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High-throughput quantitative polymerase chain reaction (qPCR) approaches enable profiling of multiple
genes in single cells, bringing new insights to complex biological processes and offering opportunities for
single cell-based monitoring of cancer cells and stem cell-based therapies. However, workflows with
well-defined sources of variation are required for clinical diagnostics and testing of tissue-engineered
products. In a study of neural stem cell lines, we investigated the performance of lysis, reverse transcrip-
tion (RT), preamplification (PA), and nanofluidic qPCR steps at the single cell level in terms of efficiency,
precision, and limit of detection. We compared protocols using a separate lysis buffer with cell capture
directly in RT–PA reagent. The two methods were found to have similar lysis efficiencies, whereas the
direct RT–PA approach showed improved precision. Digital PCR was used to relate preamplified template
copy numbers to Cq values and reveal where low-quality signals may affect the analysis. We investigated
the impact of calibration and data normalization strategies as a means of minimizing the impact of inter-
experimental variation on gene expression values and found that both approaches can improve data com-
parability. This study provides validation and guidance for the application of high-throughput qPCR
workflows for gene expression profiling of single cells.

� 2014 Elsevier Inc. All rights reserved.
Introduction

Single cell analysis has yielded new insights into biological phe-
nomena that are driven by cell populations composed of different
cell types, such as in colon cancer [1], or cells responding heteroge-
neously to a given stimulus, such as T-cell responses to vaccines
[2]. In addition to messenger RNA (mRNA)1 expression profiling
using reverse transcription (RT)–quantitative polymerase chain reac-
tion (qPCR), microarray profiling, and RNA–Seq [3–5], methodologies
to study genetic variation [6,7], DNA methylation [8], and protein
and metabolite levels [9] have also been developed. As single cell
analysis moves from being a research tool closer to applications in
clinical diagnostics [10,11] and regenerative medicine [12,13], the
molecular assays used to screen for disease- and tissue-related traits
require stringent validation in order to meet criteria for approval as
in vitro diagnostic tests [14] as well as means for ongoing standard-
ization and quality control (QC). Measurement performance charac-
teristics such as linearity, precision, and limit of detection, as well as
appropriate controls, are all important aspects of clinical diagnostic
tests or assays to assess the quality and consistency of tissue-engi-
neered and stem cell products [15].

RT–qPCR is a key methodology for accurate and precise mea-
surement of mRNA biomarkers and is already used for clinical
monitoring and disease stratification [16,17]. A key development
enabling high-throughput expression analysis of single cells is
the use of microfluidic qPCR arrays that combine screening of hun-
dreds of gene targets with the quantitative accuracy and dynamic
range offered by RT–qPCR [18]; this has been applied to research in
a wide range of fields, including cancer development, neurology,
and stem cell biology [1,19,20]. The impact of RT, preamplification
(PA), and qPCR steps on assay precision has been characterized
for single cell RT–qPCR using standard microliter volume qPCR
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instruments [21,22]; however, to our knowledge, sources of tech-
nical variability within the entire workflow of high-throughput
single cell analysis have not been investigated.

We previously investigated the accuracy, linearity, and preci-
sion of high-throughput nanofluidic qPCR platforms for gene
expression biomarker analysis with conventional real-time plat-
forms [23] as well as the performance of different RT–qPCR and
PA protocols for single cell analysis [24]. Following on from this
work, in the current study we investigate the precision of RT–PA
and nanofluidic qPCR for a high-throughput single cell analysis ap-
proach. We investigate differences between alternative protocols
with a separate lysis and DNase step compared with capture of
the single cell directly in RT–PA buffer. We also demonstrate
how digital PCR (dPCR) can be used for validation of assay perfor-
mance characteristics such as limit of detection (LOD).

We draw on a model relevant to the fields of stem cell biology
and regenerative medicine by applying the validation approaches
to the measurement of single cells from two human neural stem
cell lines: CTX0E03 and CTX0E16. Both cell lines were generated
from stem cells from the same donor; however, CTX0E03 cells have
been shown to be effective in a rat model of ischemic stroke [25]
and are now in clinical trials for treatment of stroke-related dis-
ability [26], whereas CTX0E16 cells do not show clinical efficacy.
We use data from a comparison study of the two cell lines at the
single cell level (further results of which will be published else-
where) to assess the impact of different mRNA quantification strat-
egies, including calibration by a standard curve, reference gene,
and global normalization.
Materials and methods

Cell culture

Sister neural stem cell lines CTX0E03 and CTX0E16 were pro-
vided by ReNeuron (Guildford, UK). The cell lines were established
from somatic stem cells in the cortical neuroepithelium of the
same donor and immortalized with the c-mycERTAM gene, which
is conditionally expressed in the presence of 4-hydroxy-tamoxifen
(4-OHT) and enables cell expansion. In the absence of 4-OHT and
growth factors (see below), cells undergo differentiation into neu-
ral cell types [25].

CTX0E03 cells (passage 9) and CTX0E16 cells (passage 16) were
maintained in laminin-coated flasks (Sigma) in RMM medium
[Dulbecco’s modified Eagle’s medium (DMEM)/F12 medium
(Gibco) containing 0.03% human serum albumin (VWR), 100 lg/
ml human apo-transferrin (Sigma), 16.2 lg/ml putrescine dihydro-
chloride (Sigma), 5 lg/ml insulin (Sigma), 60 ng/ml progesterone
(Sigma), 2 mM L-glutamine (Sigma), 40 ng/ml sodium selenite (Sig-
ma), 10 ng/ml basic fibroblast growth factor (Peprotech), 20 ng/ml
epidermal growth factor (Peprotech), and 100 mM 4-OHT (Sigma)]
at 37 �C and 5% CO2.

To prepare bulk RNA from CTX cells under proliferating and dif-
ferentiated conditions, a time course experiment was performed.
CTX cells were revived from liquid nitrogen into six T75 flasks
and maintained in RMM medium (20 ml of medium per flask with
growth factors and 4-OHT as above) with medium renewal every 2
to 3 days. When the cells reached 80% confluence, one flask of cells
(representing the basal condition) was rinsed with 10 ml of phos-
phate-buffered saline (PBS) without calcium or magnesium (PAA,
part no. H15-002) and cells were dissociated with 4 ml of TrypZ-
ean, a recombinant form of trypsin that is free from animal source
contaminants (Lonza), for 5 min at 37 �C. TrypZean was neutralized
by the addition of 8 ml of Trit inhibitor (DMEM/F12 medium con-
taining 0.044% human serum albumin (VWR), 0.55 mg/ml trypsin
inhibitor (Sigma), and 0.25 units of Benzonase (Merck)), and the
cells were counted using an automated cell counter (Vi-Cell XL,
Beckman Coulter). The cells were centrifuged at 1500 rpm in an
Eppendorf 5702 benchtop centrifuge, and the pooled cells were ad-
justed to a concentration of 1 � 106 cells/ml with PBS. The cells
were recounted as before to ensure that the correct cell density
had been achieved. The cell suspension was processed according
to Section ‘RNA isolation and preparation of reference RNA’ in or-
der to prepare cell pellets and cell lysates. The remaining flasks
were maintained in culture as before until the cells reached conflu-
ency. At this point, an additional flask was harvested as above, and
this represented ‘‘day 0’’ cells. The remaining flasks were washed
with 10 ml of PBS per flask, and the medium was changed to differ-
entiation medium (RMM medium without growth factors or 4-
OHT) with medium renewal every 2 to 3 days. Further flasks were
harvested for RNA isolation every 7 days (7, 14, 21, and 28 days
post-confluence and growth factor withdrawal).

Laser capture microscopy

CTX0E03 or CTX0E16 cells were revived from liquid nitrogen
into laminin-coated T75 flasks containing RMM medium (above)
and maintained in culture for 3 days. After this time, the cells were
rinsed 1�with PBS (PAA) and dissociated with TrypZean (as in Sec-
tion ‘Cell culture’). Cell density was assayed (as in Section ‘Cell cul-
ture’), and 2 � 105 cells were transferred to laminin-coated PET
laser dissection microscope slides (Zeiss) and allowed to adhere
for 1 h at 37 �C and 5% CO2. After this time, the medium was re-
placed with 1 ml of fresh RMM medium and the cells were placed
at 37 �C and 5% CO2 for 18 h. The medium was removed and re-
placed with 1 ml of RMM medium containing 4 lM calcein AM
(Invitrogen). Cells were incubated at 37 �C and 5% CO2 for 1 h to al-
low fluorescence to develop. The medium was removed from the
cells, and the cells were rinsed once with 1 ml of PBS before fixing
in 95% ethanol (Fisher)/5% acetic acid (Sigma) at �20 �C. Following
10 min of incubation at room temperature, the fixative was re-
moved and the slides were air-dried before laser dissection using
a Zeiss PALM Laser Capture Microscope. Cells were selected on
the basis of displaying calcein fluorescence (excitation 488 nm/
emission 516 nm) as an indicator of viability. (Only live cells con-
vert nonfluorescent calcein AM to fluorescent calcein through the
action of intracellular esterases.)

After cell selection, but prior to cutting, 15 ll of Cells Direct ly-
sis buffer or RT–PA mix (see Sections ‘Single cell processing and
RT–PA (single cells captured in lysis buffer) and Single cell process-
ing and RT–PA (single cells captured in RT–PA buffer)’) was added
to wells of a 96-well capture plate (Zeiss) and individual cells were
dissected and catapulted into wells containing the mix. The collec-
tion plate was placed on top of a 96-well plate, and the samples
were transferred to the plate by centrifuging for 1 min at
1000 rpm in a Jouan CR412l centrifuge. Plates were then sealed
using a silicone sealing mat (Web Scientific) and placed on ice until
heating (lysis buffer) or RT–PA. Cells captured in lysis buffer were
heated at 75 �C for 15 min (PTC 225 Tetrad PCR System, MJ Re-
search) prior to freezing at �80 �C. Cells captured in RT–PA buffer
were processed according to Section ‘Single cell processing and RT–
PA (single cells captured in RT–PA buffer)’.

RNA isolation and preparation of reference RNA

For isolation of purified RNA from CTX0E03 or CTX0E16 cell
lines, cells were cultured as in Section ‘Cell culture’. Following cell
detachment, cells were resuspended in PBS at a concentration of
106 cells/ml. Aliquots (1 ml) were prepared, and the cells were
pelleted by centrifugation at 13,500 rpm in an MSE MicroCentaur
benchtop centrifuge for 2 min. The supernatant was removed,
and cell pellets were stored at �80 �C until required. Alternatively,
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40 ll of the cell suspension was added to 440 ll of Cells Direct lysis
buffer (Invitrogen) consisting of 400 ll of Resuspension Buffer and
40 ll of Lysis Enhancer (final concentration 83 cells/ll).

RNA was isolated from cell pellets using an RNeasy Minikit
(Qiagen, Hilden, Germany) according to the manufacturer’s
instructions. Purified RNA was quantified by ultraviolet (UV) spec-
troscopy (Nanodrop, Thermo Scientific). A260/A280 ratios of more
than 2.0 were obtained for all samples. RNA integrity was analyzed
using a 2100 Bioanalyzer (Agilent). RNA integrity number (RIN)
values of 10.0 were obtained for all samples. For the comparison
of alternative workflows (see Section ‘Impact of a separate lysis
step on measurement precision and efficiency’ in Results), purified
CTX0E03 total RNA was diluted in Cells Direct lysis buffer or nucle-
ase-free water (workflow A or B, respectively) and 450 pg of RNA
was added per RT–PA reaction (Sections ‘Single cell processing
and RT–PA (single cells captured in lysis buffer) and Single cell pro-
cessing and RT–PA (single cells captured in RT–PA buffer)’).

For the preparation of reference RNA, equal quantities (500 ng)
of purified RNA from CTX0E03 and CTX0E16 under basal growth
conditions or following withdrawal of growth factors (1, 2, 3, and
4 weeks) were mixed and stored in aliquots at –80 �C. The refer-
ence RNA was diluted to 7500, 750, 75, and 7.5 pg total RNA/ll
(nominal values 104, 103, 102, and 101 cell equivalents (CE)) with
nuclease-free water, and 5 ll of each dilution was added to RT–
PA reactions (Section ‘Single cell processing and RT–PA (single cells
captured in RT–PA buffer)’).

qPCR assays

Details of qPCR assays used in this study are provided in Supple-
mentary Table 1 (see online supplementary material). Final con-
centration of each primer and probe for all assays was 900 and
250 nM, respectively (defined as 1� concentration). For target
PA, a multiplex mix of all assays was prepared by mixing equal vol-
ume of all assays (final concentration 0.05�). Assay performance
encompassing the entire analytical workflow, including cell lysis,
RT–PA, and qPCR (Fig. 1), was defined using a dilution series of
CTX0E16 cell lysate (see Section ‘Contribution of RT–PA and qPCR
to assay linearity and precision’ in Results). A dilution series was
prepared in Cells Direct lysis buffer containing the equivalent of
1000, 100, 10, 1, and 0.1 cells (CE) per RT–PA reaction (n = 3).
RT–PA–qPCR efficiency was calculated based on the slope of the
RNA dilution series, and LOD was defined for 18 assays that were
expressed in CTX0E03 and CTX0E16 cells (Supplementary Table 2).

Single cell processing and RT–PA (single cells captured in lysis buffer)

Single cells captured in lysis buffer (Fig. 1, workflow A) were
processed as follows based on the Cells Direct One-Step RT–qPCR
manual (revision date: 11 June 2010, part no. 25-0870). A total of
52 single CTX0E03 cells (excluding negative controls) (see Sec-
tion ‘Single cell negative controls’) were collected and processed
for the comparison of different workflows. Samples were DNase
treated using DNase supplied with the Cells Direct kit by the addi-
tion of 1.0 ll DNase and 1.8 ll 10� DNase buffer to a final volume
of 17.8 ll and incubation of the samples for 5 min at room temper-
ature. The reaction was stopped by the addition of 4 ll of 25 mM
ethylenediaminetetraacetic acid (EDTA) and heated for 10 min at
70 �C (GeneAmp PCR System 9700 PCR, Applied Biosystems). The
entire DNase-treated lysate was used for RT–PA in a final reaction
volume of 52 ll. RT–PA reactions consisted of 2� Cells Direct reac-
tion buffer, SuperScript III RT/Platinum Taq (1 ll), and the multi-
plex assay mix such that each primer pair was present at a final
concentration of 0.05� (45 nM). RT–PA thermal cycling conditions
were as follows: 50 �C for 15 min (RT), followed by 95 �C for 2 min,
followed by 18 cycles of 95 �C for 15 s and 60 �C for 4 min (PTC 225
F
c
tr
a
a
c

Tetrad PCR System, MJ Research). Reactions were diluted 1:5 in
Tris–EDTA (pH 8.0) (Fluka) and stored at �20 �C.

Single cell processing and RT–PA (single cells captured in RT–PA
buffer)

Single cells captured in RT–PA buffer (Fig. 1, workflow B) were
processed according to BioMark Advanced Development Protocol
Number 5 (Fluidigm) [27] with an increased reaction volume of
15 ll. Final primer concentrations and thermal cycling conditions
were as specified for single cells captured in lysis buffer (Sec-
tion ‘Single cell processing and RT–PA (single cells captured in lysis
buffer)’). Reactions were diluted 1:5 in Tris–EDTA (pH 8.0) (Fluka)
following RT–PA and stored at �20 �C. A total of 42 single CTX0E03
cells (excluding negative controls) (Section ‘Single cell negative
controls’) were collected for the comparison of different work-
flows. In a separate study comparing the expression profiles of
the two cell lines, 117 CTX0E03 single cells and 117 CTX0E16 sin-
gle cells were collected in three independent experiments. Follow-
ing exclusion of samples due to no gene expression being detected
for any target or reference gene expression (b-2-microglobulin
(B2M), peptidylprolyl isomerase A (PPIA), and large ribosomal pro-
tein 0 (RPLP0)) being absent or more than 5 quantification cycle
(Cq) units higher than the experimental mean, 15 CTX0E03 samples
and 20 CTX0E16 samples were excluded from the dataset (Supple-
mentary Table 3).

Single cell negative controls

No cell control (NCC) and no template control (NTC) reactions
containing 15 ll of lysis buffer (Section ‘Single cell processing
and RT–PA (single cells captured in lysis buffer)’) or 15 ll of Cells
Direct RT–PA buffer (Section ‘Single cell processing and RT–PA
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(single cells captured in RT–PA buffer)’) were included in each 96-
well single cell collection plate. The NCC consisted of a section of
the microscope slide surface that did not contain a fluorescently la-
beled single cell (Section ‘Laser capture microscopy’). No template
material was added to the NTC well as a control for contamination
at the cell capture and RT–PA stages. A reverse transcriptase-neg-
ative (RT–minus) control reaction consisted of a single cell sample
processed using an RT–PA reaction containing 2 units of Platinum
Taq DNA polymerase (Invitrogen) in place of SuperScript III RT/
Platinum Taq mix.

qPCR analysis (BioMark Dynamic Arrays)

Preamplified complementary DNA (cDNA) samples were
analyzed by qPCR using BioMark 48.48 Dynamic Arrays and the
BioMark System according to the manufacturer’s instructions as
described previously [24]. Preamplified cDNA (2.25 ll) was added
per sample inlet of the Dynamic Array. Duplicate qPCR reactions
were performed consisting of replicate assay inlets. A further
NTC (Section ‘Single cell negative controls’) was included in each
qPCR experiment consisting of nuclease-free water added instead
of preamplified template in one sample inlet of the Dynamic Array.
Thermal cycling conditions consisted of 50 �C for 2 min, 95 �C for
10 min, followed by 40 cycles of 95 �C for 15 s and 60 �C for 60 s.
Cq data were generated using BioMark Real-Time PCR Analysis
software (version 3.0.2) with detector-specific automatic threshold
(see Supplementary Table 4) and linear baseline correction settings
and a default quality threshold of 0.65. Data were exported for pro-
cessing using Microsoft Excel 2003/2007.

dPCR analysis (BioMark Digital PCR Arrays)

BioMark 12.765 Digital Array Integrated Fluidic Circuits (IFCs)
(Fluidigm) used for dPCR analysis consisted of 12 panels each
containing 765 partitions of 6 nl volume. For the analysis of pream-
plified cDNA samples from single cells, 8-ll digital PCR assays were
prepared according to the manufacturer’s instructions and con-
sisted of 2� Gene Expression Mastermix (Applied Biosystems),
1� BioMark Sample Loading Reagent (Fluidigm), 1� qPCR assay,
and 2.25 ll of sample. Depending on the Cq of the target gene
based on the Dynamic Array, the sample was diluted in to an opti-
mal range for dPCR analysis [28]. Thermal cycling conditions
consisted of a 10-min heat activation step (at 95 �C), followed by
40 cycles of 15 s at 95 �C, followed by 60 s at 60 �C. dPCR data were
processed using BioMark Digital PCR Analysis software (version
3.0.2) with automatic threshold and linear baseline correction set-
tings and a default quality threshold of 0.65. Positive PCR amplifi-
cations were counted between cycles 20 and 35.

Data analysis

Statistical analysis of the effect of alternative workflows on tar-
get Cq values and RT–minus Cq values was performed by two-way
analysis of variance (ANOVA) with Bonferroni post hoc tests using
GraphPad Prism (version 5.04).

Cq data from a study of single cells from the CTX0E03 and
CTX0E16 cell lines (Fig. S2A in Supplementary material) were pro-
cessed using Genex Enterprise (version 5.3.6, MultiD Analyses,
Göteborg, Sweden) based on guidelines from Stahlberg and et al.
[29]; Cq values above 26 were replaced with a Cq cutoff value of
28 (Cq values using BioMark arrays tend to be �10 units lower than
those using the standard qPCR instrument due to the 1000-fold
(log2 = 9.96) higher concentration associated with 10-nl chambers
[23]). Values were transformed to relative quantities (RQs) relative
to minimum expression values (i.e., for Cq = 28, RQ = 1.0), and miss-
ing data cells were given the value RQ = 0.5. RQ expression values
were log2 transformed because single cell expression data have
been observed to be log-normally distributed [3] and denoted as
log2(Ex).

Calibrated gene expression values based on a reference RNA
standard curve (Section ‘RNA isolation and preparation of reference
RNA’) were exported from the BioMark Real-Time PCR Analysis
software (version 3.0.2) and further analyzed in Microsoft Excel
(2007). Calibrated data were treated in the same way as Cq data;
missing values were replaced with a value of 0.5� minimum ob-
served value (resulting in the same relative difference between
minimum values and missing data of minus 1 as Cq data on the
log2Ex scale). Calibrated values were log2 transformed to the same
scale as the Cq processed/normalized data.

To test the robustness of different data normalization strategies,
processed Cq values (log2(Ex)) were normalized in Genex using (i) a
reference gene or (ii) a global normalization approach by subtract-
ing the mean expression value of (i) six reference gene log2(Ex) val-
ues (B2M, glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
PPIA, RPLP0, TATA-binding protein (TBP), and tyrosine 3-monoox-
ygenase/tryptophan 5-monooxygenase activation protein, zeta
polypeptide (YWHAZ)) or (ii) all 16 gene targets (B2M, doublecor-
tin (DCX), GAPDH, GATA binding protein 6 (GATA6), glial fibrillary
acidic protein (GFAP), microtubule-associated protein tau (MAPT),
mammalian achaete–scute complex homolog 1 (MASH1), neural
cell adhesion molecule 1 (NCAM1), neurofilament light polypep-
tide (NEFL), nestin (NES), neurogenin 1 (NGN1), PPIA, RPLP0, SRY
(sex determining region Y)–box 2 (SOX2), TBP, and YWHAZ) (for
each cell) from the expression from the value for each gene target
according to Eq. (1):

CqðnormÞ ¼ CqðGOIÞ � 1
n

Xn

i¼1

CqRGI ð1Þ

where Cq(norm) is normalized Cq value, Cq(GOI) is Cq of gene of
interest, CqRG is Cq of reference gene (or all gene targets for global
normalization), and n is number of reference genes (reference gene
normalization) or all gene targets (global normalization).

Expression in CTX0E03 single cells was calculated relative to
CTX0E16 single cells (Supplementary Table 7) by subtraction of
the mean log2(Ex) value for CTX0E16 single cells from all single cell
data for both cell lines, such that mean log2(Ex) for CTX0E16 = 0.0.

Results

Contribution of RT–PA and qPCR to assay linearity and precision

To investigate sources of quantification bias and imprecision in
single cell analysis reflecting all stages of the high-throughput ana-
lytical workflow (Fig. 1), we performed a dilution series of cell ly-
sate to 1000, 100, 10, 1, and 0.1 CE (n = 3) based on cell count. This
dilution series was used to define the performance of each assay in
terms of linearity encompassing both RT–PA and qPCR steps (an
example for B2M is given in Fig. 2A, with efficiency information
for other assays provided in Supplementary Table 2).

Data from the dilution series corresponding to 1 CE (or LOD if 1
CE was not detected (Supplementary Table 2)) were used to assess
measurement precision. Variation between replicate RNA mea-
surements expressed as standard deviation of Cq values (SD (Cq))
was compared with mean Cq value in order to investigate whether
target abundance influenced assay variability. Variation between
replicate RNA samples for the majority of assays was less than
0.45 Cq unit (equivalent to a coefficient of variation (CV) < 35%)
(Supplementary Table 2). The contributions of the two reaction
stages (RT–PA and qPCR) to the overall technical error were com-
pared (Fig. 2B). We found that most assays demonstrated a qPCR
error of 60.4 Cq SD, although this increased for some assays for



Fig. 2. Evaluation of assay performance using a single cell analytical workflow: Reaction linearity and variability of RT–PA and qPCR reactions. (A) Example of characterization
of reaction linearity for target gene (B2M) using a dilution series of CTX0E16 cell lysate to 0.1, 1, 10, 100, and 1000 CE. A slope of –3.60 indicates an efficiency of 90%. Cq values
are shown as individual datapoints. (B) Variability of RT–PA and qPCR reactions at the single cell level. RT–PA and qPCR error are displayed for 16 assays based on replicate
RT–PA (n = 3) and qPCR (n = 2 for each RT–PA replicate) reactions. For assays where qPCR error is greater than the overall error, RT–PA error could not be calculated; therefore,
only qPCR error is displayed.
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target abundances of a mean Cq value of 25 or above. For some as-
says, qPCR error exceeded overall variation (PPIA, B2M, NES, NEFL,
TBP, NCAM1, and DCX), meaning that it was not possible to calcu-
late the error associated specifically with the RT–PA stage [30]. For
other assays where qPCR error was less than overall variation, the
error attributable to the RT–PA stage was also calculated; in most
cases, RT–PA error was 60.3 SD Cq (equivalent to a CV of 623%),
and it was found that this component tended to be the dominant
component of the overall error for more highly expressed genes
(Cq < 23).

Impact of a separate lysis step on measurement precision and
efficiency

During previous work developing laser capture microscopy
(LCM) methodology for single cell analysis, we implemented a pro-
tocol whereby the single cells were captured in 15 ll of Cells Direct
lysis buffer and samples were subsequently analyzed by one-step
RT–qPCR or preamplified using the Cells Direct RT–PCR reagents
[24]. The volume of capture buffer used for LCM was previously
optimized to 15 ll in order to ensure even coverage of the ‘‘wells’’
of the 96-sample capture lid and avoid significant evaporation dur-
ing the procedure. Therefore, it was effectively fixed for our cell
capture method. The workflow using a separate lysis step (Fig. 1,
workflow A) gave the option of DNase treatment of the single cell
lysate prior to RT and PA. In contrast, in the standard protocol of
single cell analysis using BioMark Dynamic Arrays [27], the single
cell was captured directly in the Cells Direct RT–PCR buffer used for
RT and PA (Fig. 1, workflow B). It was assumed that cell lysis oc-
curred during the initial incubation at 50 �C (RT phase). The latter
protocol (workflow B) was more economical because it used smal-
ler volumes of RT–PCR reagents and offered in theory a greater LOD
because a greater percentage of single cell mRNA (3%) was loaded
per inlet of a Dynamic Array compared with workflow A (1%)



Fig. 3. Comparison of alternative workflows for single cell analysis. Workflows A and B (Fig. 1) were compared between CTX0E03 single cells (n � 50) and purified total RNA
(n = 3) was processed using the two workflows. (A) Difference in assay detection rate (percentage of positive single cell samples) between workflows A and B. Negative and
positive values indicate a higher percentage of positive cells for workflows A and B, respectively. (B) Difference in mean Cq values between single cell and RNA samples
processed using workflow B versus workflow A. Significant differences between the Cq values for the two workflows are indicated by asterisks: ⁄P < 0.05; ⁄⁄P < 0.01;
⁄⁄⁄P < 0.001. (C) Comparison of technical variation (purified RNA reactions) and biological variation (single cell measurements) for the two workflows expressed as SD (Cq).
Each assay is depicted as an individual datapoint. (D) RT–minus reactions were performed with single CTX0E03 cells (n = 3), and Cq values for each reaction are displayed as
individual data points. (Negative reactions were assigned a Cq value of the maximum number of cycles, i.e., 40.)

108 Validation of single cell analysis methodology / A.S. Devonshire et al. / Anal. Biochem. 452 (2014) 103–113
(Fig. 1). However, the potential disadvantages of workflow B may
be that lysis of the cells and release of cytoplasmic mRNA in RT–
PA buffer could be less efficient compared with a specific lysis re-
agent and that a lack of DNase treatment leads to genomic DNA
(gDNA) interference in mRNA measurements. Therefore, we inves-
tigated the impact of the alternative workflows on lysis efficacy,
LOD, precision, and gDNA contamination by comparing results
from CTX0E03 single cells and purified RNA samples processed
using both protocols.

Initially, we compared the number of failed single cell samples,
where no mRNA signal was detected in any of the target genes, be-
tween the two protocols as an indicator of differential lysis failure.
For both approaches, 10% of cells processed using workflow A
(separate lysis) and 12% of cells processed using workflow B (direct
RT–PA) were classed as failed samples on this basis (data not
shown), which is within the range of the typical LCM collection
failure rate (found to be 0–12%) (data not shown). This result sug-
gests that the overall lysis efficacy of both protocols was similar for
the cell line under investigation.

We next investigated whether the differences in input between
the two workflows resulted in any qualitative differences in the
LOD of individual gene targets in single cells (Fig. 3A). The percent-
ages of single cells expressing 16 different target genes were com-
pared for the two approaches. mRNA targets were detected in a
similar proportion (±10%) of single cells using both approaches
(Fig. 3A), with differences in expression between the two
workflows not correlating with Cq of the target gene (Fig. S1A),
suggesting that workflow A was not associated with a reduction
in LOD compared with workflow B.

The impact of differences in the proportion of input material
(Fig. 1) was also assessed by comparing the difference in Cq values
(DCq) using the two workflows for both single cells and purified
RNA samples (Fig. 3B) for 13 target genes that were expressed in
the majority of single cells. For both sample sources, a reduction
in mean Cq was apparent for the majority (10/13) of the assays ana-
lyzed using workflow B, with four assays (GFAP, YWHAZ, NES
(purified RNA only), and Notch1 (single cells only)) demonstrating
the opposite pattern. Of the 10 assays demonstrating a reduction in
Cq with workflow B, a mean DCq of �1.21 was observed for purified
RNA and �1.26 for single cells. This is broadly in agreement with
the predicted DCq difference of �1.58 based on the 3-fold higher
input quantity in workflow B compared with workflow A (Fig. 1).

Differences between the two workflows in terms of precision
were also compared based on replicate measurements of purified
RNA and single cells in order to investigate different potential
sources of variability, with variation between replicate reactions
with purified RNA reflecting technical variation and variation be-
tween replicate single cell measurements being composed of both
biological differences between cells and technical error. For work-
flow A the majority of assays (10/13) displayed a technical varia-
tion in terms of SD (Cq) < 0.6 for replicate measurements of
purified RNA, whereas for workflow B the majority of assays
showed an SD (Cq) of <0.4 Cq (Fig. 3C, x axis). The differences in pre-
cision appeared to arise from differences in the processing steps
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upstream of qPCR because the qPCR error correlated well between
the two approaches (slope of 1.00, intercept of �0.02, R2 > 0.95)
(Fig. S1B) with the exception of GFAP and YWHAZ, which also
showed a decrease in performance based on DCq (Fig. 3B).

The overall variation between single cells, which is composed of
both biological and technical sources of variation, was compared
between the two methods (Fig. 3C, y axis). For the majority of tar-
gets (9/13), the variation between single cell measurements was
lower using workflow B (SD Cq 6 2.0) compared with workflow
A, with a median reduction in SD (Cq) of 1.3 for all 13 assays. Be-
cause single cells were processed using the two workflows and
were collected from the same population, they should not be
inherently more variable in one sample set compared with
another; it was concluded that the additional variation observed
between single cell measurements in workflow A versus workflow
B had arisen from differences in technical factors, adding further
evidence to the hypothesis that there may be an improvement in
technical precision for processing of single cells using workflow B
compared with workflow A.

Finally, the influence of absence of DNase treatment in work-
flow B compared with workflow A was assessed by performing
triplicate RT–minus reactions for each method consisting of a sin-
gle cell sample that was processed using Cells Direct reaction buf-
fer with only Taq polymerase instead of both Superscript III and
Taq polymerase. Of the 16 target assays, 6 were susceptible to
gDNA amplification, as evidenced by amplification of the RT–
minus controls (GFAP, NCAM1, NES, NGN1, SOX2, and YWHAZ)
(Fig. 3D). NCAM1 gDNA amplification was absent in workflow A
and present in workflow B, whereas all three NES and YWHAZ rep-
licates showed evidence of gDNA amplification in both workflows.
For other targets, a sporadic pattern of RT–minus amplification was
observed for both workflows. These findings suggest that gDNA is
not completely removed by DNase treatment in workflow A,
although the impact of this on RT–minus controls is assay
dependent.

Validation of assay LOD using dPCR

Typically, single cell gene expression data are composed of
both dichotomous and continuous components [31], that is,
whether a cell is positive or negative in its expression of a given
marker as well as the expression level of mRNA per cell, reflected
in the Cq value in the case of RT–qPCR measurement. Therefore,
the LOD of the RT–qPCR method used to profile single cells is par-
ticularly important because it determines whether a cell is
referred to as positive or negative for a particular mRNA marker,
which may form the basis for discriminating between different
cell types. We sought to validate the performance of four assays
for gene targets that were expressed in less than 100% of single
cells in sample sets of approximately 100 CTX0E03 and CTX0E16
single cells (Supplementary Table 3): GATA6, MASH1, NCAM1,
and NGN1 (Supplementary Table 5). We hypothesized that, due
to the small volume of preamplified sample (4 nl) analyzed per
10-nl reaction chamber of the BioMark 48.48 Dynamic Arrays,
low copy numbers of preamplified template from single cell sam-
ples may be below the LOD of this workflow. For example, an LOD
of a single cDNA molecule per single cell requires efficient PA in
order to ensure that the preamplified template is reliably de-
tected by qPCR (see example 1 in Supplementary Table 6). A min-
imum of 5 copies per Dynamic Array reaction chamber has been
calculated as a concentration where Poisson statistics predict that
99.3% of reactions are positive [32]. For a 96.96 Dynamic Array, a
minimum of 5 template copies per chamber corresponds to a pre-
amplified sample containing approximately 730 molecules/ll
[32], whereas approximately 555 molecules/ll would be required
post-PA due to the larger reaction chamber of the 48.48 Dynamic
Arrays used here. Therefore, we analyzed selected samples using
dPCR that had been denoted as positive or negative using the
Dynamic Array qPCR assays, reasoning that the 300-fold larger
volume that could be analyzed by dPCR (1.25 ll/panel) would
enable the positive/negative nature of the sample to be verified
and an absolute copy number value to the template preamplified
cDNA molecules to be assigned.

We compared the concurrence between the qPCR and dPCR
expression patterns (Table 1). GATA6, MASH1, and NGN1 showed
100% concurrence in terms of positive or negative cell from both
qPCR and dPCR analyses. However, positive dPCR amplifications
for NCAM1 were observed for four samples that were denoted as
negative by qPCR. We also compared the Dynamic Array Cq value
of the sample with the predicted number of template copies per
Dynamic Array 10-nl reaction chamber based on the dPCR mea-
surement of sample concentration. Samples that were predicted
to have a copy number of less than 5 molecules per reaction cham-
ber had a sporadic pattern of expression on the Dynamic Arrays,
with only one of the two qPCR replicates being positive and Cq val-
ues greater than 27 (Table 1).

We also predicted how many cDNA copies may have been pres-
ent in the original single cell samples based on the number of pre-
amplified PCR copies obtained (Table 1), modeled on exponential
amplification for 17 cycles with the target-specific efficiencies
calculated in Section ‘Contribution of RT–PA and qPCR to assay lin-
earity and precision’ (Supplementary Table 2). cDNA copy numbers
per cell of less than 1 copy were predicted for eight samples for
NCAM1 and for one sample for NGN1 (Table 1), suggesting that
the efficiency of PCR-based PA may have been lower than predicted
in these cases. Given the increased detection of NCAM1 in the ab-
sence of DNase treatment (Fig. 3D), the NCAM1 signal in single cell
samples may be attributable to gDNA contamination, suggesting
that for this target a robust strategy in terms of applying Cq data
cutoff or RT–minus background subtraction should be employed
(discussed further in Discussion).

Quantification approaches for single cell mRNA analysis

Different data analysis approaches for quantification of gene
expression in single cells have been applied, including the use of
a standard curve composed of RNA or DNA [21,22] and the compar-
ison of relative expression levels based on Cq values [1,31]. In addi-
tion, different normalization approaches may be applied to single
cell expression data, including normalization to reference genes
[18] and to an average of all assayed transcripts (global normaliza-
tion) [29].

We sought to compare the effects of these different quantifica-
tion and normalization approaches on single cell data collected
from these two neural stem cell lines: CTX0E03 and CTX0E16.
The ability of the different data analysis approaches to handle
sources of inter-experimental variation was investigated in a series
of three independent experiments, each consisting of the LCM col-
lection of 39 CTX0E03 and 39 CTX0E16 single cells (Fig. S2A). A
separate 96-well plate was used to collect cells from each cell line
and perform RT–PA (Fig. 1, workflow B). Preamplified cDNA sam-
ples from each 96-well capture/RT–PA plate were analyzed on a
separate 48.48 Dynamic Array. Data from a total of approximately
100 single cells from each cell line were analyzed following sample
QC (Supplementary Table 3).

We prepared a reference RNA to act as a calibration material
composed of purified total RNA from both proliferating and differ-
entiating CTX0E03 and CTX0E16 cells in order to maximize repre-
sentation of all transcripts of interest (Section ‘RNA isolation and
preparation of reference RNA’). A dilution series composed of this
reference RNA containing equivalent to approximately 104, 103,
102, and 101 cells (n = 1) was included for each 96-well plate used
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for cell collection and RT–PA. Calibrated expression values were
calculated for each Dynamic Array. The calibration curve also pro-
vided a useful means to monitor RT–PA–qPCR efficiency between
independent RT–PA reactions and qPCR arrays (n = 6). RT–PA–qPCR
efficiency varied within acceptable parameters of between 90 and
110% for the majority of markers (Fig. S2B).

We measured the expression of three target genes (NEFL, NES,
and SOX2), which were expressed at different (NEFL) or similar
(NES and SOX2) levels in single cells from the two lines, and calcu-
lated their relative expression levels following alternative data
processing approaches: (i) non-normalized Cq values, (ii) calibrated
values, (iii) Cq values normalized to the mean of the six reference
genes (B2M, GAPDH, PPIA, RPLP0, TBP, and YWHAZ), and (iv) glob-
ally normalized Cq values (Fig. 4). We compared the impact of the
different quantification approaches in terms of the fold difference
in expression between the two cell lines and the comparability of
single cell data between separate experiments, reflected in
SD of expression within single cells from the same cell line
(Supplementary Table 7).
Table 1
dPCR analysis of single cell preamplified cDNA samples.

Assay Cq (detection pattern) PCR copies/ll preamplified cDNA Pre

GATA6 25.5 (+/+) 3657 15
GATA6 25.3 (+/+) 5104 21
GATA6 N/D 0 N/A
GATA6 N/D 0 N/A
GATA6 N/D 0 N/A
GATA6 N/D 0 N/A
GATA6 N/D 0 N/A
GATA6 N/D 0 N/A
GATA6 N/D 0 N/A
GATA6 N/D 0 N/A
MASH1 27.1 (+/+) 4206 17
MASH1 27.3 (+/+) 3347 14
MASH1 28.0 (+/�) 1203 5
MASH1 26.8 (+/+) 1054 4
MASH1 N/D 0 N/A
MASH1 N/D 0 N/A
MASH1 N/D 0 N/A
MASH1 N/D 0 N/A
MASH1 N/D 0 N/A
MASH1 N/D 0 N/A
MASH1 N/D 0 N/A
NCAM1 26.3 (+/+) 5023 20
NCAM1 26.6 (+/+) 3325 13
NCAM1 27.5 (+/+) 1301 5
NCAM1* N/D 424 2
NCAM1 27.6 (+/�) 398 2
NCAM1 29.6 (+/�) 210 1
NCAM1* N/D 207 1
NCAM1 28.5 (+/�) 193 1
NCAM1 28.7 (+/�) 117 <1
NCAM1* N/D 30 <1
NCAM1* N/D 3 <1
NGN1 24.8 (+/+) 3376 14
NGN1 25.0 (+/+) 4377 18
NGN1 27.4 (+/�) 235 1
NGN1 N/D 0 0
NGN1 N/D 0 0
NGN1 N/D 0 0
NGN1 N/D 0 0
NGN1 N/D 0 0
NGN1 N/D 0 0
NGN1 N/D 0 0
NGN1 N/D 0 0

Note: Preamplified cDNA samples from selected CTX0E03 and CTX0E16 single cells were
Cq values measured by Dynamic Arrays (n = 2 reactions). Samples that displayed discorda
(*). The concentration of the preamplified cDNA samples was used to predict PCR produc
per sample, based on 17 cycles of exponential amplification with gene-specific efficien
copies/reaction or less than 1 cDNA copy/cell are highlighted in bold. Cq values: (+/+), bo
was positive (single Cq value given); N/D, not detected (both qPCR replicates were nega
Non-normalized and calibrated expression values gave a similar
estimation of the fold difference (FD) in NEFL expression in
CTX0E03 versus CTX0E16 single cells of log2(Ex) � +4.7 (�26-fold),
whereas reference gene and globally normalized data gave a lower
mean of log2(Ex) of +3.2 (9.4-fold) and +4.0 (15.6-fold), respec-
tively (Fig. 4A). Variation in NEFL expression in CTX0E16 single
cells was similar for all quantification approaches with SD (log2

(Ex)) of approximately 2.0, whereas calculated variation in
CTX0E03 NEFL expression was reduced in calibrated data and nor-
malized data (both reference gene and global methods), with a
reduction in SD of 0.3 and approximately 0.5 log2(Ex), respectively
(Supplementary Table 7).

Non-normalized and calibrated expression values were similar
for NES and SOX2 expression, with mean expression levels calcu-
lated to be slightly higher in CTX0E03 versus CTX0E16 single cells
(Supplementary Table 7). Reference gene normalization led to
CTX0E03 NES and SOX2 expression being determined to be lower
than that of CTX0E16, which is likely due to the higher expression
of reference genes in the former cell line. Following global
dicted PCR copies per 10-nl reaction Predicted cDNA copies per single cell

2
3
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
12
10
3
3
N/A
N/A
N/A
N/A
N/A
N/A
N/A
5
3
1
<1
<1
<1
<1
<1
<1
<1
<1
3
4
<1
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

analyzed by 12.765 Digital PCR arrays, and the concentrations were compared with
nt results in detection pattern between Dynamic Arrays are indicated by an asterisk
t copy number per 10-nl Dynamic Array reaction chamber and cDNA copy number

cies (Supplementary Table 2). Samples with predicted copy number of less than 5
th qPCR reactions were positive (mean Cq value given); (+/�) 1 of 2 qPCR reactions
tive); N/A, not applicable (no copies detected by dPCR).



Fig. 4. Comparison of approaches for single cell data quantification and normal-
ization. Expression profiles of three GOIs (A: NEFL; B: NES; C: SOX2) in approx-
imately 100 CTX0E16 and CTX0E03 single cells are compared using four different
analysis approaches: (i) non-normalized Cq data, (ii) calibration of Cq values to a
reference RNA standard curve, (iii) normalization to the mean Cq of six reference
genes, and (iv) global normalization to the average expression value of all gene
targets per cell. Expression values are expressed as log2-transformed values relative
to the mean value in CTX0E16 cells with box plots displaying median, inter-quartile
range, and 5–95% confidence intervals. Single cell data outside of the 5–95%
confidence intervals are shown as individual points. Significant differences in FD in
expression (CTX0E03 vs. CTX0E16) compared with the non-normalized Cq values
are indicated by asterisks: ⁄⁄P < 0.01; ⁄⁄⁄P < 0.001).
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normalization, mean NES and SOX2 expression was calculated to
be the same in single cells from the two sister cell lines. Reference
gene and global normalization strategies were also associated with
a reduction of the variation of the data for SOX2 expression of 0.4
and 0.5 log2(Ex) units, respectively, with a more modest reduction
in SD being demonstrated for globally normalized NES data of 0.3
units (Supplementary Table 7).
Discussion

Nanofluidic high-throughput qPCR platforms such as the Bio-
Mark system differ from other qPCR platforms such as that evalu-
ated by Reiter and coworkers [22] in that the reaction volume is
nanoliter scale (10 nl in the case of 48.48 arrays) compared with
standard microliter scale qPCR volumes. PA of template is required
for expression analysis using the BioMark platform if less than 104

mRNA copies/ll are present in a sample [23]; therefore, validation
of assay performance for the full analytical workflow, including ly-
sis, RT, PA, and qPCR stages, is fundamental (Fig. 2A and Supple-
mentary Table 2). Our results build on those of others,
illustrating that the combined PA and qPCR efficiency of the major-
ity (93%) of assays was more than 90% [32], by demonstrating that
the entire workflow (including the RT step that is known to be a
major source of variability [33]) can reproducibly produce good
linearity with efficiencies between 90 and 110% (Fig. S2B). Our ap-
proach of assay validation including the RT step is also in keeping
with a primer/probe qualification strategy proposed by Dominguez
and coworkers that advocates evaluation of assay performance cri-
teria using an mRNA dilution series [34].

We characterized sources of technical variability using this
high-throughput workflow (Fig. 2B) and found that variation in
the qPCR tended to become the dominant contributor to overall
technical variability with increasing Cq values of measured target.
This is in keeping with the findings of others who have noted an
increasing proportion of noise as Cq values approach the LOD of
the instrument [29,32]. This may originate due to sampling varia-
tion at low copy numbers [32] or the stochastic nature of PCR
amplification at low copy numbers [35].

The overall precision of single cell measurements was com-
pared between alternative workflows involving cell capture in lysis
buffer prior to RT–PA (workflow A) or direct capture in RT–PA re-
agent (workflow B) (Fig. 1). As demonstrated by a reduction in var-
iation between purified RNA measurements for workflow B
(Fig. 3C), it was concluded that more direct processing of single
cells by cell capture in RT–PA reagent improved precision, which
may be due to fewer sample handling and pipetting stages be-
tween cell capture and qPCR analysis. Alternatively, the higher
template concentration in workflow B and associated lower Cq val-
ues (Fig. 3B) may have led to reduced stochastic variation during
RT–PA or qPCR. The higher technical precision observed with
workflow B also translated to a decrease in the variability in single
cell measurements with this approach (Fig.3C).

The overall variation between measurements of single cells
from the same cell line was between 1.0 and 2.0 SD (Cq) for the
majority of targets, which is estimated to be 1.0 SD (Cq) higher than
the technical variation of 60.4 SD (Cq) observed for the majority of
assays (Fig. 3C). This finding confirms recommendations by other
authors [29,32] that technical imprecision is generally less than
biological variation in single cell experiments and provides justifi-
cation for a lack of technical replication for single cell experiments,
especially for studies where hundreds of targets are screened.
However, a thorough initial characterization of assay performance
is recommended once a subset of markers has been selected be-
cause indicators of cell types or subtypes as outliers can demon-
strate above average technical variation (Fig. 3C).

Materials suitable for characterization of assay performance at
the single cell level could include total RNA extracted from popu-
lation of the cells of interest (as used in this study) or RNA from cell
lines representative of different cell types [36]. However, due to
the heterogeneity of the expression of some markers between
different single cells within a population, it may sometimes be
problematic to relate the average expression per cell from a popu-
lation-based sample, such as the reference RNA sample prepared
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here, to a single cell expression level. dPCR may provide a useful
approach for relating the transcript copies present in such reference
RNA samples to those present in a single cell sample by absolute
quantification of both reference and single cell samples without
the requirement of a standard curve for each target gene [37,38].

Our work extends the efforts of previous authors [22] to make
single cell analysis compliant with the MIQE (minimum informa-
tion for publication of quantitative real-time PCR experiments)
guidelines [39], which require disclosure of the properties of the
nucleic acid extraction, DNase treatment, and assessment of how
residual DNA may be a source of contamination. For most single
cell analysis workflows, there is not a separate extraction stage;
however, it is important to validate the efficacy of cell lysis. We
compared the use of a specific lysis reagent with lysis of the cell
on heating during the RT step in this study in order to demonstrate
that direct processing in RT–PA reagent (Fig. 1, workflow B) pro-
vides complete release of cellular mRNAs (Fig. 3A and B). For this
study of neural stem cells, similar lysis efficiencies were achieved
with the two protocols. However, use of a specific lysis reagent
may be required for complete lysis of alternative cell types or cell
matrices in the case of isolation of single cells from whole tissues.

For the MIQE requirement for information on DNase treatment
and gDNA controls, we presented an alternative method whereby
DNase treatment can be included in a single cell workflow
(Fig. 1, workflow A) and used this to investigate the magnitude
of gDNA contamination in single cell samples (Fig. 3D). Although
redesign of an assay is a possibility for assays that detect gDNA,
sometimes in the case of single exon genes such as those studied
here (SOX2 and NGN1) or targets for which processed pseudogenes
are present in the genome, it is not possible to redesign an assay to
span exon–exon boundaries. It was found that the contribution of
gDNA to RT–minus amplification varied according to assay, with
some targets amplifying only in the absence of DNase treatment
(e.g., NCAM1) and other targets showing a more sporadic pattern
of detection, being positive in some RT–minus reactions and nega-
tive in others (e.g., GFAP), suggesting that DNase treatment is not
effective at completely removing the trace amounts of gDNA pres-
ent in single cell samples. This suggests that the sensitivity to
gDNA contamination needs to be evaluated on an assay-specific
basis with multiple RT–minus single cell samples (as opposed to
purified total RNA extracts) such as those used in the methods
incorporated into this study (Fig. 3D).

Evaluation of preamplified samples using dPCR (Table 1) also
suggests that assays susceptible to amplification of gDNA may lead
to false positive signals that can be difficult to distinguish from
genuine mRNA expression at higher Cq values. In the case of assays
that are susceptible to gDNA contamination, our results suggest
that it is not possible to assign an LOD of 1 cDNA copy per cell
for such an assay. Given that 2 copies of a target are present in
gDNA and these will undergo a doubling of copy number during
the first round of PA, whereas single-stranded cDNA will not, an
LOD of 4 copies should be the baseline for analysis of differential
mRNA expression of targets that are susceptible to interference
from gDNA. This would correspond to a copy number of approxi-
mately 11 per 48.48 Dynamic Array reaction chamber given an
estimated average RT–PA–qPCR efficiency of 90% (Supplementary
Table 6, example 2). The dPCR approach used in this study demon-
strates how Cq values can be related to the copies of preamplified
template per single cell sample and a Cq cutoff assigned as LOD
for each assay in order to calculate the relative expression levels
as described by Livak and coworkers [32].

Cq is being increasingly used as an endpoint measurement for
high-throughput gene expression analysis [1,31]. We sought to
evaluate different quantification and normalization methods for
minimizing the effect of differences between experiments that
may affect Cq and detract from discerning true biological
differences between single cells. We investigated how the calibra-
tion of Cq values to a RNA-based standard curve or normalization of
Cq values using reference gene or global normalization strategies
affected the expression profile of selected GOIs (NEFL, NES, and
SOX2) in CTX0E03 and CTX0E16 single cells (Fig. 4 and Supplemen-
tary Table 7). The mean FD in expression of the GOIs between the
CTX0E03 and CTX0E16 cell lines was modulated significantly by
reference gene or global data normalization, but not by standard
curve-based calibration of Cq values. The normalization approaches
may provide a strategy to remove nonspecific aspects linked to dif-
ferences in total mRNA levels from the analysis of specific target
genes.

Our comparison of normalization strategies also provides evi-
dence for the hypothesis that global normalization could be a
means to account for cell-specific variations in lysis and efficien-
cies of the RT, PA, and qPCR steps [29], which would contribute
to variability in single cell data. By performing three independent
experiments including both cell culture and analytical stages, we
tested the robustness of the data analysis protocols employed
(Fig. 4). We found that the variation within single cell data from
each cell line reflected by SD (log2(Ex)) was generally lower when
the data were normalized globally, which may be due to normali-
zation of technical differences among the three independent
experiments performed or differences linked to cell size (e.g.,
linked to the cell cycle) as noted above. Calibration of Cq values im-
proved data comparability for two of the three targets analyzed,
suggesting that the use of a calibration curve can in some cases
compensate for technical factors that may differ between experi-
ments such as qPCR threshold setting and RT efficiency. These find-
ings suggest that calibration and/or normalization strategies may
improve the precision of single cell assays for the expression of
specific targets in the case of diagnostic or QC tests, where the im-
pact of nonspecific differences (e.g., cell cycle or reagent efficacy)
needs to be minimized. Recently, RT–dPCR has emerged as a prom-
ising alternative approach for maximizing the precision of single
cell measurements of a limited set of mRNA targets, with the pos-
sibility of analyzing a greater proportion of a single cell without the
requirement for cDNA PA [40,41].
Conclusions

This study has defined sources of technical variability affecting
RT, PA, and nanofluidic qPCR using a high-throughput single cell
analysis workflow and has shown how an RNA-based standard
curve can be used to characterize and monitor reaction efficiency.
Investigation of how gDNA may contribute to mRNA signals when
cells are analyzed directly in lysis reagents substantiated recom-
mendations to introduce Cq cutoffs into single cell analysis pipe-
lines in order to ensure that nonspecific signals and sampling
noise do not obscure differential mRNA expression patterns. We
demonstrated that dPCR can be used as a means of validating assay
LOD for high-throughput analysis and for relating target copy
number to Cq values. With an increasing number of methods avail-
able for analysis of the transcriptome [5,42,43], this study contrib-
utes toward RT–qPCR-based analytical methods becoming a well-
defined ‘‘gold standard’’ within a portfolio of methods for analysis
of single cell components.
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