrich) and
yeast tRNA (50 and 100 ng/ul, Life Technologies).

High-throughput quantitative real-time PCR

High-throughput qPCR was performed on the BioMark system
using the 96.96 Dynamic Array Chip for Gene Expression and
EvaGreen-based detection. Each 5 pul sample reaction contained 2
pl diluted preamplification product as template, 2.5 pl SsoFast
EvaGreen SuperMix (Bio-Rad), 0.25 pl DNA Binding Dye Sam-
ple Loading Reagent (Fluidigm), as well as 0.01 ul ROX (Life
Technologies, final concentration in the sample mix was 50 nM)
and water. The 5 pl assay reaction mix contained 2.5 pl Assay
Loading Reagent (Fluidigm) and 2.5 pl of 10 UM mix of reverse
and forward primer. Priming and loading of the dynamic array
were performed according to the manufacturer’s instructions using
the IFC controller HX. The temperature profile was thermal mix-
ing at 70°C for 40 min and 60°C for 30 s, followed by hot start
activation at 95°C for 60 s and 40 cycles of amplification (96°C
for 5 s and 60°C for 20 s). Melting curve analysis was performed

3 60 6 x 100 molecules

+ 90 x 0-107 molecules
3 60 95 x 100 molecules

+ 1 x 100-10° molecules
05, 3,8 60

96 x 100 molecules
0.5, 3, 8 60 96 x 100 molecules
3 55.0, 56.8, 58.8, 96 x 100 molecules

61.3, 63.3, 65.3

3 60

96 x 100 molecules

in the range of 60°C to 95°C at 0.5°C per s increments. Amplifi-
cation data were analyzed with the Fluidigm Real-Time PCR
Analysis software, applying the linear derivative baseline subtrac-
tion method and a user-defined global threshold to obtain Cq-val-

ues. Melting curve analysis was performed on all the samples.

Results

To study targeted preamplification, we used 96 individually
optimized qPCR assays (Sverementary Tase 1). To control and
monitor the effect of variable numbers of molecules, we gener-
ated DNA standards based on PCR products for each assay.
Preamplification efficiencies of all 96 multiplexed assays were
evaluated with standard curves, ranging from 5 to 5120 DNA
molecules, applying optimal run conditions: 40 nM of each
primer, 60°C annealing temperature and 3 min annealing
time. The overall preamplification efficiency was 101.4%
(Zl: 3.5%, 95% Conﬁdence) (SurPLEMENTARY FIGURE 1). Individual assay
efficiencies are provided in Suerementary Tame 1. Five of the
96 assays failed in the preamplification reaction.

To investigate the preamplification reaction in detail, we ana-
lyzed the performance of the total amount of PCR products
formed and each individual assay (Ficure 1B). Individual assays
were evaluated with downstream qPCR after 20 cycles of pream-
plification, while the overall preamplification performance was
monitored over 35 cycles in a real-dme qPCR instrument using
SYBR Green I detection chemistry. Here, we refer to the latter
method as analysis of preamplification. The rationale behind run-
ning 35 cycles preamplification was to produce sufficient amount
of DNA for melting curve analysis, which allowed us to distin-
guish between specific and nonspecific PCR products. Applying
such large number of cycles drives the reaction beyond its expo-
nential phase, which may alter the ratio of specific to nonspecific
PCR products. Still, the analysis of preamplification proved to be
the most informative tool providing important insights into the
reaction mechanism of targeted preamplification.
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The optimal number of preamplification cycles depends on
the downstream application, here qPCR. In qPCR, the varia-
tion across reaction chambers attributable to the Poisson noise
leads to substantial uncertainty in the measured cycle of quanti-
fication (Cq). Theoretically, applying the Poisson distribution,
with an average of 5 molecules per reaction chamber, we calcu-
late 99.3% probability that a reaction chamber will contain at
least one molecule. An average of about 35 molecules per reac-
tion chambers is needed to reduce the variation in Cq due to
the Poisson effect below the variation observed for typical
qPCR [11,14]. Following preamplification, samples are diluted to
inactivate the enzymatic activity still present in the reaction
tube and because of the sample loading architecture of high-
throughput qPCR platforms. Taking the dilution into account
and considering the effect of Poisson noise, we can calculate
the number of preamplification cycles required to produce suf-
ficient amount of amplicons for reliable detection and repro-
ducible quantification of the targets in downstream qPCR
analysis. SurrLementary Ficure 2 shows that when starting with a
sample containing five target molecules, 19 preamplification
cycles are required to generate an average of five molecules per
reaction chamber in the BioMark high-throughput qPCR plat-
form assuming a preamplification efficiency of 80%. In this
study, our optimized assays displayed a preamplification effi-
ciency of approximately 100%, which results in an average of
36 molecules per reaction chamber (SurrLementary Ficure 2).

Dependence on target molecule numbers
To assess the dynamic range of preamplification, we performed
two experiments (Tasie 1). In the first experiment, the initial num-
ber of target molecules for six of the assays was 100 each per
reaction, while the initial number of target molecules for each of
the remaining 90 assays was varied from 0 to 107 per
reaction (Feure 2). In the second experiment, the initial number
of target molecules for each of the 95 assays was 100 per reac-
tion, and only for one assay (/GF2BP3) the initial amount of tar-
get molecules was varied from 100 to 10° per reaction (Ficure 3).
The preamplification was within dynamic range when 90 tar-
gets were initially present at <10* molecules of each per reaction,
while the other six target templates remained at a constant con-
centration of 100 molecules per reaction (Ficures 2a-2D). The pre-
amplification of all assays was inhibited when >10% molecules of
each for the 90 targets were added. However, when the target
concentration of only one assay was increased, the preamplifica-
tion of other assays was not affected (Ficures 3A-3D). The single
assay in this experiment was within dynamic range up to about
10° target molecules per reaction. In conclusion, the preamplifi-
cation dynamic range of an assay was dependent on the amount
of its target molecules and on the total number of target mole-
cules for all the preamplification assays.

Dependence on assay numbers

To assess the effect of different assay numbers in the preamplifi-
cation reaction, we amplified 6, 12, 24, 48 and 96 pooled
assays (Tame 1) and evaluated the amount of specific and

nonspecific PCR products (Fieure 4). The total amount of primers
increased with increasing assay number, but the primer concen-
tration of each primer was maintained at 40 nM. Analysis of pre-
amplification in Ficures 4A-4E shows that the total yield increased
with increasing assay numbers. The nontemplate controls, with
water replacing target molecules, displayed that also the amount
of nonspecific PCR product increased with assay number. The
most dramatic effect, ~1000 fold (~10 cycles) increase in the
amount of nonspecific PCR product formed, was observed when
increasing the number of pooled assays from 24 to 48. The
amplification curves for the template-containing samples exhib-
ited similar Cg-values as the nontemplate controls when muld-
plexing 48 or 96 assays, suggesting that specific and nonspecific
PCR products were formed at comparable rates. Similar results
were obtained with shorter (0.5 min) and longer (8 min) anneal-
ing times (SUPPLEMENTARY FIGURES 3 & 4).

The yields of individual assays in downstream qPCR analysis
increased with increasing assays in the primer-pool up to the
maximum number of 96 assays tested (Ficures 4F & 4G). In line
with these data, the preamplification reproducibility also
improved with increasing assay number (Ficures 4F & 4G). In con-
clusion, individual assays performed best in the preamplifica-
tion when high numbers of assays were multiplexed.

Dependence on primer concentration & annealing time
Next, we tested the effect of variable primer concentrations (10,
40, 160, 240 nM, final concentration of each primer) and dif-
ferent annealing times (0.5, 3 and 8 min) (Tame 1) simulta-
neously, due to their close inter-relationship in preamplification
(FiGures 5 & SuUPPLEMENTARY FIGURE 5). Analysis of preampliﬁcation
showed that the yields of specific and nonspecific PCR products
increased with increasing primer concentration and annealing
time (Ficures 5A-SE). The melting curves of the preamplification
products obtained with 3 min annealing revealed a shift from
specific to nonspecific PCR product formation when primer
concentrations were increased from 40 to 160 nM (Ficuze 5B).

The yields of individual assays in downstream qPCR analysis
were also dependent on primer concentration and annealing
time (Fieure 5F). Long annealing times (3 and 8 min) were supe-
rior than short (0.5 min), and primer concentrations in the
range of 40 to 240 nM outperformed 10 nM. However, at a
primer concentration of 40 nM, only a small percentage of the
negative controls formed nonspecific PCR products, while at
primer concentrations 2160 nM almost all negative controls
did. The preamplification reproducibility was highest at primer
concentrations 240 nM and annealing times 23 min (Ficure 5G).
In conclusion, optimal preamplification was obtained using
40 nM of each primer and 3 min or longer annealing time.

Dependence on annealing temperature

All primers in this study were designed to anneal to their target
sequence at 60°C. We evaluated preamplification performance
at annealing times ranging from 55.0°C to 65.3°C (Tase 1 &
Ficure 6). Analysis of preamplification revealed that higher anneal-
ing temperature decreased the yields of reactions containing
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Figure 2. Dynamic range of preamplification - the effect of total template concentration. The preamplification dynamic range
with six targets at a constant initial concentration, while increasing the amounts of the other 90 targets. Analysis of preamplification:
(A) preamplification response curves and corresponding (B) melting curves at six selected conditions. (C) Average Cq + SD (n = 3) of the
six assays kept at a constant initial template concentration of 100 molecules each per reaction. The linear fit is to guide the eye only.
(D) Average Cq + SD (n = 3) of six randomly selected assays from the preamplification with an initial template concentration of 0 to 107

molecules each. The linear fit is to guide the eye only.

template and nontemplate controls (Ficures 6A-6E). A gradual shift
from nonspecific toward specific PCR product formation was
observed with increasing annealing temperature (Ficure 6B). How-
ever, even at the highest tested annealing temperature (65.3°C),
the relative amount of nonspecific PCR products compared
with specific PCR products was maintained.

For downstream qPCR analysis of individual assays, optimal
yield was observed at an annealing temperature below 61.3°C,
while nonspecific PCR product formation decreased below 2%
when the annealing temperature was 58.8°C or higher
(Feure 6F). Highest reproducibility was obtained using low
annealing temperatures (Fieure 6G). In conclusion, highest yield,
specificity and  reproducibility preamplification  were
obtained at annealing temperatures between 58.8°C and
61.3°C, using assays designed to anneal at 60°C.

in

Effect of additives on the formation of nonspecific PCR
products

Analysis of preamplification revealed large amounts of nonspe-
cific PCR products being formed under most conditions
tested (Ficures 2-6). Therefore, we evaluated the effects of 18 dif-
ferent additives 1 & 2 in 35 reaction conditions
(Ficure 7A-70). We found that 1 and 2 ug/ul bovine serum albu-
min supplied with 2.5 and 5.0% glycerol, respectively, 5%
glycerol, 0.5 M formamide and 0.5 M L-carnitine reduced the
formation of nonspecific PCR products by 10 cycles
(~1000-fold) compared with preamplification  without
additives (Fioure 7C). As an example, Ficure 7A & 7B shows pream-
plification and melting curves generated in the presence of
1 pg/ul bovine serum albumin supplemented with 2.5% glyc-
erol relative to water controls.

(TABLES
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Figure 3. Dynamic range of preamplification — the effect of one target. The preamplification dynamic range of one assay at
variable initial target concentration measured in the background of 95 assays with constant target concentrations. Analysis of preamplifi-
cation: (A) preamplification response curves and corresponding (B) melting curves at six selected conditions. (C) Average Cq + SD (n = 3)
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template concentration of 10% to 10° molecules. The linear fit is to guide the eye only.

To further assess the function of additives, we performed
20 cycles of targeted preamplification with nine selected addi-
tives, followed by downstream qPCR analysis of the 96 individ-
ual assays (Ficure 7D). Here, preamplification without additives
was comparable with preamplification with additives in terms
of yield and specificity. Some conditions, especially 0.5 M
L-carnitine, not only generated lower amount of nonspecific
preamplification products but also decreased yields of specific
products. In conclusion, the use of 1 pg/ul bovine serum albu-
min supplemented with 2.5% glycerol and 0.5 M formamide
reduced the amount of nonspecific products formed during
preamplification, while maintaining high yield and specificity

of each specific qPCR.

Single-cell gene expression profiling using targeted
preamplification

Single-cell gene expression profiling usually requires targeted
preamplification when more than ten genes are analyzed in
downstream qPCR analysis [24]. To demonstrate the use of tar-
geted preamplification in single-cell analysis, we profiled 30 indi-
vidual MCE-7 cells. Single MCF-7 cells were collected with
fluorescence-activated cell sorting, lysed and all RNA were
reverse transcribed. Twenty percent of each cDNA sample was
used for analysis of preamplification (Ficure 8A & 8B) and another
20% was used for 20 cycles of targeted preamplification fol-
lowed by downstream qPCR analysis (Ficure 8C). Targeted pream-
plification for all single-cell analysis was performed with 1 pg/u
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Figure 4. Assay number dependence. The preamplification yield of specific and nonspecific PCR products formed when using 6, 12,
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Figure 5. The effect of primer concentration and annealing time. The preamplification yield of specific and nonspecific PCR products formed
using different primer concentrations (10, 40, 160 and 240 nM, final individual primer concentrations) and annealing times (0.5, 3 and 8 min). Analy-
sis of preamplification: preamplification response curves and corresponding melting curves for (A, B) positive samples and (C, D) negative controls.
Positive samples contained 100 initial molecules of each target. (E) Average Cq + SD for positive (n = 3) and negative samples (n = 3) using different
number of assays in preamplification. (F) High-throughput gPCR data of individual assays. Average Cq = SD (n = 3) is shown. The right y-axis indicates
the percentage of negative controls positive for nonspecific PCR product formation, calculated from the 91 assays performing accurately in the pream-
plification (ntota = 273, 3 negative gPCR controls per assay). (G) Average SD of Cq versus average Cg-value for all individual assays.

NTC: Non-template control.
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Figure 6. The effect of primer annealing temperature. Preamplification yields of specific and nonspecific PCR products formed as func-
tion of the annealing temperature used. Annealing temperatures ranged between 55.0 and 65.3°C. Analysis of preamplification: preamplifi-
cation curves and corresponding melting curves for (A, B) positive samples and (C, D) negative controls. Positive samples contained
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atures. (F) High-throughput gPCR data of individual assays. Average Cq = SD (n = 3) is shown. The right y-axis indicates the percentage of
negative controls positive for nonspecific PCR product formation, calculated from the 91 assays performing accurately in the preamplifica-
tion (Notal = 273, 3 negative gPCR controls per assay). (G) Average SD of Cq versus average Cg-value for all individual assays.

NTC: Non-template control.
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I bovine serum albumin supplemented
with 2.5% glycerol using the primer-pool
of all 96 assays. Ficure 84 & 8B indicate that
the amounts of specific PCR products
generated from all individual cells were
low, but detectable.

Downstream qPCR analysis allowed us
to estimate the number of cDNA molecules
per individual MCEF-7 cell using the gener-
ated DNA standards (Ficure 8C). As expected,
transcripts  showed lognormal features
among the individual cells (5. The tran-
script variability ranged about two orders
of magnitude for most genes. For RPS10
with highest geometric mean expression
(590 cDNA molecules), the cell with lowest
expression contained 180 cDNA molecules,
while the cell with highest expression con-
tained 1200 cDNA molecules. The num-
ber of cDNA molecules for the lowest
expressed gene, SOX9, with geometric
mean expression of 0.80 cDNA molecules
ranged between 0 and 24.

Discussion

Today, many clinical applications strive
toward the use of noninvasive sampling
strategies and small biopsies, including
fine needle aspirates and even single cells,
to detect and quantify biomarkers. Analy-
sis of liquid biopsies, most commonly
blood, is an attractive approach to diag-
nose and monitor patients over time,
since sample collection is standardized
and associated with low trauma. However,
analysis of biomarkers in liquid biopsies is
usually indirect, since target molecules
associated with the disease do not origi-
nate from the sampled liquid itself. For

Table 2. Summary of analyzed PCR additives applied for targeted

cDNA preamplification.

7-deaza-2’- Decreases secondary structures caused by [28,29]

deoxyguanosine GC-rich regions, lowers Tm

5’-triphosphate

Ammonium sulfate Alternative PCR buffer [30]

Betaine Decreases secondary structures caused by [29,31,32]
GC-rich regions, lowers Tm

Bovine serum albumin Stabilizing agent, carrier, reduce PCR [33-35]
inhibition

D-(+)-trehalose Decreases secondary structures caused by [36,37]
GC-rich regions, enzyme stabilizator

Dimethyl sulfoxide Decreases secondary structures caused by [29,32,38]
GC-rich regions, lowers Tm

Dithiothreitol Enzyme stabilizator [34]

Formamide Decreases secondary structures caused by [39]
GC-rich regions, lowers Tm

Gelatin Enzyme stabilizator, carrier [40]

GenElute-LPA (linear Carrier [41]

polyacrylamide)

Glycerol Lowers Tm, polymerase stabilizator [42]

IGEPAL CA-630 Surfactant [s]

L-carnitine Osmoprotectant [37]

Polyinosinic—polycytidylic ~ Carrier [43]

acid

Tetramethylammonium Increases primer specificity, increases relative [44-46]

chloride Tm of AT-rich regions

Triton X-100 Surfactant [47]

TWEEN 20 Surfactant [48]

Yeast tRNA Carrier [49]

Tm: Melting temperature.

example, circulating tumor cells and circulating cell-free tumor
DNA are derived from the primary tumor or metastases and are
therefore only present at low concentrations [2526]. In addition
to enumeration, circulating tumor cells also benefit from being
analyzed at the molecular level [27]. Analysis of circulating tumor
cells and circulating cell-free tumor DNA holds great promises
to add value in clinical decisions, but requires highly sensitive,
robust and specific technologies [25-27]. The preferred strategy to
quantify multdple DNA or ¢cDNA targets in biological samples
of limited size is to first preamplify the material, which theoreti-
cally allows for the analysis of any target sequence by down-
stream  qPCR  or next-generation sequencing. Optimized
preamplification protocols typically show high sensitivity, speci-
ficity, efficiency, reproducibility and dynamic range. Targeted
preamplification is usually conducted as a multiplex PCR,
restricting the amplification to the sequences of interest

only [9-13]. Multiplex PCR is a highly complex reaction where
the simultaneous amplification of many targets may interfere.
Here, we have studied several properties of targeted preamplifi-
cation and their effects on downstream qPCR analysis.

Robust preamplification requires that the reaction is within its
dynamic range. On the one hand, we need to generate sufficient
numbers of molecules for reliable detection and accurate quanti-
fication. On the other hand, we should not cycle the reaction
beyond its exponential phase. Highly abundant RNAs, such as
18S, are commonly targeted in gene expression profiling, but
their inclusion in preamplification is usually not recommended.
However, here we demonstrate that the presence of one target in
high concentration does not necessarily affect the quantification
of other targets if the primer concentration becomes the limiting
factor. For single-cell experiments analyzed on the high-
throughput BioMark platform preamplification is usually
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Figure 7. The effect of additives on preamplification specificity and efficiency. The yield and specificity of preamplification were evalu-
ated at 35 conditions using 18 different additives. Analysis of preamplification: (A, B) preamplification response curves and corresponding melt-
ing curves for reactions in the presence of 1-ug/ul bovine serum albumin with 2.5% glycerol or water. (C) Average Cq + SD for positive (n = 3)
and negative samples (n = 3) applying different conditions for preamplification. ACq refers to the difference in Cg-values between positive and
negative samples for each condition. Conditions are sorted according to ACg-value. (F) High-throughput gPCR data of individual assays for nine
selected conditions. Average Cq + SD (n = 3) is shown. The right y-axis indicates the percentage of negative controls positive for nonspecific PCR
product formation, calculated from the 91 assays performing accurately in the preamplification (nyota1 = 273, 3 negative gPCR controls per assay).
7-deaza-dGTP: 7-deaza-2’-deoxyguanosine 5’-triphosphate lithium salt; BSA: Bovine serum albumin; DMSO: Dimethyl sulfoxide; DTT: Dithio-
threitol; LPA: GenElute-LPA; NTC: Non-template control; Poly(l:C): Polyinosinic—polycytidylic acid potassium salt; TMA Cl: Tetramethylammo-
nium chloride.
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Figure 8. Single-cell analysis. Gene expression profiling of 30 individual MCF-7 cells using targeted preamplification. Analysis of
preamplification: (A) preamplification curves and corresponding (B) melting curves for reactions in the presence of 1 pg/ul bovine serum
albumin and 2.5% glycerol. (C) Dot plots displaying the expression pattern of 10 selected genes.

conducted for 20 cycles [11]. Yet, for samples with higher initial
template concentrations fewer cycles should be applied to avoid
exiting the exponential phase. Parameters, comprising the dNTP
concentration, reaction volume and template concentration,
determine the number of preamplification cycles that can be per-
formed and still keep the reaction within its dynamic range. Our
experimental data (Fieore 2) showed that up to ~10° initial target
molecules in total could be accurately preamplified for 20 cycles.
In practice, when setting up preamplification for samples of
unknown target concentrations, one may initially analyze a few
selected, ubiquitously expressed transcripts, such as GAPDH or
ACTB, by regular qPCR and based on these data design the pre-
amplification protocol. As presented here, it is also possible to
validate the preamplification protocol using a nonspecific
reporter such as SYBR Green I and test for appearance of the
preamplification response curve and specific product formation
by melting curve analysis.

Analysis of highly multiplexed preamplification revealed that
large quantities of nonspecific PCR products were formed.
This was due to the high total primer concentration and the
presence of numerous different primers. Counter-intuitively,
the overall performance of individual assays in downstream
qPCR analysis improves with increasing number of assays
included in the preamplification. This may be explained by
the fact that nonspecific PCR products formed during pream-
plification will only interfere with the downstream singleplex
PCR if the particular nonspecific PCR product is complemen-
tary to the two primers used in the singleplex PCR. Hence,
the larger the number of primers used in the preamplification
the larger is the number of possible primer-to-primer interac-
tions that may occur, increasing the amount of aberrant PCR
products. However, the probability that the downstream sin-
gleplex qPCR is contaminated by carryover of a nonspecific
PCR product that is complementary to the primers of that
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particular qPCR assay decreases as the total number of primers
increases.

Primer concentration, temperature and duration of the
annealing step are dependent factors in preamplification. To
reduce nonspecific PCR product formation in multplex PCR,
the primer concentrations are reduced tenfold for the preampli-
fication compared to normal singleplex PCR. To maintain
high preamplification efficiency applying low primer concentra-
tion, the annealing time is extended, usually to 3 min or
longer. The rationale for this is that primers at lower concen-
trations need more time to locate to their specific target
sequences. All primers applied in this study were designed to
have a melting temperature around 60°C. As expected, the pre-
amplification performed best using a similar annealing
temperature.

In an attempt to reduce nonspecific PCR product formation,
we evaluated the effects of several PCR additives that may
improve enzymatic reactions involving nucleic acids (Taste 2).
Several of the additives reduced the formation of nonspecific
PCR products in preamplification, but did not improve the
performance of the individual assays. Most likely, this is
because our assays were extensively optimized for high effi-
ciency, specificity and sensitivity. For less optimized assays, or
in the context of next-generation sequencing where extensive
formation of nonspecific PCR products may steal sequencing
capacity and reduce the amount of informative reads, additives
such as bovine serum albumin in combination with glycerol or
formamide may improve performance.

On the basis of our findings presented here, we provide
the targeted
preamplification:

following recommendations for accurate

e The number of preamplification cycles should be sufficient
to produce at least five (accurate sensitivity), but preferably

35 (accurate precision), molecules per aliquot used in down-
stream qPCR.
A few highly abundant targets will not affect the preamplifi-

cation performance of other assays.

e It is advantageous to wuse a large

assay pool in
preamplification.

A final individual primer concentration of about 40 nM.

e Primer annealing at 60°C for 3 min or longer.

Acknowledgements
The authors are grateful to S Dolatabadi for primer design and to
S Busch for scientific discussion of data.

Financial & competing interests disclosure

A Stahlberg is supported by the Assar Gabrielssons Research Foundation,
LUA/ALF Vastra Gotaland, Joban Jansson Foundation for Cancer
Research, Swedish Cancer Society, Swedish Society for Medical Research,
Swedish Research Council, Swedish Society for Medicine, BioCARE
National Strategic Research Program at University of Gothenburg,
VINNOVA, Wilhelm and Martina Lundgren Foundation for Scientific
Research and Ake Winbergs Foundation. A Stahlberg is a shareholder of
the TATAA Biocenter. M Kubista is supported by grants ERDF
(LK21305 and BIOCEV CZ.1.05/1.1.00/02.0109), Ministry of Youth,
Education and  Sports of the Czech Republic (AV0Z50520701).
M Kubista is a shareholder and employee of the TATAA Biocenter and
MultiD Analyses. G Landberg is supported by the Swedish Research Coun-
cil, BioCARE National Strategic Research Program at University of Goth-
enburg, VINNOVA and Swedish Cancer Society. D Svec is supported by
the Academy of Science, Czech Republic. D Svec is a shareholder of the
TATAA Biocenter. The authors have no other relevant affiliations or
financial involvement with any organization or entity with a financial
interest in or financial conflict with the subject matter or materials
discussed in the manuscript apart from those disclosed.

Key issues

 Analyses of limited sample sizes, including rare tissues, liquid biopsies, fine-needle aspirates and single cells are becoming important in

numerous research and clinical assessments.

or next-generation sequencing.

Quantification of small numbers of DNA and RNA molecules usually requires preamplification for accurate analysis by downstream gPCR

e The most common strategy for targeted preamplification is based on multiplex PCR using pools of specific primer pairs, but the

properties of the reaction are poorly understood.

melting curve analysis.

The overall performance of target preamplification can be studied in real-time, using SYBR Green | detection chemistry followed by

The applied number of preamplification cycles should be sufficient to produce at least five (accurate sensitivity), but preferably

35 (accurate precision), molecules per aliquot used in downstream gPCR.
e The amount of initial template molecules, number of assays used, primer concentration, annealing time and annealing temperature are

key parameters that influence the sensitivity, specificity, efficiency and reproducibility of targeted preamplification.

reducing the formation of nonspecific PCR products.

Addition of additives, including bovine serum albumin in combination with glycerol or formamide, may improve preamplification by

Single-cell gene expression profiling is feasible using qPCR, applying carefully optimized targeted preamplification.

e On the basis of experimental data, we are able to provide guidelines how to perform accurate targeted preamplification for

downstream applications.
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